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T COLOUR STIMULUS AND COLOUR SENSATION o o

» by P, J BOUMA and A A. KRUITHOF v
. . p i

The difference between the two conceptions “colour sensation” and “colour stimulus” is . . !
éxplained. Colour sensation, besides being dependent upon the spectral dlst.rrbutron\ : )
of the light striking our eye from a coloured object, is strongly influenced by. various " :
kinds of secondary circumstances, such as the colour of the surroundings of the’ ob]ect
observed and the condition of our eyes. Characteristic features of a colour sensation aré
its hue, saturation and brightness. A colour strmulus is the subject of trichromatic s

measurements, by methods which, thanks to standardisation, practically exclude such

- secondary circumstances. The results of the measurement of a colour stimulus may be

expressed by its dommatmg wnvelength colorimetric purity and luminosity. Two colour
stimuli are compared by exammng them side by side (simultaneous- companson),
whereas two colour sensations must be compared successively, for it is only then ’
that the influence of the surroundmgs upon the state of chromatic adaptation of the
eye becomes fully manifest. Owing to chromatic adaptation the variations in colour sen-.
sation accompanying the changing over from one kind of light to another are much
smaller than the differences in colour stimuli brought about by the two kinds of light.

. . . : ’
Introductlon )
It is.a common experrence that a wh1te table-

cloth gives a whlte” impression not only in day-
. light but also at night under the light of incandes-

cent lamps. If this is considered more closely it is |

/found to be very remarkable. In fact if an ‘experi-

ment is made where one part of the tablecloth is’
hghted by lamplight and another part by daylight
— an experiment wh1ch anyone can 1mprov1se in the
living room — the artrﬁcrally lighted part will not
“appear to be white at “all, but dlstlnctly yellow-

ish compared with that part under daylight. The

spectral composition of the light striking the eye

evokes a yellowish sensation) is, however, the same

as that of the light striking the eye from the same '
“colour, as applymg to the subJectrve sensation of

cloth under the same lamp at night (when it is’seen
as white). - o :

-If the same experiment is made with coloured
ob]ects they also show unexpected differences -in
colour. A violet dress, for instance, will appear to
be pinkish where jt is under the lamphght, as com-
: -pared with the part that is under dayhght In itself
" this observation i is not very surprising, for the dress

" reflects light of different spectral d1str1but10ns,
" corresponding to different colours accordmg to the
. spectral composition of the two kinds of light falling

upon- it. The remarkable fact, however, is that if

the room, is lighted exclusively with electric light the

colour of the dress is not pink at all, but violet.
These differences in colour only occur in everyday

life when conditions are such that we have in the

room daylight and electric light of about equal
intensities but striking the objects from different
sides. One then.speaks of “false hght” We ‘then

. conceptlons

between the conceptions

This phenomenon greatly affects the impressions we get from our surroundmgs

r
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observe much greater drﬂ'erences in colour (L.a.
coloured' shadows) than the dlﬁ'erences in shade
which we are accustomed to observe when day-
light is replaced by artificial light. That js why these
differences in colour are often unexpected and drsa-‘
greeable. - . N

In order to explam the contrast between our ob-

servations in the experiments previously mentioned -

and gur experience’ in everyday life, where no great _

‘dlﬂ'erences in colour are noticed, we have to dis-

tinguish between the coriceptions “colour stimulus”

. and “colour sensation”. A-colour stimulus is the ~
from the lamplighted, part of the cloth (when it

subject of technical colour ‘measurements. It .is
entirely differerit from the colour sensation, vwhich”
is sometimes indicated in the following by the word

the observer The fact that a given colour stimulus

.may give 'tise to different colour sensations is as-

cribed to a change in the retina under the influence,
of the light. This phenomenon is termed “chromatic
adaptatmn and it greatly affects the impressions
we’ obtain from our surroundings, as is apparent
from the foregoing. The object of the present article

-is"to formulate clearly the difference between the-

“colour stimulus” and. “colour sensa-
tion”, preparatory to dealing with chromat1c adap-

ftatlon in a followmg article.

Dlﬁ'erence between colour sensatron and colour
stimulus . b . ’
In the following we shall explain the difference _
“colour sensation” and
“colour stimulus”. To that énd the characteristic -
features of the two conceptlons w111 be enumerated
v E
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in successlon, each oné ﬁrst for the sensatlon and
then for the stimulus. "~

M

COLOUR STIMI.TLUS AND SENSATION P

o . 1.

Colour The colour Sensation, we get from an
:ensa- object in our surroundings deépends on the
ion:

»  {following three groups of causes:

a) The spectral composition of the hght ,

- that the coloured object throws upon
-the eye
The “normal” laws of additive colour
mixing of the eye, i.e. the laws govern-
ing the results of add1t1ve mixing of
coloured light for the normal eye undcr
“ standardised conditions. , :
All sorts of incidental circumstances
affecting the state of our organs of
51ght at the moment.

b)

The result of a techmcal measurement of

Colour
stimu colour is called colour stlmulus, which
lus: only depénds upon the factors a) and b).
. "~ Methods of technical colorimetry have-al-
o ready been discussed in this periodical 1.
Colour’ The cu‘cumstances c) aﬂ'ectrng the colour
e :?g‘ia' " of: a beam of hght of given physical pro-
ion:

’ pertles come under the following headings:
-1) Characteristics of the eye of the mdl-
" vidual observer. - - .

- 2) Properties of the ob*ects v1ewed whlch

evoke psychlcal mﬁuences (e.g. me-

mory).
. 3) The state of the retina, wh1ch is affec-

ted by other light i impinging upon other
parts of the retina while the beam from

L4

. Colour

- ton: -

the object is under view, or by such ,

7z

- other hght as may have Just prevmusly -

7 reached it.

. L I N . '
Colour ~ In colorimetry the effect of these circum- -
smu-  gstances is' precluded by various speclﬁc

- lus: .
L ‘measures, such as:

N 1) The observer must have normal colour-

vision and the measurements must be

ness 2). .
2) Essentially the measurement cons1sts
in the Judgmg of the “possibility to

d1stmgulsh the two halves of a cir--

-

performed with sufﬁc1ently hrgh bnght-

L cular spot of light, one half having the
colour to be measured and "the other ¢

: half a reference colour. *
s~ 3) The rest of the visual ﬁeld is dark.

.

- Colour It mlght be consrdered 1deal to possess a’,t "’
:ensa- complete set of speclﬁcatrons for predict-
ion:

ing the nature of a colour sensation from
, “the various physrcal conditions. As, how- .
ever, a colour sensation is d1fﬁcult to ‘
express in numerical terms and ‘more-
- over, depends upon so _many ‘circumstan-
"+ 'ces, some of which are of a non-physrcal
~ nature, such an ideal can ~never_be fully

4 " realised. o

Colour
stimuy-

? tive colour mixing of the eye it has been.
us:

- possible to draw up complete specifications -
N for the measuring of colour stimuli, so that
nowadays there are tables enabling one to
calculate a colour stimulus from * the
‘results of purely physwal measurements,
without any recourse to visual ]udgement
Colour stimuli are defined by means of the

- “colour coordinates 3) X Y and Z (C LE.
e 1931) oo |

] . s

The characterlstrc features of a colour sen-

sensa- - satlon are:

-

! 1) Hue! the property of colour sensatlon '
, * causing us to-give the colour a name’ B
- - such as red, green and blue. .. - - <.,
Saturation: the extent to which a
! colour sensation differs from “white”,
) or to which the sensation is “coloured”;
. the property that causes us to speak: of
‘ faded colours or of vivid colours. -

o 3) The 1mpresslon of brightness: the .
o property that causes us to speak of hght
+ and dark colours ' ] :
Colour Instead of using the coordinates %,y and
" Simu- 4 4 colour stimulus may be given by:

. lus:

1) J. P. Bouma: The Perceptron of Colour, Ph Tech ‘

Rev. 1, 283, 1936.

Below: a certain level of brightness the characteristics of
the normal eye depend upon the brightness (Purkinje
_effect). See, e, g.» P. J. Bouma: The definitions of bright-

9

ness and their importance in road hghtmg and photometry,{

. Ph, Tech, Rev. 1, 142, 1936. -

r ‘ -

V

1) The dom1nat1ng wavelength Ad . o
- * .. 2) The colorimetric purity p a colour S
‘ stimulus is reproduced by a mixture of
the spectral colour A4 and “White”, the

. ratio of brightness being -p:- (1——p)

sensation of bnghtness by standardl-
" sation of the ’ measurmg cond1t10ns

3) ‘See .e.g. P. J Bouma: THe representation of colour sen- - -
sations in a colour space diagram of colour tnangle, Ph.
Tech Rev. 2, 39 1937.

Thanks to the- simple normal laws of addi- - =~

The brightness, ‘arising  from the . - -
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* ". This procedure is similar to the manner
in which the conception of colour

L' . .: stimulus arises from' the colour sen-

sation. - .

-

Colour When- Judgmg a colour sensation one
sensa- _ ysually considers each colour separately,
WOM: - and if comparison is needed another colour
is considered afterwards, so that the com-

‘ parlson is Successive. SN
*Colour’ “In v1sual colorimetry, which is the founda-
: ?ismu- tion upon which the aforementioned speci-

us:

fications are drawn up for determining the
‘colour coordinates pertalmng to a glven
- colour’ stimulus, always two . coloured
patches of light are examined simulta-
\  'neously: the stimulus to be measured and
the réference colour stimulus, so that in

4 this case a s1multaneous comparlson

.. is made.

N )

Colour sensations and colour stlmuh due to dlﬁ'erent
kmdsofhght e e _

Bearmg in ‘mind- the differences enumerated
above, it is easy-to understand the difference be-

.‘,

" tween the determination of colour sensations and the

measurement of colour’ “stimuli. The phenomena -
“occurring when w]nte or coloured oh]ects are illu- -

mmated with dﬂferent kinds of light “also become .

clear. 'We will now proceed in"the same way as
 before, -to. compare ‘in more detail the hehavmur

. - of- ‘Colour sénsations and colour st1muh due to dlfr

ferentkmds ofhght S R

P
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©  tions of brllllancy or of saturation. Such

changes are quite marked when for in-

. stance incandescent ‘light is replaced hy
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Al

.o ‘mercury light. .

. A
Coloir Differences between two kinds  of. light
;t_zmu- . present at.the same time manifest them-
us: ) ) : ‘

i

-

N .

»C‘olour_ The quest1on in how far the same colour
-, sensa- 1mpress1ons are obtained from a >g1ven .
] .t,wvn", . coloured object under two kinds of hght of |
y o different spectral composition is of i 1mpor--
"’ . tance when the whole of our surroundmgs
T " is illuminated first with one of the sources ™
’ of hght and then with the other
+ Colour . The’ questlon in how far the same colour /
stimu- “* gimulus is obtained from an ‘object in our - -
lus/ : surroundmgs under ‘two different kinds
’ " of light is part1cularly of 1mportance when -
& " - one desires to use both sources of hght
N < ’s:multaneously ) - :
\ Colour - Changes occumng as a consequence of the
- sensa- . transition from .one kind of light to. an:

“tion: *--

_other may cons1st, i.a.;in a change in hue
of some obJects, or in a colour hecommg

-> more promment owmg th stronger sensa-,

_.,-4' . [ .
- ) . . ; ~

S

selves, i.a., in the occurrerce of the un-
. ‘pleasant phénomena of false, light and
- coloured shadows referred to in the intro-,
duction, These phenomena are observed
~when ‘an electric lamp is switched on in_
a room already illuminated by daylight.

.

Colour - The_ equfvalence of two kinds of light in
Sensd-  respect to the colour sensations they evoke _
Bon:  can ‘as yet only be judged experimentally.
. Colour For the examination of the equivalence of '
. ;nmu-- .two kinds of light as regards the colour
us:

" stimuli they evoke for a given object there

are, among others, two methods prev10usly

~ described in’ this perlodlcal 4); the - first

- is more of an exper1mental nature and the
second more theoretical: -

. "N - -

P4 . ¢ . L
> ~ .

«

R
~ . N
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Colour In essence the experiment consists in the g
sensa- -~ examination of a large number of coloured
tion :.

i ’

7

I

) 'the other. The compamson of the colour
,sensat1on obtained, as far- as hue isf

o . concemed 1s relatively 81mple because
.~ in this respect our impression can’ be ade- -

quately’ expressed in words («“I. call this

On the other hand it is much ‘more dif-
* ficult to comparé the other two character-
_istics of the colour sensations (hnghtness
e .and saturatlon) Therefore, the experi-
“‘ments to be described in a ‘subsequent’
article will - only have referencé to hue -
denormnatmn S o
It is to he noted that here we have -
a‘successive companson, where, ’after ‘
1" the change from one source of light to the
other, the surround.mgs ‘also throw a
s d1ﬁ"erent hght upon the eye and fully
"+ exercise ‘their mﬂuence [This fits with the -
fact that we_ are dealmg w1th colour
sensatlons T -/ L

e s
S

4. P.J. Bouma Colour reproductron in the usé of dxfferent

gources of “whrte” light, Ph Techn Rev. 2 1, 1937

s

under one kmd of hght and then under <

- colour impression yellow1sh-green , ﬂetc) - ,'_

)

. cards agamst ‘a white background first - °

~

5
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Colour In the experlmental method a number can be further 1llustrated in the followmg way., The

5 Stmu~ " of coloured cards are held ‘against a black - colour pomts 'of the reflected hght for 24 cards of a~" -
lus‘ background and one half of each is exposed  “circle” .of an ‘Ostwald- colour atlas _are calcu- °
- », to one of the kinds of light while at the . -lated when exposed successlvely to dayhght and
J same time the other half is exposed to the ' to the light from an incandescent lamp ). We se-
o other llgl:lt The dlﬂ'erence in. colour sti- - lected for this purpdse a circle of rather saturated :
<« mulus (also with regard to lummoslty and colours, the nc circle, consisting of 100 cards in all, .
. colorimetric . purlty) showing itself -in " of: which the saturation 1mpress1on is falrly .con- ',
the simultaneous exammatlon of the two ﬁ. R . , . .
b - halves is a measure for the difference he- T j o S ¥ N T
"7 7 tween the two, sources of light. . s T T T
*. . - Here we have a simultaneous ‘compar- g AR A R
: ison "and ,the conditions of .measurement ° - e e
) are app]:ox1mately those of color1metry : . -
- - This fits with the fact that we are dealing - .
.. _with differences in- colour st1muh - -7 s60g) '

S, \
+ ‘ N -~
. . .

. - . - LI N
. .
, S - s - &oo} -
é ' N . .

_Colour A mdre theoretlcal method of comparison %)

sensa-  haged on the spectral compos1t10n curves - s . .
‘tw':' of ‘the sources of light can only be deve- 000} . N
loped if the influence of the surroundmgs * sa001 g5
appears to'be subJ ect to deﬁmte laws. Then ~ a0 o
e " ¢ theinfluence can be accounted for and pre-
- - dictions can be given as to the changes that- - )
- will take place in the colour sensations . o
) evoked .. by " a coloured obiect when,, . 40
r changmg over from one kmd of hght LR S— A e 0 ]
.. .. another. This, too, will be gone into more o . ~ NN : TF e
N . fully in a’ suhsequent artlcle I o Fig L Posrtron of the colour points for the Ostwald cards

nc 0,4, 8, 13, . .". . in the international colour triangle. Broken

N lour line: under the hrrht from an electric incandescent lamp. Full
‘Colourj The second more theoretlcal method of line: under dayhght D' is the colour point for daylight, C for . ~

J J$8mus- comparison already mentioned 5) is based. - incandescent lampli ht, y and z are colour coordinates of the
lus: Pa Y C.LE. Th mbp s Afr s 4500 ‘to 6600 indicate the wave
. € nu €rs -Irom 0. in a " P
A ~011 the spectl‘al compOSltlOn curves Of the length in Angstrom umts on the curvc of the spectrnl colours .
Y. sources of light. The spectrum is judi- - - = o R
* ciousl’ d1v1ded into 8 _sections. It ma R o
w o v Y stant. The hue of the cards numbered 0to99 extends
" then be sa1d that the two sources of light
N T * from yelloxnsh-green to yellow, orange, red,; purple,
- . are.to be regarded as hemg practically ’
' blue, green and back to yellow1sh green ). The xe-"
. : equlvalent if the relative contributions. sults of the cale ulatlons e de are given in ﬁg 1
_ -of each-of them to the lummous flux in - ° gl N
t
* every section is the same within certain -
S - Y Colour : When, for mstance, card 83 is S first exam--
‘.. .. tolerances. . Where there is a noticeable
. . $ensa-  jned under dayhght and then under electnc
v . difference. between the sources of light the tion:®
o ~° . light, the colour _appears to be practlcally .
degree of that difference can be judged by .-
. . the same: under both. kinds of hght this
N calculating the differences i in trichromatic C eard gives a purely green sensation.
e 7 I

) specifications that will occur for the co- . )
¢ - loured object when changmg over from " Colour-" Fig. 1 shows, however, that the two colour

_.one of the kinds of hght to the other, . stimu: points 83 aré far apart.,‘«the colour stimuli _ ,

The examples quoted in the introduction have ~WS° aré different. This * difference in colour .’
. already given some idea how great ’the- differences _ . stimulus is obvious when one half of the
may be under two different kinds of ligh%,, and this .- . Vcard is exposed to vdairlight and the other

N N .
—

. v S —
N - 8): For the method of calculations see Plnllps Techn Rev 2
5) See also P M. van Alphen Aphotometerfor theinves- .- ~ 45, 1937, .
" tigation of the colour rendermg reproduction of various 7) In the new editions of the Ostwald ntlas the c1rcle hns .
hght sources, Ph. Techn Rev , 66, 1939. . N only the 24 cards used here. .
' v “. . . ! - Yoa

" S .
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-.sensa-

¢ \ ) ) .
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- half to electric hght and both are exammed
‘ s1multaneously
Colour  If one examines in succession card 47 under,
.Sensa-electric light and card 31 under daylight a
! ton. . large dlﬁ"erence is not1ced -the former
“showing a, violet hue and the latter
_ crimson. "
Colour Fig. 1 shows that the two colour st1mul1.,
sttmu- . 47 ynder electric light and 31 under day-

’?‘s,‘ . light,” are practically the same. This_ is
confirmed by a test similar to that with the
- two halves, holding side by side card 47
under electric light and card 31 under day-

. light (simultaneous comparison).

-

'

The results of these"exp'eriments are to be ex-
plained by the fact that when comparing colour sen-
satlons ‘we find" the results are influenced by the

. activity of an add1t10nal factor, viz. a factor classi-
" fied under c)'in the beginning of th1s article. The

experlments show’that this factor may contribute ~

‘towards making two’ equal colour stimuli appear

to* be "different in the sensations they evoke (the

last example) but that on the _other hand under

'_ certain circumstances, it may neutrallse a difference
in colour st1muh in so far as the colour sensation is -
concerned (first example) Ixi these casés this factor .
is malnly to be sought in the surl;oundmgs y

/_1

Colour The surroundmgs usually have a consider-
able .influence upon “colours, as is ev1dent
from thé last’ mentloned example where,m
different surroundmgs one:and the same’
colour stimulus gives an entn'ely different
. sensation. This mﬂuence lies mainly in. the
o - fact that the retma gets a different sensi- .
' tivity for the various colours. This pheno-’
" menon is called chromatlc adaptatlon

of the eye.

tion: .

Colour
stimu-
lus:

The surroundmgs do not aﬂ'ect the colour
stimuli. Though the specifications for.
colour ‘measuring prescribe entlrely dark |
surroundings, any non-dark -surroundings -
have pract1ca11y no - influence upon the

"~ 7 tesult, because the two coloured patches

~» . to .be -compared ‘are always shown
L slmultaneously and lmmedlately
ad]acent to each other;. consequently
the two parts of the retina on which the
'1mages of the coloured ‘patches ‘are formed '
_are always adapted 1n approx1mately the

3

same way.

-~
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The great mﬂuence of the surroundlngs upon

colours can be further demonstrated in the following,

" way (see fig. 2). A transparent window 15 X 15 cm
can be illuminated at the back with a number of
differently coloured lamps. Around the window is a
field of 80 X 80 em which may emit incandescent

lamplight or -artificial daylight as desired, without

affecting the light passmg through the wmdow

B

N

o

i j " 800m _

4

48254

oy .

Flg 2. The chromatic adaptation of the eye is very well demon-‘
strated by illuminating'a transparent window A with a light "

of a certain colour and the surrounding field B first with arti-

ficial daylight, for instance, and then with incandéscent lamp- -

light. Shortly-after changing over from daylight to lamplight
the eye d1rected upon A sees a chnnge of colour in the wmdow

If the whole set- up is weWed from a few yards away
.and the, light 1n the surroundmg field is changed

from dayllght to incandescent lamplight then in

most cases after a while a decided change, of' colour (

‘seems to take place in the small hghted w1ndow‘ "

Colour» The colour sensation may changefrom,

sensa-  gay orange-yellow to yellowish-green, or
Bon: - “grom crimson to bluish-purple. In a few
" cases, however, the colour does not change
at all (in the cases of blue and orange).
Colour The colour stimulus that can be mea-
;tismu- sured at the window does not, of course,,
us :

roundings in its unqualified form 8).

/,

. ot » i )
In the example of card 83 we saw that it may
happen that under certain circumstances a change
in colour stimulus does not bring about a change in

change because ‘the lamps are still the
same. Thus we see here a change in colour -
“sensation due to the influence of the sur--

.

colour sensatlon. the process of chromatic adaptatlon

. -

8) The fact that the change in colour is not notlced until ~

\some time after the Surrounding light is changed indicates
that the eye requires, some time to adapt 1tself to the
/changed surroundmgs . '

N
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of the eye compensates a difference in stimulus’

"arising in the beginning. This phenomenon occurs
- in practice (consider the examples in the intfoduc-

1

tion) so frequently that it has been formulated in a
“law”, which for a number of years; already has
been widely adopted by psychologists and physmlo-
glsts, viz:

:COlOlB' “The “colour se'nsations created ,by the

'8ensa-  coloured objects_in our surroundings are

wom: . practically independent . of the kind of .
light with which the whole ‘scene is illumi- ,
nated”. " . | . ¢ o

’ . . .

_4Colour_. At the same time, however, the: colour -

;l?s”-lu. stimuli may differ appreclahly, as 1]lu-

strated in fig. 1. | .

+

-

"The aforementloned rule of the unchangeability
of colour sensatlons, however, holds only for kinds -
of light having'a spectral composition dlﬂ'ermg little
from that of black body radiators, ‘and’ even

‘so it is only an approx1mat1ve rule. Small dev1atlons

can easily be observed experlmenta]ly ForJnstance,
plgments having a different’ ; Sp ectral remission curve _

‘may have the same colour when exposed to one

certain kind of light but they are certainly different

after the’ hght has been changed.

We therefore prefer to formulate the rule as fol-.

lows: - With most kinds'of light cqmmonly used the

M . .
W

'COLOUR STIMULUS AND SENSATION ® ' = = . o

LT . . " .
5

\A‘ X 2o - LY

dl.fference between the colour stl.mbph gomg ‘out from a
gilven pz.gment under two different kinds of light is
usually much greater than the difference” between
the colour sensations evoked by those colour stimuli.
For example, when comparing the light from an
mcandescent lamp with dayhght - '

-

Colour ’

Everyone knows from . experience that
' sensa- " there is wvery little d1ﬂ_'erenqe in the
fon: _ colours "of the same object when illu-
. ' minated by'these two sources of light. -
’ Colour  From ﬁg 1 or when applymg the ¢ 8
;lt::zu- sections 'method” or. “the comparative _

+ method of two halves” (see the foregoing),
_ the conclusmn to be-drawn is that the dif---
. ‘ference in colour stimuli for a given card

" under d1ﬂ'erent light may in fact be sur-
L pr1smgly great .

N

.- Here we may conclude the comparlson of the two

) conceptmns, colour stimulus and ocolour‘sensatlon.

It has already been pointed out that much less is
known about colour- -sensations than about colour
stimuli. In particular very few mvestlgatlons have
‘as yet been made in regard to the determmatlon of
_colour sensations produced under d1ﬂ'erent circum-
stances. It is hoped that the experlments and, ob-

" servations to be dealt with in the next artlcle will |

contr1bute towards our knowledge of t]ns sub]ect

.y

RN



\-‘ Fig. 1. Schematic. representauon “of a set-up for stereophomc
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A REMARKABLE PHENOMENON WITH STEREOPHONIC SOUND

-

: . : ‘ REPRODUCTION

P . . . \
. S

. ' “To a practlsed listener ‘the sound i unnge heard w1th stereophonic reproductxon generally

" by K. de BOER. . PR

¢
[N

appears to lie above (and at times below) a line between the loudspeakers, in other words . C

I it has elevation. This remarkable phenomenon can be explained in every detml even

quantitatively, by the familiar hypothesis that the impression of elevation of sound - - ~

a . < , ~

.

L)

_ When a system for stereophonic sound reproduc- )

side of a platform or screen, each with its own
channel (amphﬁer, etc.) from a separate microphone
set up in the recording room(fig.'I). For cinema
reproductlon the sound striking each of the two
mlcrophones in the film studio is first recorded on

. a-sound ‘track on the film and each of the loud-
: speakers reproduces the sound from the corres-

pondmg sound track. This case, too, can be repre-

sented dlagrammatlcally by ﬁg .- »
. ¢ N 't'v ,’ 'G - - e
A X
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"
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reproduction. Two loudspeakers L, and L, set up in the repro-
ducing spaceB are each connected to a corresponding micro-

+ phone M, and M, in the recording space 4. Here, for the sake

of clearness, the microphones are shown separated, but in

“tion is installed, such as already described in this °
journal, 1) two loudspeakers are set up on either

Y

reality they are usually contaiped in a dummy; head. The.

listener W observes a virtual picture G of the source of sound

G. The recording space may be a film studio and' the repro- .

duction space the auditorium of a cinema, in whlch case the
“channel” between each “microphone and its corresponding

- loudspeaker compmses, inter alia, a sound track in which the

. "proporuons of sound "are preserved. .

1). K. de Boer,’ Stercophomcs Sound Reproducnon, P]nhps

Techn Rev. 5, 107 1940 . N

Y . ¢

- . - v - . ’

above the horizontal plane of its source is due to slight movements of the head. For . A
stereophonic reproduction this phenomenon is of no consequence in practice. -

i, -

- I

" Let us suppose that’a listener is standing in the
middle of a hall where the loudspeakers are set up.
Particularly when the spoken word is being re-
produced, a “sound image” can very well be lo-
cahsed that is to say the sound is heard to come
from a’certain spot between the two loudspeakers,
depending on the posmon of the source of the

~ sound in the recordmg room. For the present we -
.will confine our attention to the case where the
‘sound image appears to lie ]ust halfway between

‘the loudspeakers. . . - BRI

P

Wlth the help’ of a number of tramed hsteners

the astonlshmg fact ~has been discovered. that’ as
..a rule the sound 1mage is not situated on the line

running direct fromn one loudspeaker to the, other,

.as one would expect,”but a distance above it 2):.

. it has a certain elevatlon above ‘the horizontal --

“plane. Upon wa]kmg down the middle of the hall .

towards the loudspeakers the hstener hears ‘the

. when he has reached the centre ‘of the line between

the loudspeakers the sound is practlcally perpen- ",

’

dicular above: him.. - ) .

1047

“sound’ commg from a higher level, rising gradually . .
at first but more quickly as he gets nearer, until -;

Still more astoms]nng is the sensation when the N

hstener raises his head to try to [‘see’> whence the

sound is comlng, as one does when there is some . .-
" source of sound with elevat1on (e.g. an aeroplane).v '

.The sound image seems to climb higher and hlgher,

so that one cannot catch it in the _eye, as it ‘were.

Some observers find that when they concentrate !

theu' mmds and keep ‘looking stralght ahead the
sound does not,come from above but rather from
below the honzontal plane, while as they move
closer forward it goes, deeper,and deeper, ﬁnally

dlsappearmg through the floor, vertically under-~
“neath. To some this downward effect comes more

readily than the upward. movement. S E

"In" practice, with stereophonic reproductlon in
a concert hall or.cinema such an eﬂ'ect has’ no ’

2) K. de Boer, A remarkable phenomenhn in du'ectlon of

- hearing, Ned T. Natuurk 1, 5, 1944.  ° . T
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" adverse consequences worth mentioning. From
most seats in the aud1tor1um the distance from the

LIFTE[NC( OF STEREOPHONIC SOUND IMAGES ~ - .

loudspeakers is so great that the elevation of the -

sound can only be small; somethlng further will.
be said about this in the following pages. Moreover,

* -on the one hand most of the seats are not in the '

mlddle of the hall, while on' the other hand the
sound image lies (or the images lie) closer either
to the right-hand loudspeaker ‘or to the left one,
both tending .to reduce the elevation observed.
Furthermore, this is by no means an effect that
. str1kes everyone. ‘In fact’ it ‘takés some pract1ce

. to,notice it at all, as is understandable-considering ¢

that in general it is much more difficult to observe
and determine the elevation of a sound than the

azimuthal angle. As a consequence the observation .

of the elevation of a sound i image is more susceptible
to suggestion. In the case, for example, of stereo-
phon1c teproduction of the sound recorded of .a
passmg aeroplane, all listeners in different’ places

seemed. to hear the sound directly overhead. It i is -

T just by reason of this susceptibility’ to suggestlon
- .that’ where stereophomc reproductlon of sound
accompanles picture projection (in'a cinema) the

. sound image is'always attracted. by the visual

picture towards the Jhorizontal plane, even. if a -

hstener is sufficiently trained to observe an elevation
" effect. A similar suggestive influence is present in
. the case of reproduction of a musical performance,’

" for then the listeners picture to’ themselves the .-

"plages ‘usually occupled by the various members

- of the orchestra ' .

Although this effect has no practical consequences,-
it is instructive to discuss it and to show how the
' phenomenon can be explained both - qualitatively

and quantitatively. It is to be remarked that it

listener’s ears and halfway between them a vertical
measuring rod. The listener is placed in the plane of -
symmetry with the set-up and told ‘to look straight
ahead of hlm, ‘at a mark on the' ‘measuring rod.
When there are small angles of elevation of the

sound 1mage he can read the1r pOSlthll drrectly‘ :

Fig, 2 Set-up for measurmg the elevatlon effect observed <

¥V is a vertical measuring rod on which the- angle ¢ for small
clevations can be read directly by the listener W. H is a

horizontal rod with auxiliary loudspeaker' L, that. can be o

moved along it for determmmg larger elevatlons

on the rod 'withouthlifting his head (this he must not
do, because’ then the image moves higher up)
Because large angles of elevation cannot be read -

directly from the vertical measuring rod; another .

was set up- hor1zontally, along which an accessory

loudspeaker could be moved (fig. 2) When "this |

Ioudspeaker is in a suitablé position the sound from

“the apparent source to be localised seems to come

from the same direction as a momentary signal

emitted at 1ntervals from’ this Ioudspeaker In this.

way the direction of the sound image is determined -

. by a “zero method”; the observer has only to Judge

;5 can be observed at home, for instance when in

order to improve the quality of one’s radio. set .
" (“smoothing out” the sound) one has two loud-
speakers set up some distance ~apart 8. v

Descrlptlon of the expenments and results of mea-
surements _ . :

In order to mvestlgate “the - eﬁ"ect descrlbed and

in particular to measure the’ apparent elevation

. . -observed, an arrangement was set up as shown in
- Jig. 2 with two loudspeakers at the level of the

whether there is any difference in dl.rectlon in
respect to a comparative 51gnal : S »
The results of the measurements are reproduced

'

Jin fig. 3. They were - obta1ned for the greater part

with little trained listeners. With the difficulty .. -

- already mentioned in this kind of localisation the
" observations, were consequently not very consistént

' and showed con51derable variations. Nevertheless,
the diagram shows clearly the qualitative details

’ 3) When two loudspeakers are used, elther connected to the )

same radio set -or placed for stereophomc reproduction,
in order to get a natural impression with a well defined
sound image it is mecessary that the two _loudspeakers
should be in phase with each other, that is to-say the
diaphragms must both move together towards and away .
¢ from’ the listener. One loudspeaker is put in phase or
- counter-phase’ with the, other simply by turnmg it or

. changing the polarity of its connection. .

of the phenomenon The angle of elevation ¢ of

-the sound image observed is plotted for drﬁ"erent

distances from'. the .listener to the pair of loud-
speakers, measured through the angle o between
the plane of symmetry and the line from the loud-’
speaker to the listener (ﬁgs 1 and 2). It is seen that

. as the angle a becornes larger and thus the listener -

gets nearer the sound i image rises’ first slowly 'and
then more qulc]§ly At ¢ ='90°, that is to say when’

: the observer 1s Just between the loudspeakers, ‘the

~ L
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_sound does not come from exactly overhead but
from a short distance behmd ((p ~ 100°)

Explanatlon of the phenomenon :

' Since the phenomenon described consists of an
elevation of an apparent source of sound obvmusly

. »
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' Flg 3. Measured values of the angle of elevatxon @ observed
by & number of (little trained) listeners, as.a function of the.

distance between the listener and the pair of loudspeakers

(measured through the angle a, see figs. 1 and 2) ’

~ . -

its- explanatlon must be related to the theory
..accounting for the perceptmn of the elevatmn of an-
.actual source of sound. *
- This. theory hag already "been dealt w1th in
" éxtenso in this Journal 4) Briefly it comes to tlns, :
that a perception of direction is due to a difference
- in intensity’ between the two ears %) Where there
"is no such difference, i. e. where the’ mtens1ty
‘ratlov = 1, this corresponds to the perception of

K _ direction stralght ahead” Equally so,however, v=1

happens with a souyrce of sound “immediately over- .

head” or .“immediately behmd”, or in general with .’

any elevation of the source of sound in the plane of
. symimetry with the ohserver ( fig. 4). A criterion
- for distinguishing : these cases and “determining”

the angle of elevatlon is obtained by the listener

making small more or less arbitrary tu,rns.of hls

.

4) K. de Boer and- A Th van Urk: Some facts about -~

. the direction of hearing, Plnhps Techn. Rev. 6, 363, 1941.} -
%) Accompanying differences in time also contribute to a |
\ perception of directjon (cf. the article quoted in footnote 1), -
but for very small angles a they are of such little influence
v that we may here’ confine our con51derat10ns to the dif-

. ferences in mtenslty -

w f

’
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tance mthe event that the head 1s llfted for the :
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head around a vertlcale ‘axis (as shalung .
the head for “no”). When giving the head a turn da -
the ratio v of the 1ntens1ty between the ears will
" change by an amount dv approx1mately proportional
to da. In particular, for mstance when the source of
"sound is “straight ahead”, when the plane through
that source of sound and the aural axisis horizontal,

= 3% (0.14 db) for da

given turn da the effective tarn de’ in the plane :
through the source’ of sound and the ‘aural ax1s ,'
(ﬁg 4) is smaller, viz.

d

r -
. -

.

da cos @."

’

" Also the -change dv’ in the intensity ratio is pro- »
portlonately smaller for a turn da.- Now the fact

that for a given da a too small dv’ odcurs is inter-
preted by the sense of hearing (due to its experlence)

.. as an elevation of the source of the sound, and.it

does this quantltatlvely, accordmg to the equatlone)

cdd A
cos<p———-—=——

e da dv -

“The elevatlon thus measured” by the ear is in )

S R
. by
a ..
>y 1
- ¢ B

i

reality not the angle in respect to the honzontal

plane but one in respect to a fixed plane of reference
‘connected with the head, which with: the head i in'+
the normal position is horjzontal. This is of impor- **

Fig. 4. Varlous sources of sound G, Ga .+ in the plané of
" symmetry with the listener’s head all g1ve an intensity ratio
v = 1 between 'the sound at the two ears."When the head is
- turned (as when shaking for “no") through an angle da a
change dv takes place in the intensity ratio, which is greatest
for the source G, in the horizontal plane For a source. G, ,
with elevation @ the effective turn de’ in the plane through G,
and the aural axis 0 -is only da €08 ‘P, .

4
» YR
.. o
—_— o N < : 5
8) A similar, somewhat generahsed equation apphes to the - -
case where the source of sound does not lie in the plane
-, of symmetry of the observer. when the intensity ratio v ' ..
differs from unity already in the state of rest. For the sake
of simplicity, however, we confine ourselves to sources
of sound in the plane of symmetry .
I O -v W ."
- N . 2 . -

1°. If, however, the .~
. source of Sound has an elevation ‘@, then for a

Y

>
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_ plane ‘of reference moves with it. When the listener _ ratio at both ears, wlnch was orlgmally unlty, is
.gets the source of sound in line with the eye it is., nOW‘ ‘ . \ : L
then again in the plane of reference and he therefore "~ - ( , T ' ! - d 12 - .
expects his sense of hearing to register the elevation - + .- SN 1 + T da -|' I‘ — d—da
“gero. . . A 1 —I- dv _ - IR
,‘. So much for the explanatlon of the perception - - - - - I — _{_ da + 1'2'_1_ _I?da -
: of the ‘elevation- of an'actual source of sound. We 3 u_ da | ,-{ cdan
. W1ll now go back’ to" our set-up for stereophonlc Thus 1 + d”“ o _ . .
) reproductlon, fig. 1. There we have an apparent = 'é 1‘_1_ 2 i(T .’—I)da. '
~source of sound observed stralght ahead as the result coL e IL+1, d i o .
' ‘ of the joint action of two loudspeakers, one on the L T 9 d (I 2)
-~ -+ right and one on the left. We ‘can again put the = - Toor dv' = ~1—‘_1_1-2 da ' v (2)
"+ " question what' change will take place in the mten- T S T A P A A
'sity ‘ratio at the'ears when' the listener turns his - 28— N _ L
“head an angle da from the_ vertical axis. Itis found Il | | S e N S DYY REE
" that this change is in fact smaller than what would .. t bt : // 4N\
- be expected with an actual source of sound strazght ;’jz” e DA ER
. ahead: | . DR e — // AN NE .
- The fact, that the dv’ w1ll be. smaller than foran = 5y 1 ‘+I§// al // B A SEAN
-actual’ source‘of sound may he seen from the fol- - 1A |1 l\\ L
Toving i PN N
- ¢ We will use I and I 2 to denote the’ sound mten- - 18 R4 AE N
L smes from one loudspeaker at the ear closest to it e A o 7 S A R S \\ Do
R and at the other ear respectively, when theé loud- : i ' // "4 I, N R
i sPeaker is Placed at an angle a from the plane of - | 4 | * / T R s
symmetry ( fig. 5a) When the listener looks . ° 10 V4 I IR IR R N P B y
T~ straight ahead each ear receives the total jutensity - * 08— \\ / - 1 —— - ——
I L) Upon the head being turned: an angle da.: - \ B | o
to the > right the angle of deviation of the. loudspeaker BSTR S 4 I~ | L e T
"L is increased to.a + da while that of the loudspeaker o iR T T
" Ris reduced to @ — da. The left ear then receives, - - / ) N T ) 1.5 -
(ﬁg 5b) .the quantltles of sound U AT 0l —— "40 — BT .
) . . dI o Tt o : .o —->(l - a59q - .
v 1 + __1 da from L and I g — —— da from R. Flg 6. The sound proporuons from aloudspeaker at the closest A
o d ear (I,) and at the other (I.) as functions of the angle a through-

- A "1 "which the loudspeaker is turned away from the plane of

The Same apphes for the rlght ear. The mten51ty ‘symmetry of the-listener (see the arrow at a in fig: 5a). The

, < ‘curves have heen plotted from ‘measurements taken by
oot PP . ':" : . B _.’ o Y+ “Sivian- and Whité 7)., There are also plotted the quantities .
g : - : ‘ T L+ I and I, —1, used for calculntmg the elevatlon observed 1
L SV

The functlons I, (a) and I, (a) 1nd1cate s1mply»- \
the sound intensities from one. single loudspeaker,
- say L in fig, 5a,'at the ear closest to it and at the -*
other ear respectlvely when that. loudspeaker 1st'
moved in respect to the listener’s head in the manner -
indicated by the arrow in ﬁg -5a. This mtenmty
as a function of @ has been dertermmed by Sivian ,
- and White?), whoseresults are reproduced in fig. 6

Flg 5. a) The loudspeaker L, placed at an angle a from the by’ the curves I, and I This ﬁgure also gives the -
plane of symmetry of the head of the listener W, produces the .

. sound proportions I and I, respectwely at the ear closest to °* curves I1 +1, and I I, asa functlon ofa. By thls

" it and at the’other ear. The same is the case with the loud; means it is possrble tor calculate the effective change
speaker R (the sound image is presimed to lie in the plane o )
symmetry). b) After a small turn of the head da the left-hand dv’ in the mtens1ty ratlo accordmg to (2) for any:
loudspeaker'is at an angle a 4 da from the plane of symmetry - ‘ I < -
of the listener, while the right-hand one is at an angle a — da.+ .
“The respective sound proportions at each ear have been altered . ' ?) J. Sivian and S B. Wlute, J. Acoust Soc Amer 4, »
-, accordingly, to the values indicated in the diagram. : 288 1933. .. _ S s -
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“Further proof of the explanatlon

>

o dlﬂ'erentlatlon between these two. -cases.

] , f . \
~ . g ~

4

: angle a (correspondlng to a certain distance between
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There remains to be cons1dered the 1mposmb1htv :

the listener and the pair of loudspeakers) and then - of getting the apparent source of sound in the line

to predict the “elevatlon to be expected according

. to (1) by comparison with the “normal” change -
(already .given (dv ~

3%, for'da = 1).°

The fact that dv’ < dw, thus that there will -
_actually be a real angle of elevation (cos ¢ < 1),
may be deduced from fig. 6, considering that in
the limit case ¢°= 0, when the listener is removed

" far from the loudspeakers, the two loudspeakers X

together functlon as one actuel source of sound
straight ahead, The change dv’ calculated from (2)
_ for this case will therefore be the same as that to
'whlch the -ear is accustomed and used as cr1terlon
(dv) in normal hearing in such a sitiation as this.
From fig. 6 it will now be seen that the curve I,—I,
(denomlnator of the fraction in (2)) lies lower for
“a = 0 than for any other value of a, whilst the slope

_ of the curve I,—1I, (n‘umeratorkof( )) is greater.

for a = 0 than for an'y other value of a. The change
_ observed (dv’ ) is thus certamly smaller for any
angle ¢ than that for a=0,1ie the angle normally

expected S e T :

The calculation ‘as described of the’ elevatlon to
be expected with ‘the aid of the curves in fig” 6
“and the équations (2) ‘and (1) gives as a result the-
curve plotted in fig.'7,. which, shows also the elev-,
ations determined exper1mentallv, viz. the mean.
values of the series of measurements: reproduced

‘ in fig. 3. It\wﬂl be seer that there is a fairly good

agreement In the range of the small angles the
: calculation’ ' is very inaccurate, due to. the not
“inconsiderable influence of the limited- accuracy of
> Sivian and White’s ‘measurements (which, more-
over, depend somewhat upon the frequency spec-

',trum of the sound). For large angles ¢ the calcu-

‘lation is. more reliable and even leads in fact to
. a prediction of the peculiarity, already mentmned
i that .as the listéner reaches the line connect1ng the

two loudspeakers the sound comes from 1mmed1ately

behind him instead of directly overhead. It is.
certalnly remarkahle that the simple theory devel-
oped ‘here should ‘produce also this detail.

The fact that some listeners may observé a
negative elevation instead. of a-positive one is not

- contradictory to the theory, because since, a too

small dv’, occurs just as’ well with a negative eleva- .

"tion as Wwith. a positive one the théory makes no"
Why, .
however, in some cases there happens .to be a
preference for the perception o of the rather unu-

* .. sual negative elevatlon 1s drfﬁcult to account for.

’- - v, -
T D ..

of sight by hftmg the head. This, too, is not difficult
to comprehend. If, when listening .to the real
source of sound: with an elcvatlon, one gradually
raises the head, the change dv’ in the mtenS1ty ratio
at the ears becomes greatef and greater when the

- head is moved to either side, owing to the elevation

of the source above the plane of reference decreasing. .

. / i~
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Fig. 7. Calculated clevatlon X of an apparent source of sound
straight ahead, as function”of the distance to the two loud- .

- speakers (angle ). For very great distances (small angle a) -

the calculatlon is rather, unreliable; the curve for this range -
is drawn in a broken lines The squares are.the mean values of
the ser1es of measurements glven in ﬁg 3 R .

.
b
.

-

’When the plane of a refcrence passes through the

source, dv"'becoimes equalto the value that the sense, -
of hearing regards as normal, thus no longer “too
small”, and the _impression of an elevatlon d1s- Y
appears In our experlments with an apparent soufce.
of sound the “too small” value of dv’ was caused
hy the joint actién, of the two loudspeakers Upon.
the head being raised, while still looking stra1ght
ahead, the proportions of sound at the two ears,
including - their changes when shakmg the head,
remain approximately the same, so that dv* con-L
tinues to be “too small” and the impression of
elevation remains. Consequently the sound 1mage
"rises at the same time. .

The more comphcated phenomena occurrmg when
the” apparent sound image does not lie halfway”
between the loudspeakers or the listéner is not in
the plane -of symmetry can also be explamed in
the manner described. We shall not enter into’ these
cases here We would only recall the fact already

ot

T .
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mentioned that in such cases the “elevation _is

always smaller than in the case we-have considered

"... above. By this means and " w1th the aid of fig. 7
we can give an indication of what slgnlﬁcance th1s
effect might Lave in stereophomc reproduction in
‘practice, flor instance in-a cinema. Any perceptible
"+ elevation of about 20° will easily be’ corrected by _

" the ‘suggestion of the visual p1cture, so that” no.
.o clevatlon w1.ll b,e not1ced in the seats farther away

. o . . o T .
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_from the screen than the place correspondmg to

the angle a = 30° (see fig. 7). If the distance be-
tween.the loudspeakers is say 8 meters the.eleva-
tion effect will therefore only be noticeable for
a trained listener at places closér than about’7
meters to the screen, and the number of such seats
— which also in other respects are to be regarded §
as unfavourable —is only a. small percentage of
the total number of seats in 1a normal cmema

~ .
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A NEW ELECTRICAL METHOD FOR DETERMINING MOISTURE QONTENT

o .
543.812: 621. 317.39 - g

i
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ot A descnptlon is given of a new method for determlmng the water’ content of hqmd or "~ AR
c solid substances, such as grain, wood textiles, butter, etc. The water is extracted from’- < Ve ‘s
. the material with acetone in Which oxalic acid is dlssolved The increase in.the conductiv- - SR
v \ . . f

ity of the extraction hqmd serves as a measyre of the amount of water taken up. Compared .
with those already existing this method has the advantage that the apparatusrequired is """
,rmexpenswe and 51mple in operation, while at the same time it is a very reasonably quick® -

.
I4

L

B

«
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.=, numerous attempts have been made to-develop.

method and not dependent on the form in wlnch the substance to be tested occurs

The determination of the water content in gases,
hqu1ds and _solids is one of the most important

analyses regularly apphed in commerce and in-

dustry. The moisture content of grain, of tobacco, .
- of butter, to.name only a few examples, isalso paid
. for by the purchaser, ‘and large . profits or losses

may be involved when a kﬂogram of the product'

contams a few ‘grams more or less of water than
were estimated. Tt is therefore understandable that

methods of measuring m01sture content quickly and
“accurately. -
. If we confine ourselves to sohds and liquids, the
<, only un1versal method used until now consisted -
" in drying a sample and determining, the amount
of evaporated water by ‘weighing. This, however,
. is often a lengthy and far from easy procedure. More
rapid work is made possible by ‘a- number of elec-

trical methods where measurements are taken4‘

directly on a sample without any preliminary

treatment. Three main methods of measurement
" have been developed on this principle. In thefirst the -
is . -determined

 differencé in dielectric constant
" between the moist and the dry substance; in the
second the dielectric losses are measured; in the third
the conductivity. In all these methods, however,
'the results depend very much upon the form
-of the substance to be examined (lumps, grains,
powder, liquid), for this form affects the filling
factor when the"Samplexbeing measured s intro-
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duced into a measuring. vessel Theresult isthat only
relative values of moisture aré measured and if |
absolute quantities of water are desired a separate
- calibration curve is- needed for each substance in
its_ given form. S ’ :
v In order to ehmnate the effect of the form of the .
substance (wh1ch ‘means that the ab)solute ‘water
content is determmed with only one cahbratlon
curve for all substances) another group of methods

havebeen developed which are based on'the extra P

tion of the water from the moist substance The:
‘most important methods of tlns type are tabulated

- and briefly characterized below Except for the .
drymg already mentioned, * which actually ‘also -
belongs to this group and is therefore included in

the table, the methods indicated here are hardly - -~

less rapid than the du'ect electrical measurements, -
~but they all haveone drawback in that they:
require a fairly _expensive apparatus which - cannot
_be_ operated. by a layman?). .

We have now found that a method of rmeasure-

which while still being reasonably quick offers the -
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ment on the_ basis of extraction can be developed

advantages . of very simple operation and an"‘

mexpens1ve apparatus.
The basic ideais the followmg Water is extracted
' from the substance to be tested w1th a hygroscoplc
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1)°A survey of the different methods of moisture determm- ;
ation will be found in: E. Eckert andP Wulff Z. angew
Chemre, 53, 403-405, 1940. - .
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mentioned that in such cases the “elevation _is

always smaller than in the case we-have considered

"... above. By this means and " w1th the aid of fig. 7
we can give an indication of what slgnlﬁcance th1s
effect might Lave in stereophomc reproduction in
‘practice, flor instance in-a cinema. Any perceptible
"+ elevation of about 20° will easily be’ corrected by _

" the ‘suggestion of the visual p1cture, so that” no.
.o clevatlon w1.ll b,e not1ced in the seats farther away

. o . . o T .

LIFTING OF STEREOPHONIC SOUND IMAGES
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_from the screen than the place correspondmg to

the angle a = 30° (see fig. 7). If the distance be-
tween.the loudspeakers is say 8 meters the.eleva-
tion effect will therefore only be noticeable for
a trained listener at places closér than about’7
meters to the screen, and the number of such seats
— which also in other respects are to be regarded §
as unfavourable —is only a. small percentage of
the total number of seats in 1a normal cmema
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A NEW ELECTRICAL METHOD FOR DETERMINING MOISTURE QONTENT
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ot A descnptlon is given of a new method for determlmng the water’ content of hqmd or "~ AR
c solid substances, such as grain, wood textiles, butter, etc. The water is extracted from’- < Ve ‘s
. the material with acetone in Which oxalic acid is dlssolved The increase in.the conductiv- - SR
v \ . . f

ity of the extraction hqmd serves as a measyre of the amount of water taken up. Compared .
with those already existing this method has the advantage that the apparatusrequired is """
,rmexpenswe and 51mple in operation, while at the same time it is a very reasonably quick® -
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.=, numerous attempts have been made to-develop.

method and not dependent on the form in wlnch the substance to be tested occurs
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dustry. The moisture content of grain, of tobacco, .
- of butter, to.name only a few examples, isalso paid
. for by the purchaser, ‘and large . profits or losses

may be involved when a kﬂogram of the product'
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" in drying a sample and determining, the amount
of evaporated water by ‘weighing. This, however,
. is often a lengthy and far from easy procedure. More
rapid work is made possible by ‘a- number of elec-
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directly on a sample without any preliminary

treatment. Three main methods of measurement
" have been developed on this principle. In thefirst the -
is . -determined

 differencé in dielectric constant
" between the moist and the dry substance; in the
second the dielectric losses are measured; in the third
the conductivity. In all these methods, however,
'the results depend very much upon the form
-of the substance to be examined (lumps, grains,
powder, liquid), for this form affects the filling
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havebeen developed which are based on'the extra P

tion of the water from the moist substance The:
‘most important methods of tlns type are tabulated

- and briefly characterized below Except for the .
drymg already mentioned, * which actually ‘also -
belongs to this group and is therefore included in

the table, the methods indicated here are hardly - -~

less rapid than the du'ect electrical measurements, -
~but they all haveone drawback in that they:
require a fairly _expensive apparatus which - cannot
_be_ operated. by a layman?). .

We have now found that a method of rmeasure-
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. does not readily dissociate electrolytes. An elec-

.. " being only very shghtly d1ssoc1ated in-it, so. that
S - the solut1on possesses only a low conduct1v1ty
“The absorptlon of water by the.extraction liquid--

is thus more d1ssoc1ated and the result is 'a consider-
able increase in the conduct1v1ty of the hqmd
wh1ch can be measured by s1mple ‘means. % s,

| ,}“‘ propertles methyl and’ ‘ethyl alcohol can bé ‘used,

R readlly in acetone e ). ‘When' a- solutlon of 109,

the solut1on as a, funcnon of "the water content
mcreases very rap1dly, as may ‘be seen from the

.+ the dottedlme ‘curves; the effect of changes in

o temperature is- also slight. - -

- The poss1h1hty that the test substance contains
* - common salt or some other salts must be kept in
' 1 ‘mind.: Common salt is practrhally msolul)le in pure
C ‘acetone and’ has scarcely any effect on the low
' conduct1v1ty of acetone. A slight addition’ of water,

“in the acetone, the dissolved salt is d1ssoc1ated and
. thé_conductivity’ ‘increased. _This effect, -which ' is

2) Tt would be su'npler 1f the extractron liquid itself could
.+ -funotion -as ' electrolyte; 'concéntrated sulphunc acid for

S e

AP o is very much increased. It has not been possible, however,

'
L it v e e i it

) ‘ally

PO B B . : \
- . . .

B - - R o S

T4 PRI it
’ 7 Y.
- Y
~ = o ‘ Determin-
5. - > | Extraction ation of the
. ‘Probess' . medium” 4‘1?roced1;1re water” ex- -
) * tracted by:
. Drying air - circulation, * | .weight’
L - - (vacuum) or heating . :
- - Distillation toluene” , | distillation _volume -
. of mixture \ ) ) '
- “Exluan” dioxane mixing, or - | dielectric
process ‘ > grinding’ constant. -
‘ . R together S '
Titration . methanol mixing, or . | potentio-
\ “according " - _ |. grinding metric
» to Fischer ' » ,together " titration
; . . DU with ~
» . . / A
. . . Fischer’s
I > P reagent
» A
- ) . . . X

" liquid which in itself has a low condu’ctiv'itjr and”

trolyte is d1ssolved in the extractmn liquid, thereby
“increases its power to. dissociate, the’ electrolyte :

"As  extraction Jliquids ' possessmg the - desued'.:-,-

-but acetone is still more shitable." Oxalic ac1d T
‘may be used as: electrolyte, since it d1ssolves Very -

_‘oxalic-acid i in acetone is used the conduct1v1ty of .:

curve in figh 1. Variation in the content of oxalic'
acid ‘miakes relat1vely little differenté, as shown by

however, causes the salt to dissolve more readily -

based upon the mcreased d1ssolv1ng power of the

-up “watel its ‘dissociation-and conséquently it Conductivity -

i to.find a substance which combines all the desired propej-*
- ties: -Sulphuric: acid, for example, is too aggressive chemic- |

1947

- E
. . N .- . ’.

 acetone upon absorption of watef, is even stronger "
than. the effect of the increased (llSSOClatlng
power, of which use is made in our method of meas- ~
»uring, and it may.therefore obvmusly be asked why
* . the whole method should not be based rather upon .
the first effect. That would mean that an excess
. of solid sodium chloride would have to be added
~ instead of oxalic acid, but then there is the objection.

s that sodium chloride- dlssolves very slowly in .

’ acetone containing little water (say < 5%), and it -

. may take days to establish the equilibrium, whrch

would be very objectionable for practical méasure-

. ments. For our method, based on the d1ssoc1at1on

of oxalic ac1d on the other hand, the slow solution
" of sodium chloride has just the’advantage that little

difficulty is expenenced from the salt content of the

substance to be examined. It is only necessary.that
‘the extraction should be “completed within two

hours and_ that the final acetone-oxalic acid-water *

e

v

m1xture does not contain more than a few percent L

) LR e e ~ - N .-
Y . . . * P . ~
:Ffl_ - : . v i
m — 2 - % N p 4 . .‘.'
E N S : 2 ,
304 N . r- 1, '
= A
: 40 Y r8%151% ., -1 - N 2 L
] TS /,— % 5% . .
L L 2% 15% =l10%.20% "
.80 R 0
. -~ ~ o
-~ g y t
=, - RS — 11
200{" s RS SN T M
- ¥ T - = =13 .
" 3001 S
¢ . N K - R 2 . .
\ . : ) BRI I I A RN U e
e ‘» -] . S )} .’" . : v
. (V)88 »- . L J v 4 S 6 7 E A ’a,w' ,
209 4. L

- 0 . . 3 i a/a Hgo
. Flg L Conductlvny and reslstance, measured in the measunng :
cell, of acetone with a certain percentage of. dissolved oxalic
acld as a function of the amount-of water absorbed. The three : *
curves apply for'different concentratlons of oxahc acid and -,

temperatures as mdlcated ' e . o
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of water.- Prov1ded these condmons are fulﬁlled o
large dev1at10ns from the cahbratmn curve of ﬁg 1
" are only observed in the case of substances with an _
extremely high content, such as salted fish. The
“apparent amount of water in such a case may:be
double” the real amount determined -by  diying. '
With wood, paper, textiles and suchlike, however,
the ﬁgures found for the water content, taken
absolutely, differ by only a few tenths percént at
most from those found by drying. The accuracy "
of the method like that of the other methods based

. upon extraction, is for a large’ part limited by the -
.- -instance.is hygroscopic -and at ‘the same time upon, taking - N

familiar. phenomenon that “the: “test object ‘very. .’

stubbornly retains the last traces of water and:the .~

state of equlhbnum, wheére only a ‘Very, minute
quant1ty of .water..remams deﬁmtlvely..m. the sub-

T
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’ stance, is only slowly attamed Substances contain-

ing albumins are especlally difficult in this respect. -

Grams of wheat for example, which had lain in a

vacuum of 20 mm Hg for three da s, while for 10
hours the temperature had been maintained at 65 C°,
again lost 1.6%, by we1ght of water durmg the next
two days in a vacuum. This phenomenon makes’

o it very difficult; whatever the méthod, to determine
~ the absolute morsture content’ of such substances

Nevertheless, the extraction with" acetone “has at .

DETERMINING MOISTURE Co‘NTENI'_ B R S -

X - W .
ethbnum is estabhshed much more qulckly than
when: drying, in ‘air or a vacuum.

In the practical appllcatlon of the method
care must be taken, i.a., that durmg the extractron
and the subsequent measurement "of the conduc:
t1v1ty no acetone can evaporate, which would in-
crease the concentratmn of the oxalic acid.. It is
therefore desirable to carry out the measurement
in a completely closed vessel, ag shown in- fig. 2
"The" apparatus -consists of a kind of mill with a.

g least the advantage .that* thé above-mentroned " measuring vessel attached to it. Awerghed quanuty

. PO
- N -

Y . “
PRI . ~
- < ™ ¥ A ~ ¢
¥ . ) )
7 .
. 5 | L ‘.
| 5 2
( . . , | L ot .
1 o~ CL ’ \ : ] -
i 1 . 7 . -
n - - e A
. : f 3 r O F
” T _’ 1N
a )
i . i) 8- L
P + L4 I @mﬂmu.u_) .
- - | - ; A
< T / / A . @r77e

:
\

'

Flg ‘2. Apparatus for [determmmg the moisture content by
" the extraction of water 'and the measurement of conductivity.
-After the vessel 1 is filled with a weighed sampleé of the sub-

stance to, be mvestlgated the cover 2 with the grmdmg'

cone 3, whmh can’ be rotated and moved up and down, is

. screwed on. Through the.opening 4 a knoivn amount of extrac- '

- ‘tion liquid is poured in. By rotating and pressing at the same,

time on the cone, which is provided with grinding grooves,

" the sample and the liquid are mixed. After the extraction is

complete, the apparatus is tipped and the hqmd runs through
the sieve 5 into the measuring cell 6 which is attached with

‘an au--tlght joint anid contains thé platinum electrodes 7.-

. ~The tresistance between ‘these’ electrodes can be mcasurcd

8 is a thermometer

r

* of material and a measured volume of acetone’ with

" 109, oxalic acid are placed in the mill, which is

‘then, closed tight. After the substance . and the . -

.extraction liquid ‘have been thoroughly mlxed to<

gether and left to stand for one to two hours, the L

" mill is tipped so that the extract, filtered through a
s1eve, runs into the measuring vessel. This is a cell
rw1th two' platinum’ electrodes. Since the conﬁgur-
_ation of the electrodes and the liquid between them
_is fixed, from a measurement of the electncal
resistance_ of the cell the conduct1v1ty of the hquld
and, with the help of the calibration curve in fig. 1,
its water ‘content can ,1mmed1ately be derived.
The resistance may be measured by means of a
measuring bridge, for - example the “Phrloscope” 3),
which is speclal.ly adapted for such simple 1 measure-
ments. In the choice of the cahbratlon curve the

temperature of the extract, wh1ch can be read off ;v
on a thermometer attached to the mlll must be

taken into account. . - : . '

¥
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Since oxalic ac1d attacks metals, all the surfaces .

‘of the mill coming into contact with'the e*{tractron

-made for mstance of ceramlc matenal plastles or °

o , -
glass R S0 ‘
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) See;Philips‘ Techn. Rev. 2, 270, 1937.
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" liquid, except the plat1num electrodes; must be # .
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VIBRATION-FREE MOUNTINGS WITH AUXILIARY MASS

by J. A HARINGX

« . -
-

¢ - . .
The yse of sensitive instruments such as balances, galvanometers and microscopes is often

the free vibrations of the system after a slight impulse or an initial displacement,
The most obvious manner of applying this damping, namely between the apparatus and
the foundation upen which it is placed, is indeed favourable for the rapid decay of the

free v1bratlons, but it promotes the forced vibrations. A better method consists in intro- . =

ducing the dampmg between the apparatus and an auxiliary mass attached to it by means
of springs. The features of this system and the choice of the different parameters (masses,

rigidities of the springs, damping) are discussed in this article for the one-dimensional case.
* 7/ . !

" made difficult or even impossible by vibrations in the surroundmgs In order to reduce.
" the .amplitudes of these forced vibrations the instruments can be placed upon suf-
ficiently weak springs. Then, however, a dampmg must be introduced in order to stop

621.752

Varmus systems of wbratlon-free mountmgs » - .

When sensitive instruments such as balances,
galvanometers, microscopes, and dial gauges are

" used difficulties are often experienced due to vibra-'

tions transmitted to the apparatus.through the
floors, walls and tables. In such a’case an arrange-

ment will be needed in whlch the transm1ss1on of

the Vl.bratlons to the mstrument in questlon is

avoided. Very good results can be obtained by using -
a spring-mounting, but it "is quite impossible. to'

construct in this way a support which completely
prevents .the transmission of vibrations. It is only

possible to limit the amphtudes of the forced vibra- -

tions of the measuring instrument to such a degree
that these vibrations no longer present any dif-
ﬁculty, so .to that extent one may then say that
the mstrument is: supported ,,v1bratlon free”. - .

~ When a res111ent layer is-introduced between the
mstrument and - its foundatlon, for instance a

. rubber cushlon or a set of hehcal springs, a system

‘\\ . . -

‘.

is obtained like that shown diagrammatically in
_fig.1a: a mass m joined by a spring with the .

rigidity ¢ (i.e. the force per unit of-elongation of the

spring) to a foundation which vibrates in a vertical -
" direction with an angular frequency o and an .

amphtude a,. - . P

-This system behaves as follows The mass m

vibrates at the same frequency o with the foun-

dation, but with an amplitude a which depends L

very much on the frequency. From the. differential
‘equation for ‘the. motion of the mass_it may be

denved that « . o . N .
« \ . <o . . . ’- e
L . "l N
7 ‘ —_— —_— .
a, c—mco2 .
+» This frequency charactenstlc is -shown' in

l) For the snke of brev1ty we use the term “frequency heré )

‘meaning (unless otherwise stated) the angular frequency®’ "

w—27tt1mesthefrequency ol

oy,

\

IR . Fig. L. Dlagram (a) and, frequency characteristic (b) of an, undamped v1bratlon-free U
lie far enough above the. resonant frequency w, the .
amplltudes of the forced vibrations of. the mass m caused, by the vibration motion of the - - ../

N system. At frequencies « which

foundat.lon are very much reduced The a.mplltude ratio is:

§
3
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é
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ﬁg lb In the\ nelghbourhood of the frequency

~ ‘,A' / . R
.".l (_ _ . ~
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- the so-called resonant frequency of the system, the
mass takes on very 'large amplitudes which are much
larger than a,, On the other hand at frequencies
far enough above w the amphtude becomes smaller
. than g At very high frequencies it- even gradually
approaches the zero, changing i in mverse proportlon
‘o the square of the frequency - ..
R . 2 )
S im;,i (0)—0) o (l)
T ~ . : Lo

Ifthe spring (c) is sufﬁclently weak and the mass (m)

large enough to make the resonant frequency w

‘ .

< N . ~

VIBRATION-FREE MOUNTINGS ST o o 17

there is always a certain dampmg even if it is only
the internal damping of the matenal "of the springs

or the damping due to air res1stance It is clear that .

the stronger this damping the sooner the system
will. come to rest. This naturally suggests the intro-
duct1on of an extra damping in the manner shown- -
_in fig. 2a." The damping force is assumed to be pro-,
portmnal to the relative veloc1ty of the mass with ..
respect to the foundatlon (viscous damping) and the
proportionality factor is called k. As the free vibra- - -
_tion’ dies out the amplitude. then decreases as a
functlon of time ¢ proportional to ¢~*2", Such an .
‘arrangement, however, behaves entirely’ different -

" from the first one, not only as far as_the decay *
of the_free vibrations is concerned but also as
regards the forced V1brat10ns Thls s clearly

e

11

Wy - o e ’ w

v3 «.’-'J

- e

Fig. 2. Dmgram (a) and frequency characlterlstlc (b) of a v1brat10n-free system with TS
»relative” damping. With increasing damping (k) the resonance’ peak is gradually . L
lowered and at the same time the free vibrations die out morée quickly, but at high

)

~frequenc1es the amplitudes of the forced- v1brnt10ns . become larger. The amplitude - .

* % ratio is glven by the expression 2):
‘ T a\? 1+q2w2
' = =
Lo e @) 1P+

' ! . . -

at least 3'to 5 ‘times as low as the lowest frequency

occurring in the mterfenng vibrations of the foun-
dation, the instrument will take up these vibrations
only to a’'very slight extent.

‘Besides the limitation of the. amplitudes of the

 forced Vlbratlons in the frequency region of the i

permanently occurnng vibfations, it is also desired
that after an impulse or initial displacement, caused
. either accidentally or by the operation of the instru-
ment, the free vibrations of the system should

". come to rest as quickly as possible. Once. it has

. taken up 'vibration energy the system accordmg

to fig. la continues. to move and, theoretically, it

" takes an. infinitely long time before the free vibra-
tion dies out. In" pract1ca1 systems, however, the

‘ v;bratmn energy will gradually d1sappear, because‘

.
2_2, where

..
k 2 .. ©

s Wo2 = —,
mw, m

s

PRI

- cTo’ 9=,
shown by the frequency_characteristics drawn in
fig. 2b for different values- of the damping k!
The resonance peak is*more or less reduced but at
the same time, at high’ frequencles, the decrease
is much more gradual than in fig. 1b. It is found that °
in this case the amphtude ratio at high frequencies
is inversely proportmnal to the frequenty: e
e e vk

, — N —,

ay . mow Lo

Thus the. larger the damping k& the more the reso--
nance peak is cut down and the quicker the system.
comes to rest after an. impulse, but at high fre- .
quencies. the amplitudes are less eﬁ'ectively reduced;

%) See for example E. Lehr, Schwmgungstechmk, Vol: II
pp 171 et geq. (J Springer; Berlin 1934).

3
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‘thus in order to limit suff ci>ntly the*amplitndes of

. the forced vibrations the resomant freqlienc}r"wﬂl
“have to he placed farther below the 1nterfer1ng
frequency region: - ' - _

. Since," however, in practlce, the resonant “fre-

quency cannot be made arbitrarily low (if the -
- mass should be limited the mounting would become.

" too weak”), an arrangement accordmg to ‘the
prmcrple of ﬁg 2a does not usually give satisfactory

- results with low dampmg it takes. too long for the -

free vlbratlons to die ‘out; whereas with large dam-,
. ping amphtudes of the" forced v1brat10ns are ‘not
sufﬁcrently limited. . SN ‘
The situation would be quite dlﬁ"erent if the
dampmg were not -introduced between the mass m
‘and the vibrating foundation as in fig. 2¢- (rela-
‘tive damping), but between the mass and a fixed
point in space, so-called absolute damping, see
fig. 3a. The frequency characteristics of this systeni,
drawn in ﬁg 3b for dlﬁ'erent values of the damping,
“show that i in this case mcreased damping is advan-

tageous in every respect The resonance peak is very -
" “auxiliary mass M, due to'its mertla, will i in general
have a tende,ncy to remam at’ rest and in. that way. -

. much ﬂattened while éven at high frequencies, i.e.
in the mterfermg frequency regron of the foundation,

a/a; -

Y

‘has the effect of a rigid coupling: Thus, if in fig. 2a

the damping increases, the mass m will finally be
rigidly joined with the foundation and will there-

fore follow its movement ‘ completely (a/a, = 1).
If; on the other hand; in fig. 3a the damping is

increased, the mass is finally rigidly bound to a

“stationary point in- space and thus remains com-
‘pletely -at-rest (ajay =
+v .The.case of absolute dampmg is of Gourse.only
-of theoretical interest.” Ifit. were actually possible /7
to have a fixed point in space it would be advisable . -

2 0). . g

to make the instrument vibration-free by’ attachmg
it rigidly to. the point in question directly, mstead

.of mounting it w1th spnngs on the v1bratmg foun- _
. dation. .. - :

Nevertheless, even w1thout hav1ng a ﬁxed point |
at our dlsposal ft is possrble to imitate absolute
dampmg to a certain extent hy ‘introducing " the-
damping element (k) between the main mass m and

" an auxiliary mass M attached to the main mass hy a

spring (rigidity C). This arrangement is represented
schematlcally in -fig. 4a. At high frequencies the .-

s

A

L e

the amphtude is always less than in the arrange-
- ment with no damping (fig. 1) and, as in that case,
+ at sufﬁcrently thh frequencies its trend is again

accordmg ‘to-equation : (1) The difference bétween
- the effect. of this. absolute. dampmg and thé relative
) dampulg indicated: ' fig2is gasily. understoodwhen'
. creebnsideis-that the-.dampingintfoduced béviwesh

¢ two, pomts constitutes -a-hindrance to their. relatlve

Fa

movement and -an mﬁmtely large,,daumg tgven

o .
_3, where 7] =20 4T ar wy
0

l/.f Joo

. ) . i . ) ]

FOEE A TP Vo~

mwo

- B F1g 3 Dlagram (a) and frequency charactenstlc (%) of a vibration-free system with - Sy
- + [.- wabsolute” damping. With increasing damping (k) not only is the resonance peak '*

- . .- " . lowerd and the duration of the free vibrations shortened, but also the amplitudes. .

RS "7t 2 of the forced vihrations are reduced The amphtuderatlo is given by the expressmn 3):

will furnlsh an almost ﬁxed — orat least a shghtlv :

vibrating — point of coritact for the damping force.
Such’a conceptlon is indeed conﬁrmed theoretlcally .

V-and the .arrangement. is found to” possess very

;favourable.,.propertres \not. only as.regards the -
amphtudes ofu thie: forced wbratwns :but. also in .

Vi \ e

~

:'-\-l\ [

3) “Séé for example E Lehr, Schwmgungstechmk Vol II:, S

v -'A\»s

J\.s.pp..135..et488q.‘.(.11 Sprmger,.Berh.n '1934,.)4 Fapers

v + . ;s
. ‘ o ) S




e structed. on thlS prmcrple in- ‘the’ Phrhps factories. -

. We will now look more closely into the behaviour .
. of a system accordmg to fig. 4a and consider the

VQL. 9,T_No..i e s VI]}RATI&)N;FREE‘MOUN’I‘\I'NGS T R T

’ L . ORI R L SN o

g respect to “the decay of the ‘free v1brat10ns Several upon the parameters of the system (masses and -
vibration-free mountmgs ‘have ,already ‘been con- . ng1d1t1es of the springs). - SRR

Finally, in the general case where the dampmg E e
has a value between 0 ‘and oo, the, frequency -
characteristic , always passes. through the . two

_choice’ of the variqus parameters (m, ¢, M, C, k), pomts of” mtersectlonA and B of the’ two extreme .

’ conﬁrmmg our attentlon to the one-d1mens10nal ‘curves first cons1dered and for the rest lies ent1rely S
" case. ‘ s TR L <between those two curves, in general either w1th ' (
o \ S ‘- \ . ) 1 i .

e

- . -—- [ . , N s - A e . = N .o L.
. o e F)g 4. Dlagram (a) and frequency charactenstrc (b)ofa v1bmt10n-free systemwith aux.lhary R .
. ... "7 . mass M. The damping (k) is introduced between the main mass (m) and the nuxlhary L o
N masg. The amplitude ratio is given by formula (3).on page 20. The figure here is drawn’. . ) 7l

..

- ‘oceurs at w=1

The behavmur of the system w1th aumhary mass in
relatlon to the ] parameters R

ISR

le frequency charactensnc

«

¢
R

vy

"y

,.

<

- curves in, fig. 4b.

'

*

[y

.

one max1mum between A and Bor w1th two, max1ma:
S one on ither side of 4 and B. See the famlly of

« for the special case' . = 0.5 and p = 0.5, where the points of mtersectlon A and B of nll W .
. the frequency charactenstrcs lie at the same helght - ' ” ’

"1 - el

Ve N

In ﬁg 4b we have the frequency charactenstlc
for a given case at, dlﬁ'erent values of! dampmg
We w1ll begin to analyse “this ﬁgure by taking the

. It will perhaps be mterestmg and useful to
explam “this:in somewhat more’ deétail , with " for- ~
_mulae, the derivation of which may be brleﬂy out- - 7
lined 9. When cons1denng the forces acting on the. e

* extreme case where the damping k is mﬁmtely large. - main and auxiliary 1 magses, wé get for the motion."’

The aux1hary mass M is then rigidly bound to the
‘main-mass m; we then have in fact a-system like. tjhat

. of fig. I, with spring r1g1d1ty ¢ and mass-m + M.

The frequency characteristic of this system is the
fully drawn curve in' fig. 5 (1dent1cal with ﬁg 1b),

_ linear” differential equatlon of the fourth order is =, -

“of? the two masses two - coupled linear. dlﬂ'erentlal' :
equatlons of the second: order, from which by eli- v v.
" mination ‘of the coordinate of the auxiliary mass a.

obtamed for’ the coordmate x of the main mass.

havmg the resonance frequency «v 2 If now ‘the foundatlon v1brates accordmg to 7,

: C @y sin"wt, »the main mass will vibrate at the same .
Vc/ (m + M )s - .

o frequency but genera.lly with a different amplitude

Smce 0 = co/co0 is taken as absclssa, resonance and phase: £ = a sin (wt + @). By suhstltutmg this .,

: - S

CIf on the other hand E=0,we have ‘the famlhar
-case of two’ coupled, undamped oscillators. Such a
system with two degrees.of freedom s 'in resonance

‘at two different frequencies and therefore has a
frequency charactenstre~hke the dotted curve in’
ﬁg 5. The exact POSlthIl of the resonant frequen- :
ciés ‘on* either. sidé of & w5 (=1); as well as of the -

‘. mtermedlate zerOfpomt - P. of the. curve;: depends

’
~

. in the differential equatlon, ah 'equation canbe

derived for ‘the frequency characterlstlc, namely for ,_"
" the ratio a/a, as a function ‘'of ® and of the para:
meters m, c, M C, k These quant1t1es, however, are

~

ne A W S

" 4)7Ct J. P den Hartog, Vibrations et mouvements v1bra-

toires, p. 99 (Ed. Dunod, Paris‘1936); E. ‘Hahnkamm,’, .. .
. Die Dampfung-von: -Fundamentschwmgungen bei veran- - ..
- derlicher: Erregerfrequenz, Ing. Arch. 4, 192, 1933;
"L Gelshnger, Theorie des Resonanzschwmgungsdamp-
& ,fe.rs,.lng Arch. 5,..1/1-6 119.34u. e e 0 U ef

’
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" found to occur in the result only in certain. combi-

nations, so that the result can be written much more

* simply and be made more comprehensible by intro-

<>

In the case of mﬁmtely large dampmg, ‘thus-

»

ducing the followmg (dimensionless) quantities:

;‘ - T . l/m+M ) '/
‘ . w=.—= - ‘
Cm—|—M
. ' p_ ¢ M — ax 9 s
_kyfmEn *
’ 1=y c ;
— mY “ )
B p'__m—|—M’f
. s l . -\
. a -
) /ag‘«\. E k=°° -, . ;
. e N
Tl ‘
. 1 1k=0
- H S: Lf'l/
Sy I .
ll l ,l‘
yaE 1y S
L | | I R .
Iy ol l, A N
' ~ XA 2R -

o~

@
w5302

e — - ————

Flg 5. Frequency characterlstlc of the system with auxiliary '
mass (fig. 4a) in the two extreme cases of damping k =  and
- k.= 0." In the first case main mass and auxiliary mass‘are
_rigidly ‘connected and we have a system like that in fig. le
- (fully drawn curve), while in the second case we ‘have a
combination of two coupled (undamped) vibration systems.
{ There are then two resonant frequencies (dotted curves)

corfesponding to the two degrees of freedom, W= w/wo is the -

» reduced frequency ) .

The -quantity p w111 be called the r1g1d1ty para-'
and p the’

meter, ¢ the damplng parameter
mass parameter The formula for the frequency
characterlstlc now becomes ~

( 2
[uwt—(1 +p) 0*+p]*+

P+ 43

For@ 1)

(3)

q= oo, the formula becomes _ -

’ S ey ! 1 .
;o (-) L L 1)
o ‘. . au qg= oo S
"This is the equatlon for the fully drawn curve in

‘w?—1}
fig. 5.-In the case w1thout damping, thus ¢ = 0 the
formula becomes . . ‘

- \ . .
©),.-
Qg q—O

: @?—p. .
which. is t_h‘eequatlon for the dotted enrye m«ﬁg.\S

wot — (L + p)o +p

’
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CIf for the sake of s1mphc1ty we now call the func-

tions of @ occurring in the four terms of numerator .

and denominator of (3) a, f, y, 0, we may then

write for (3): ' I

s

(g)”_ «+ @B a(+ ¢ Bla)

o - v+ @8 T+ P8y, L

and it is immediately”clear that with the condition

that oo T - A
N o

- i e .

the quotient (a/a,)? becomes equal to afy and thus”
independent of g. At those values of w for which (5)

" is satisfied, therefore, the curves*have the same

ordinate for all values of ¢, including ¢ = 0 and
q = oo, from which ‘it follows, as already stated,
that all the curves pass through the two points of
intersection 4 and B of the fully drawn and the
dotted curves in fig. 5. 3

. For_the abscissae @, and @p of these pomts of.
 intersection, which we shall presently need, we can -
derive the followmg equation by suhstltutmg

o the four functlons a. 6 in (5) AP
- 1 —q 3 . - A:' . lt Ty

wt—2 —— +P +2—‘—=0, N e

K L& + -

thuS: " ' " N d ' o‘ . . R D \_ ) . .|
,(52)4.‘3?-:. 1—_|_'"( +P:1:Vp -—'2pp.—|—l), 6y ~°

where | . . »
- ‘5‘4<1and53’/> L -’

3

‘ For the ordinates’ of, the points of intersection one

then ﬁnds accordmg to (4)

1 ra R N ‘ "o
(i\) = —— and (—> = — 1 (7) <
aoA_ lﬁwA 1 %’ B wp— 1
Behakur at htgh frequencies - : ', o '. ’

From the general shape of the curves in fig. 4b
it may be seen that also for this type of system the
‘resonance region ‘must in any case/lie’ far below the
mterfermg frequency region of the’ v1brat10ns of :
the foundation. The degree to which the amphtudes
of the forced vibrations of the main mass are
“then restricted can easily be deduced from equation
(3). For sufficiently high fréquencies it becomes

e 1 c -~ .
—| ==y e (8)
| ag po? | mo?

When we compare (8) with (1) we see that w1th
the same values of ¢ and m we ohtam othe same

- ..
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" ‘favourable behaviour as in the elementary arrange-
ment entirely without damping: (fig. 1) or as in -
that with’ absolute damping (fig. 3). The presence
of the auxiliary mass M thereforer apparently

' plays o part here.

Such behaviour has already been presumed qunntitatively

; from the tendency of the auxiliary mass M to remain station-
ary at-high frequencies.

Actually, of course, M does move shghtly, and it may be
_deduced that the amplitude e of this movement at high fre- -
quencies, is determined by |a/af| ~ ke/mMa?. The ratio a'fa

" thus decréases more rapidly with increasing w than the ampli-

" tude ratio for the main mass according to formula (8). -

~ o~

The opnmum choice of' parameters

In the practical reahsatlon of a v1hr'atlon-free
mounting according to fig. 4 the. questlon will
‘naturally arise as to how stiff ‘the springs must be

" made, and how heavy the masses and how strong
the damplng will have ;to “be. The behaviour at
Ingh frequencies, equation (8), gives the mdlcatlon
already known, that the resonance region of the
_system must lie at the lowest frequencies possible.
As to the ch01ce of C, M and k this does not help
us at all, since accordlng to equation (8) these
parameters do’not affect the amplitudes of the
forced vibrations at high frequencies. The choice
- of these parameters will, however, be decisive for
the behaviour at lower frequenmes and for the
decay,of the free vibrations of the system after
an accidental impulse or initial d1splacqment

‘During the free vibrations the motion™ of the
system is in general composed of two vibrations
" with'the two “resonant frequenmes » the amplitude
of each of these vibrations decreasing’ exponen-
t1a11v ‘with the time: e’ ~%¢ ‘and ¢ respect1vely,'
"while the relation between the initial amplitudes
of ‘the. two vibrations _depends upon the initial

(1mt1al drsplacement “or impulseé).

' The rate of decay of the free vibration will thus

depend not only on g, and @, but also on the acci-
dental initial conditions. It.is therefore 1mposs1hle

“to speak of the rate of decay of the free vibrations,
', ‘and even when the initial conditions are given the

influence of the parameters of the system on the
decay of, the vibrations is still very difficult to
ascertain. When, however, we assume that the
hmJtatlon of the duration of the free vibrations
runs more or less parallel with the decrease in the

, amplitudes of the system in the resonance region,

thus in-‘a manner similar to the behaviour of the
- systems with one mass (figs. 2 and 3), we only need
"to study the frequency characteristic at the lower

frequencies. We might then state the condition

IS

. VIBRATION-FREE MOUNTINGS- o PR
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that “the hlgl}est cpeak in the frequency charac- ‘
‘teristic should be as low as possible, and from that :
requlrement derive the optlmum choice of the para- .
‘meters. | : » L
Among- the curves with different values of the
. damping parameter q there will bé one which has its
highest peak just at the highest of the two points
A and B. When the position of 4 and B is known- .
th1s is evidently the most favourahle possibility, '
bécause then the ordinate. of 4 or B is never ex- -
ceeded. The value of g corresponding to this curve -
is, it is true, still unknown, but-that does not affect |
our argument. We now study the position of 4 . '~ .

Y

,

; and B with reference to fig. 5. The fully drawn .

curve (g =~ ) to which equatlon 4) apphes is .., -
éntirely fixed if the resonant frequenicy’ w, is taken EE

as given: The points 4 and ‘B will then always lie on

* this curve, and from formula {6) it can'be proved
“that when we vary the parameter p both p01nts e
are dlsplaced to the rlght or to the left. From fig. 5it . -
may be seen that one point therefore always rises
as the other falls, and vice versa. The hlghest peak

of the frequéncy characteristic can then also be
cons1derahly lowered with respect to . ﬁg 5 hy
giving p a value such that the points A ‘and B ‘,‘
‘lie at the same height as is the case in fig. 4b. -
Although the optimum frequency charactenstlc
then éxhibits two maxima lying at the same height

_but comc1d1ng nelther with 4 mor W1th B, the .’
dlﬂ'erences are so extremely small that in \ this way

a good approximation is atta1ned From  (7) it
follows that 4 and B He at the same height when~ ,
the followmg condition 1s satisfied: . '

. , T s

. . [
rl . wA -+ wB ::"‘2. L .

If we substitute here expresslon (6) for w4 ' and @, B
we obtain as “optimum” value for the rigidity -, : .
+ parameter . s

- ' - .popt = P-' v N -,
: s 4

For the correspondmg maxrmum amphtude ratio °

we. find - N N TN . S

-y

(1)2- m(“) )
adOPt’ o/ 4,8’ 1—'P~ o ,

On the basis of the calculatlons of Collatz 5) it

can further be shown that the optimum value of

“the dampmg parameter can be taken w1th a very '

close approx1mat10n to be: N LT

‘Ioptmvlsl"" (I—w). -

5) L. Collatz, Uber den gunstlgsten Wert der Kopplungs-'

konstanten bei relbungsgekoppelten Systemen, Ing.
Arch, 10, 269, 1939. . o ¥,
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; After the foregoing the problem of the choice of
the parameters is reduced to the choice of the mass
parameter w = mf(m ) Since we try to keep .
the frequency character1st1c as low as poss1ble we:
must try to make the largest ordinate now occurring -
as small ds poss1ble ‘According to equation (9) the

:- Important practwal case : mass parameter u =

smallest possible value of y is desired, i.e. in our .

. vibration-fre¢ mounting the auxiliary mass M

’ \, .
© " would have to be large compared with the mam
, , ~mass m. In practice, liowever; one is not llkely to’
" make M larger than the main mass. If- we' there-
fore assume that the two masses are chosen of"
N equal size, thus w = 0.5, we obtain:
[ S ptp:—u—OS - "
%ptk"PlDu, (]-—-—-p.) 0612
‘ Havmg regard to equatlon (2), it also appears
R that the followmg relatmns must be satisfied: .
- C/c——u.(l——p.)—025 NI
| ~ (1-p) 1/15 1- 0) = 0433, -
- a ]/mc I n T T
‘ Flnally, the maximum_ amphtude ratio accordmg -
o _to equation (9) amounts to only o . {
© Ty e, . _‘_';'. - N V- .
S (1) Rv,]/“““ 1.128.
- S e o opt s J.\—-p. SRt
e T Whenp-p.-OSweﬁndexactly") T B
-"-t, T qopt—0624 and (o/ag)opt = 1. 146. . .

The approx1mat10ns glven are thus found to agree

yery well with the exact values. As a matter of fact

. even if we make the dampmg parameter much too‘_
large or too small,"(a/a,). still varies only slightly;
between g = 0.4 and ¢ = 0.95 the increase of the
amplitude ratio with respect to its optimum value

a . (1.75) amounts at the most to 25%. The same is true

 for the choice of p. If we keep to w = 0.5 and take

m each case the best, value of ¢, a variation. of P,

_ between 0.3'and 0.7 results in a maximum rise of
S .. 2% in - (d/oo)max R ’ :

T ' When we compare _these opt1mum results ‘of
. our ‘mounting with aux111ary mass with the vibra- -
" tion-free mounting ‘without auxiliary™ mass, we
", assume thé total mass m 4+ M orm and the rigidity

7 of the spring ¢ to be given, since in the practical
R construction a .certain weight will in general be
" available and it is, moreover, reqmred that, the

L. res111ent attachment of the main mass should possess, -

P “a certam degree of: r1g1d1ty The resonant frequencles

o—Vc/<m+M) resp wo—Vc/m 5 )

~ T . . 4
. &

..\’ .

-

.

v
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are then automatlcally equal so that for each w the ‘

reduced frequencles @ = w/wy have the same value -

“in both cases. In fig. 6 the followmg curves are

given for the sake of comparison.
. 1. The frequency characteristic of the undamped
system according to fig. la, oo L s
_2. that of the system with aux111ary mass accor-
~ ding to fig. 4a with the same rigidity ¢ and the
" same total mass divided into two equal parts:
thus' p is 0.5 and further™p = 0.5; ¢ = 0.62;
3. that of the system accordlng to ﬁg 2a with
* relative damping, with” the same rigidity ‘and °
. 'mass and a dampmg (g = k/mw, = 0.74) such
'that the maximum of the frequency character1s-
. t1c lies just as low ds that of ciirve 2.. )

EN

¢

Pl

"8 - 9

.‘;

v, v

Flg 6 Frequency charactenstlcs of an undamped v1brat10n
system (curve I), a system with auxiliary ma'ss and “optirnum®’

nw

" parameters chosen for,p = 0.5 (curve 2),’and a system with .

o relative dainping (curve 3). Tt is assumed that the total mass

-and also the rigidity of the spring ¢ is the same-in all three

- - systems., Further for curve 3 the damping was s0 chosen that -

the maxnnum amphtude ratio is the same as m case 2.
~.\ .. (o @ N
It is clearly seen how m case (3) the trend of the

. N T

A

frequency characteristic is much less favoural)le

at bigh frequencies. ¢) Moreover, the last ment1oned

system has 'the undesu'able property ‘that an acci- . .

dental increase in the damping coefﬁc1ent k (for
instance with v1scous dampmg due to ‘a fall n"
temperature) causes’ the mass to vibrate' w1th a -

proportlona]ly larger amphtude, ‘with ' the’ result P

that the system, intended as a v1hrat10n-free mour-
_ting, becomes much less effective. . -,
On - the other hand, if an’ aux111ary mass is | N

apphed the damplng does not — or at least not !

perceptlbly — affect the amplitudes of thé forced .
v1hrat1ons at high frequencies, while, as ‘we have
seen, the max1mum amplitude ratio in the reso-.
nance region reacts to a change, in damplng only
to a shght extent R e

N 1 - -

“) Because a/aoa km/w =g/ instead of a/au—- I/m2 and
1/p.w respecuvely S

»

x




. Decay of the free vibrations

.- the s1mple point of view that the duration-of -the

N

e
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In order to avoid the difficulties encountered in
studymg the effect of the parameters on the beha- -
viour of the system with auxﬂlary mass with res-

“.pect to the decay “of the free "vibrations ‘after an
" impulse or an initial cl,placement we have adopted
free vibrations would be restiicted parallel with .
"the reductlon of the amphtudes at resonance, and’
. consequently -we aimed -at the lowest" possible

maximum of the frequency characteristic. However, -

.- .. once all the .parameters have ,been chosen, the

rate of ‘decay of-the free Vlbl‘athIlS ‘can ‘be deter-,
'r mmed _exactly. For the case where m = M with ~
: ’the correspondmg “optimum”, values - p=05"

. and a’= 0. 62 we find that’ after a certam initial

v et

£

P

BN

L

‘0,6

-

1]

vsios -

. 06}

r‘\

‘e

Flg 7. The decay of the free v1brat10n after a glven initial -
. displacement for a system according to fig. 4a, with p. = O 5.
and the “optunum” parameters £ = 0.5 and g = 0.62..
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.- .

displacement the free vibration of our‘main mass
_diminishes in.the manner shown in fig. 7. o7
After the first: ‘period already the dev1at10n has
fa]len to one- -tenth of the initial dlsplacement
while " after two. penods only 11/5% ‘of the 1mt1al
amphtude remains. This very - favourable “hehat .
viour shows that our chmce of parameters was a good .
one, although of course we may not assumeé that we
have found ‘the. most favourable conditions w1th
respect, to the rate .of decay of the free v1bra-
tions 7). . S .
If under the same 1mt1al condltlons, we hke-

M.}

w1se investigate the free' vibration of the: élemen- \"' :

tary system with relative dampmg ‘and with the o
same maximum in the frequency character1st1c
(case 3), we find that in this ‘case the system’ comes ’
. to rest ahout one and a half times as qulckly i
When it comes to puttmg the theory here deve-
loped into- practlcal apphcatlon for the construc- '
tion . of vibration-free mountings, one “is faced

.~

BN
s

<

'

1mmed1ately w1th the'fact that as a rule the foun- e

dation' of an apparatus may v1brate in different
' directions. We hope to_discuss this more general

-

A
; .

;o
[4
LA O =
> . B
\ . . - N SN

v 30

K P . o -
) Closer con51derat10n shows, for éxample, that in’ general
at p= p.and g ~'Vap (1-) the system comes torest somewhat
more quickly,than with our “optimum” values of"the
parameters p =y and. g = Yis BNy These congide-
" rations, which would take us too far aﬁeld here, w111 be
» pubhshed elesewhere . :

« case in @ followmg article in this penod1cal ‘where ", -
* at the same time we shall deal with the practlcal
g constructlon in more detail”
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FACTORY LICHTING WITH GAS-DISCHARGE LAMPS

Several articles have appeared in this journal from time to time dealing with the development, pro-

perties and applications of gas-discharge lamps.

The photograph reproduced here shows the lighting of 5 groups each of 5 drilling machines with gas-
discharge lamps, type TL 100, mounted in metallic reflectors suspended 1!/, meters (abt. 4'10”") above
the working plane. The intensity of light on the working plane is 100-150 lux, which is amply sufficient.
This replaces the lighting system with movable reflectors fitted with incandescent lamps, and it is much

more satisfactory.
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s e e byJ J. ZAALBERGvan ZELST. .. .. . | 621.394.645.3 -

V. . . .
L * . v .t N - :

) : . ' e Lo,
“h o At agiven frequency the degtee of amphﬁcatldn of an amphﬁer depends upon-the properties * . .
e ) Tof the valves used (purtlcularly their slope) and the 1mpedances of the other elements n )
o . l in the ‘circuit. Assumlng ‘that the lafter are\falrly constant (given the right choice of * oy
. L : o vmatenal and proper constructlon, it is then a matter of de31gnmg the circuits in sucha ) ’
A .. . wayastobe dependent as little as ‘possible upon the properties. of the valves, which may - G .
. .vary accordmg to the amphtude of the anode voltages, the temperature, the contact.’f 0 o
L pctentials, etc., or when a valve i is replaced. Thls is of great xmportance, for ingtance, .. 1. .. “.
- -. " when taking measurements, N " - ~ ’ )
- " In this artlcle two groups of circuits are dlscussed (each of whlch may be d1v1ded mto o Y
: two sub-groups) which tend ‘to provide for a high’ degree of constancy in the amplification. @ - - o
- ‘Some of these circuiting schemes need very few extra parts. Sometunes there isthe addi- . » o~ & - - -
4 tional advantage of réddced distortion. .- . . P ,“. s, )
5 N ,:- ’+ . In many cases combinations of the various methods are posslble, resultmg In aji- excep- Lo R R
CT > f»}\‘ b tlonally constant amphﬁcatlon T T - oo o ) »
. e o N '. B B R J{-.fb,',,_- - . . ,’:» ‘ ,.,“‘,/A_L - \. e N -
Introductlon S . < _‘ Lo s e ,
- 'I In Jnany cases, for mstance for measunng pur- . The actual amplification, il the ratio of the -
poses, it is desired to have an amphﬁer ‘that does output voltage to the mput Voltage, _13 proportlonal
not change with time, even though variations may -to that slope;’ - - i
“occur in such factors as. ‘anode voltages, contact =~ The methods for i 1mprov1ng stah111ty of the amph- S
potentlals, temperature, etc which may affect the fication may be divided into two groups, In’ the o
S amphﬁcatlon directly or mdn'ectly This demand first group the 'valves' retain their slope as given'
.+ .should not\be taken too literally; if the factors I)Y circumstances, the 1mpr0ved stab111ty hemg
" referred to remain ,within certain reasonable limits obtained by adding a ¢ompensating quantity to the -
. » hmlts whlch in Practlce are exceeded only in. mput or. output Slgnal thlS can be dOIle Outslde B "
exceptional cases — it is sufficient if thé _ampli: the amplifier, so that nothmg need be altered in i
e ﬁcatlon is-‘also- kept constant w1th1n certain. limits the amphﬁer itself. e : 'fj \,,' A : :" >

S narrow enough for the‘deviations from the’ nommal _,ThlS group comprises: - ’ SN
- . value to be neghglhle for ‘the purpose in" view. - Ia) feedback: part of, the OUtPUt s1gnal is fed,' -

. Here in this article we will deal with the principles ' back "to the input circuit and amplified with it; "~
! thaf: count in the des1gnmg of  such an amphﬁer Ib) the mput signal is equated with a part of the;

as -this, ‘confining ourselves to those cases where = - output signal and the difference, after being R
Lo the amphfymg action- is obtained, through the , amplified in an extra amphﬁer, 18 added to the L
. alternating voltage to be’ amphﬁed between two output, s1gnal o -

S electrodes of a valve (e.g-..cathode. and” control — 'In the second group of methods the operatlon
gnd) »resultmg in 4 current of the same frequency to ‘of the valves is arranged-in such a way that the
.+ another electrode of the valve (e.g. the anode). ' slope remains constant, using a control .voltage -
We will consider- only ‘the influence that the varia-. " derived-from an auxiliary alternating voltage of a -
tions of the valve properties . have upon the- frequency that does not cause any.interference. .
’ amPhﬁpatlon, because the changes taking place There are two pos51h111t1es, accordmg to the orlgm«
in the other elements of a circuit can be kept w1thm' of the auxiliary voltage:_

»  certain narrow- limits by su1tahle construction - or IIa) where it is extraneous to’ the amphﬁer,
 choice of material. = -7 + oo - IIb) where:it is generated mthe amplifier itself.
.~ In the anangement as found 111 an amphﬁer Each of these methOdS W].u D.OW be COHSIdel‘ed
there is for each valve or each set of valves a certain .’ in turn, © 4 : R - )
. Al . /
‘'relation between the alternating current generated :
“Ia) Addmg a compensatmg quanntyeto the mput :
*and the alternating voltage applied, a relation ; St
signal (feedback) < .

which depends somewhat upon the amphtude but v o .

. with the usual order of magmtude only to a small =~ Much, has already, heen wntten, also in thlS

v extent. For the sake' of brevity this relation will = periodical 1) ahout feedback and in partlcular S
here be termed the slope (symbolised by S), gene-s —— - ’

rahsmg somewhat the usual meaning of the word _ 1) Philips Techn. Review 1, '268, 1936 ‘and 2‘,'289. 1937,
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s less than that of V5. -~~~ . -
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about the special form of feedback termed negative , g I, 8V, . ’
feedback, which we have mainly in mind here." , A T/{= <
Nevertheless, it is well to recall briefly the prmclple . V"—V‘ ‘ 71
‘of this system. L =8t =501 — “) =S(I—2Z5) .
The output current I, of an amphﬁer 4 (fig. 1) il X
" or the output voltage as the case may be, or a part or . : — - !
' - o 1 1.
- . SI .= 1 = )
o Z Z
. \T " A ' . Z 4 3 4+ R—|— jX
= - hence ) _ :
SN =S = e - - @
= o
- il o4 . : . A
. — i B " where |S'] is denoted by Sep T
Fig. 1. The output a.c. current I from an amplifier A is The questlon is now how R and X ‘can best

, conducted to the input terminals I-3 of a feedbnck system T. be chosen so that certain .variations of S have the
At the output terminals 2-4 there consequently arises a voltage

VP, which together with the input signal ¥; forms the voltage ¥, minimum influence upon Seﬂ' without the latter .

f:}?z})thﬁl?r Lo tﬁmTt};fe-h :ngoi:glgls I;tf ch‘e :ﬁzm{;latsxlengf;:fv? becoming appreciably smaller than the original slope * .
Z, is an external 1mpedance . S. It is to-be-borne in mind that the components R .

, - ' '+ and X of the transfer impedance Z may be negative,

of it, is conducted to a network T called the feedback whilst the four-polar system T need not necessarlly S
circuit. The output voltage V; of this circuit, have any negativé resistance, self-inductances or -
together with the s1gnal V; to be amphﬁed forms capacities (an example of such a case will be given .

the input voltage Vg of the amplifier. One speaks presently). Consequently the aim wﬂl be to give R’

" of negative feedback when the phase difference.- such a negative value as will just compensate the

between V; and ¥ is such that ‘the amphtude of V; mean value of 1/S. Supposing that through some -
: . cause or other S fluctuates between the limits Spin 1
The amphﬁer A may be characterlsed by the and Spmgy, ‘one will then choose - o

Y Smax ' Smn

v,

ch‘e feedback c1rcu1t T by 2 transfer 1mpedance - By this means the first term in the denommator \
) Vg="ZIa= (R+jX) _Ia . @) of equation (4)-is caused to disappear as far as -

\

— which factor occursionly in this term — have

The terminals 1 and 2 °f the circuit T may be colncident; 1, Jeqst poss1ble influence and 2) for a given value

that of the amphﬁer 1tse1f A . ’ P
' : Such a variation can be made relat1ve]y as small '

T SO = £E‘=.£'-'= . - as one desires by. choosing |X| only just large .
4 Vi 'Vg 3 ’ " - enough; as |X| is increased, however, so the ampli-
Where feedback is apphed we' ﬁnd however. SO ﬁcatlon is reduced and one must therefore ﬁnd the -

. , N
. L.
. N ) e, .
. A .
. \r ) - - . N N
- g ' '
-, . . . N

possible, with the result that 1) variations of S "

L

-

equally so the terminals'3 and 4. In that event Z is slmply the
1mpedance connected between ‘the two pomts‘1-2 and 3-4.° thhe denominator of (4) 15 reduced to the lowest -
In more complicated_ cases the network as shown in fig. 1 has POSSlble value and consequently the amphﬁcatlon
. four polesand Z then indicates the ratio of the output becomes as high as pOSSIble ; T
voltage to the.input current of this four-polar system, one By substltutmg (5) (4) one ﬁnds that the
then.speaks of a t”m‘f“ lmped“nce y  effective slope wﬂl he between the hmlts . ‘ S
Fmally, with the pos1t1ve direction of the voltages. _ .. Sffmer = % - ) S
‘ mdacated in fig. 1 we have the relation . ) . v : X1 ,
- - B ’and\ ’ . ’~ : ' . . ’ BN '
Vg—-Vt e o e s s (3) o= ) . .- . 1 . ‘
Seffmin = = . (6)
In the absence of feedback (Z =0, thus V; 0) . . TN / 1/ 1, 1 \% .
' the slope S’ of the whole ‘system is identical wrth ) o K NS . S + X ,
. “ 'min max, '




Ty

. slope unaltered, by choosing X =

) - - . . - . . N . 3 [ .
" compromise hest suitable for each particular case.

VOL, 9, No. 1
i Given a sufficiently low value of [ X}, Sefr becomes
greater than the original S. According as Sef is
greater or smaller than S, so dne gets positive or
negative feedback respectlvely As may be calcu-

' lated with the aid of eq. (6), when applying negative -

‘feedback the sacrifice in amplification is accom- -
‘ panied by a large gain in stability; with a weak\
positive feedback there is much less gain and ‘a
strong positive feedback even results in a loss
of stability. This w1ll ‘be illustrated by a concrete

example Ty ‘
. .

~

'
*

Flg: 2. Example (see footnote %) of an amplifier with feedback
system T consisting of two resistances » and two capacitors C.
The numbering 1- 4 of the terminals of T corresponds to that.
of ﬁg 1. .

. 2 . /' e . a "
- Fi ig. 2 shows the circuit diagram ?) of an amplifier
where the feedback circuit consists of a combination
of two resistances and two capacitors. For the sake
of simplicity it is assumed that both resistances have
the value r and both the capac.ltors the value C,
though this is' by no means essential.- ,

L]
As a s1mple calculation will show, for an angular

frequency w we get for t]n’s circuit. -~ .
B —1‘31’ L@
1+7p2+p 1+7p2+p R

where p = wCr. L

If, for example, an average slope of 5 mA/V is
subjéct to variations of 4+ and — 10 A,, we find .
- from eq. (5) for R the value —202' ohms. From M -

it appears that to get negatlve values of R it is

,necessary that p should be greater than’ unity. If
- one.chooses for instance p = 2 and the frequency of

the signal to be amphﬁed is say 1000 c/sec, it then -

follows from (7) that r = 3030 ohms, C =0.105 uF,
X = —404 ohms. Si is then 2.5 mA/V + 0. 064« %>

so that by sacnﬁcmg only a factor of 2 in’ slope S

' an 'enormous gain is obtained in stability. -

- It would also have been possible to leave, the
1/S, thus X =
= —200 ohms. From eq. (7) it, folloWs that in that

—_—
2) For the sake of clarity the sources of gnd and anode
“voltage have been omltted in figs. 2 and 8. ]

. .. STABILISED AMPLIFIERS . ' - *

- ohmse and C =

v

case wehave totake r = 4000 ohms and € = 0.131 uF.

Eq. (6) shows that the result.is then Spf =
= 5 mA/V 4 0.25%, which for many purposes is .
stlll quite satlsfactory

Any gain in amplification can only, be realised

'at the.cost of gain in stalnhty In the example just
given, for mstance, the average . slope could be

increased Say by 'a factor of 5, thus to 25 mA/V,

by choosing X ‘= —38.2 ohms, taking r = 54 500 _ -
0.047 uF (again for 1000 c/sec), .
‘but with the ‘assumed 109, variation in S there

“would still be a fluctuation of 6.3%, in S, so* that in
t]ns respect there is no improvement worth men-
t1omng If a still stronger positive feedback were to’
" be applied S ﬂ"would in fact fluctuate much more

,than S. - Lot
In the deslgmng of the feedback circuit care is to

. be takén to avoid osclllatlon, which would be

undesirable. If there is a freqeuncy for which the -

value Z assumes the proportions of 1/S‘then the
amphﬁer will start oscxllatmg in that ﬁ'equency

Thls can be explamed as follows: Suppose that the output of
the feedback system T and the input of the nmphﬁer A (fig. 3)
are d1sconnected from each other for a moment while there

is no,sighal to be’ amplified. Upon 'applying a voltage ¥;

to the amplifier an’ anode current: Is = SV, is ‘genérated,

, which in turn supplies a voltage Vi, = ZIs = ZSV}; to the ,. . 7 ,
output of the system. The condition for V,2 = V,l is therefore . § '

.
!

Lo, Z8=-1
CIf that condition i is satisfied and Vi, were “of that frequency,

then upon T and A being .connected agam the situation ’
. would remain as it was; in other words” the’ amplifier would

oscillate. ' ‘ 7

With the- feedback sYstern of ﬁg 2 there"\is no
risk of oscillation, for the limit of ZS = —1 for .

“oscillation can only be reached when Z i is the real

value (assuming that S is‘a real value, 'which is
" usually the case), thus when X = 0, which according
“to eq. (7) is only the case for o = 0 and w. = oo
(moreover w1th ®

0 according to eq. (7) R is

4131

]

o N "o ’ .
“ A >
+-—.|V" I . \° l L
" N e Ia Zo . 7'
. %2
T L+ l—02 - 1o ) .
04 Jo—

’

Fw 3. When for a certain frequency the transfer 1mpedance

Z = Vy/la of the feedback system T assumes the value’

—1/S (eq. (8)) then-the voltage supplied by T is just identical «.

with the voltage required. at the mput of the amplifier 4 to
produce Vi, When the output of T is connected to the input \
of 4 the amphﬁer begms to] oscillate in that frequency. ;% .

v, . . N
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,2) in the main amplifier ah anode current

. %) See_the articlés referred to in footnote 7). -
- L. ‘e ¢ 1

. ' RN o :
 PHILIPS TECHNICAL REVIEW

A, . N v

equation (8)'ZS = — 1 is not satisfied. ,
Finally it is to be remembered that ‘when applying

negative feedback ‘the non-linear d1stort1on may be

reduced 2). / T :

Summanzmg, we come to the conclusxon that

Athrs method of feedback answers the purpose and

is simple, with little or no sacrifice of armplification,
and that it may lead to reduced distortion. It is to be

- borne in mind, however, that both the, amplification

and the improvement of stability are’functions
of the frequency, so that as a rule-this method i is
less suitable if the signal to be amplified covers

“of troublesome oscillation.

Ib) Addxtlon of a compensatmg quantlty to the
/ output signal- Lo s

‘ positlve, ‘viz. equal to r, so that with this solution .

" a wide frequency band. Furthermore, unless the"
* feedback system is properly” c1rcu1ted there is a risk"

Brleﬂy the prmcxple of this method lies in the |

,output voltage of an' amphﬁer being reduced by

- means_of, for instance, a potentiometer-or a trans-.
! former, in a ratio equal to the- -amplification requn'ed

(which we shall call 4,), the fraction of the output
voltage thus obtained hemg compared with ‘theinput

~

voltage.” If the amplification were exactly 4, then -
that fraction would be equal to the input voltage )

‘Any difference is conducted to a sepdrate amplifier
~ having "an amplification factor Ao Combmatmn

of the output voltage’ of the two amphﬁers -then :

. produces a voltage exactly A txmes the mput volt-
age. . - <. ‘

When, mstead of the output voltage, the anode
current is taken as. the.output signal, "then one .

.-,proceeds as follows: ‘with the help of a transfer .
‘impedance 'of- the order of 1/S, one. derives from .

the anode current~Ig;’ ‘of the main amphﬁer with -
the desired slope S; a voltage that i is equated, with

" the input, voltage.. Any difference between these
_ two voltages results in an anode current Io, in the

anode circuit of the aux1l1ary amphﬁer (slope S,),

' and the sum of the two anode currents is exactly

So times the input voltage. . - -
- Schematically this could be represented as follows

o let. S+ 48 be the actual slope of the Inain amphﬁer, ‘
: then wer .

1) ‘the mput voltage V,, from wh1ch we start

supphes’ Sa Lo

A » 4

o = ("So':i:,’AS,) ‘Vi |

. . . - . o o
. - . . 1 . '

'194’7‘

3) With the aid of a. transfer 1mpedance l/Sc we
derlve from this a voltage :

S R
_Oi_‘]‘.s_p;: ‘1:1:‘_4 v oo
Sy Sy s .

4) and. compare this w1th the mput voltage
. The difference is °

]

~

ASV
. S,

5). Thrs dlfference is conducted to the auxxlxary

-, amplifier with slope So, which therefore supphes v }

v
LS . - Y

o de=F V;AS .

'6) wh1ch added. to the anode current Ia1 of the
main amplifier, produces ]ust the desired output
current Sy¥V;.~ : ,

_, It may be thought that th13 is only transfernng

the difficulty to the auxiliary channel, the Amphﬁ-

cation of which was assumed to be 4, and the slope -

So but which may, “of course, likewise be suh]ect to

variations. It must not be forgotten, howevér, that "

the ‘auxiliary amplifier only supplies a compen:-
sat1ng current, so- that any fluctuations that may

occur in this wﬂl have very little effect. ‘upon the *

- the anode current - . .

~

ultimate result. This will be made quite’ obvmus ;

from a numerical example. - ..

Y

.Suppose thata signal of 1V is requu‘ed to y1e1d

»

" a current of 100 mA, but that the slope of the

mam channél happens to be only 95 mA/V. The out- v

‘put current of 95 mA is conducted through a

~

- transfer 1mpedance of- 10 ohms, so that at the .

output “terminals - of that 1mpedance we ‘get a
- voltage of 0.95°V. The difference between. tl:llS and
“the’ ongmal signal, 0. 05 V, .is. conducted to.the
aux1l1ary amplifier. If the latter has a slope of
exactly 100 mA/V it will produce just the current

" of 5 mA lackmg at the output of the main amplifier,

but -if for instance that slope should‘be 90 or
110 mA/V the ﬁnal result would be 95 + (90 or 110)

*0.05 = 99.5 or 100 5 mA Consequently a dev1at1on
of 10% in the slope of the auxiliary amphﬁer

" results in an exror of only 0. 5% in the total amph-

¥

ﬁcatxon :

This can be ach1eved both for a narrow and for'
"a broad frequency band, according to the dimen®
sions of the coupling elements (in contrast to 'the

- first method; which does not lend itself so well

,for, a broad bandwidth). - . d

It is easily realised that with ‘this second 'method -

TNt s also possible to, counteract: the non-hncar
drstortlon For instance a_peak cut off.in the main B
amphﬁer ‘through over-loadmg is supplemented,

from the aux111ary channel Y 7
Oy . jf .
N ) v

- ) o —
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It will be equally obvious that 1f desued a second
or third auxiliary channel can he employed to reach

still greater accuracy. Fig. 4 gives dn example of together with the h.f. s1gnal and produces — via the’
a system with~one auxiliary channel (for- -details

STAB[LlSED MPLIFIERS . R
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» rectlﬁed y1elds “the dc voltage V1 The low fre-

.quency a.c. voltage of the winding sec 2 is amplified

tuned transformer Tr2 and rectlﬁed by the diode

. see the text below’ the diagrai), ‘but all sorts of D2 — the d.c. voltage V.

evarlatlons are possible, which 1t is not necessary

. to _enter into here.. SN N

’ R e . *

ot

) *Flg 4. The seco.ndary voltage 7, from the transformer Tr is

just equal to the input voltage V; when the slope of the main

.. amplifier valve-4, has the nominal value. Any deviation from

that nominal slope causes a difference to'arise between V; and
- V4, which is then conducted to the auxiliary amplifier valve Ay
The'slope of A4, is such that the anode current Ia, just compen-
“sates the surplus of deficit in the anode current Ia;, so that a

constant current flows’ through the external 1mpedance Zo,

. +B = _positive, —B =

‘negative pole of the anode voltage’
_source . , . o IO

- . . L v
a . Ve LN - ;
A ) {

-

Summanzmg brleﬁy, the pros and cons of tlus

o method balance out as follows: =~ - - S
‘Advantages no amphﬁcatlon loss in the main; -

channel;” greatly reduced d1stort1on, .mo- risk * of

L osclllatlon, suitable for a- “broad . frequency band. -
Dlsadvantages reqmres some addltlonal circuiting

elements, mcludmg at least one amphfymg valve ’
‘(the  auxiliary . channel, however, only -need be

d1mens1oned for a- much smaller power than the

- main amplifier).

- 11a) Controlling the slope w1th a separately generated

« . auxiliary voltage . =

. A Y .
In this group of c1rcu1tmg systems an-auxiliary

s1gnal of ‘a non-interfering frequency is supplied to,
- the amplifier, together with the main s1gnal On the
‘output side, the auxiliary signal is filtered out,

: rectlﬁed and smoothed, »and the resultant d.c.
voltage, after  deduction of a ﬁxed ‘amount, is

- utilised as control voltage for the amphfymg valve
or valves ; . - :
Fig. 5 glves a dlagram of an amplifier stage for

. high frequency. HF; and HF, are respectively the

.input and output terminals. An aux1hary voltage *

with low frequency is supplied to the transformer -
Tr,.. The voltage across: the winding sec Iwhen

s
“

..

The d.c. voltages ¥, and’ V2 are both taken up

. in the control grid circuit of valve 4, in such a ‘way
" that V1 works in a positive sense and ¥, in a nega- -

tive sense. The’ ratlo of the a.c. voltages from sec 1
“and sec 2 and the transformmg ratio of Tr, are of
‘such dimensions that if the slope’ of 4 is of the nght
value V¥, and V, just compensate each other. If,

: however, the slope of 4 should decrease ‘then’ Vs

drops, makmg the control gnd voltage of A less

. megative, so that the valve operatés in a part of the - "+

,.

response curve where the slope is larger; w1th an.

~ increasing slope the reverse takes place. In this -.
' way any déviation from the normal slope is auto-~ e

'\ matlcally corrected at least 1n part
t s

W
2 Any vanatlons in the amphtude of the Lf. input. °
s1gnal affect V1 and V2 to the same degree and are .,
therefore of no conséquence. . S ,"-‘ :
. -Obviously 6ne would think” that the lf aux111ary
s1gnal could be drain from the a.c. mains supplying
the amplifier, but’ th1s is undesu-able for the fol-~ ‘
lowing reasons: - S R
meg to the very low frequency of the = mams
large ‘capacitors are necessary to smooth out ‘the

voltages V1 'and v, sufﬁc1ently, and tl’.llS causes

’

//ﬁv%

. - L R 72
¥ . R ' , . s )

Fig. 5. Amplifier for high frequency (input HF;, output HF,) -
to which a 1.f. auxiliary signal LF is applied together with the
* signial to.be ainplified. The winding sec I on the transformer T,
supplies a voltage ¥, which, after being rectified by the diode D, ;
acts positively upon the control grid of the amplifying valve 4. - - - -
The voltage from winding sec 21s amphﬁed together with the  # °

- main signal and via the transformer T'r,-(tuned to the low,
frequency) and the diode D, gives a rectified voltage ¥,
which just neutralizes ¥ when the amplification is of the.
nominal value. In case of any deviation from the nominal ’
value then the difference between ¥, and ¥, acté as a com- |
pensating control voltage. +B and —B-are poles of the anode .
voltage source : b

. . * s
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such a lag in the working that the control cannot

respond quickly enough to sudden fluctuations in
‘the’ ‘mains voltage, with the result that there may "

" be temporarlly considerable deviations from the

: .‘nommal amplification. For that reason it is prefer-

~

. control voltage

able to employ an au*nhary signal with a higher -

frequency, say of the order of 1000 c¢/sec. The draw-
back of having to generate this signal separately
is overcome by the following method, where the
amphﬁer 1tself produces the -auxiliary voltage.

‘IIh) Controllmg the slope with an aux111ary voltage

generated in the amplifier .

From the circuiting system of fig. 5 it is only a
short step to the much better solution of causing

the amplifier itself to. oscillate in the desired non- A

interfering auxiliary frequency: For this purpose-
a signal has to be drawn from the output side and

- fed back to the input vie a transfer impedance, in

the  manner described under Ia) except that

- whereas with that method the signal fed back has -
' Fl

the frequency of the signal to be amplified and it
may on no- account be allowed to oscillate, in this
case the amplifier does oscrllate, preferably with a

frequency differing from that of the s1gnal to be:

amplified. In th1s state of oscillation we have

SZ——l C

+ * A

so that the slope S is ﬁxed since 1t must equal a

L glven admlttance —-l/Z If, therefore, just this

admittance has been chosen .equal to the desired:
~value of the slope, the occurrence of oscr]lat1on
proves that the slope is indeed of that value-

>’ Deviations from , that value /are corrected hy a,

" Whereas - with the method IIa) this control

_ voltage had to be taken from the amphﬁed aumhary
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rectified oscillation voltage itself is used as control
voltage. Thanks to this, smaller auxiliary voltages
can be employed, so that there will ‘be much less
modulation of the auxiliary signal_ upon the hf
slgnal which in the circuiting of fig. 5 always g occurs
more or less. The circuiting, too, can he much
slmpler, as w111 be, evident presently.

.

. “ #B — .
S sl " T
. ( . : - — - + s - :
6. H.f. amphﬁer (input HF;, output HI',,) analogous to
that of fig. 5 but with the L.f: auxiliary signal generated in the

amplifier itself (oscillating circuit with feedback, consisting of
transformer, Tr and capacitor C). The 1.£, voltage is rectified by

_a diode D and forms dlrectly the control voltage ¥, used for

compensating deviations in slope. +B and —-B are poles of
the anode voltage source. . .

Y R .. : . _ !
The question may now arise whether. an exactly
constant amplification is really attamed in this way.
This would indeed be the case if S were not depen-
dent upon the slgnal amphtude, or, in other ‘words,

if the valve character1st1c were perfectly linear in

< ::0’.‘
D

Lo : . [ e ) L
voltage.by equation with a fixed voltage, here the

. h

the workmg zone. Actually the valve characteristic -

is more or less curved; the quantity S in eql (8) .

"is a sort of average slope of the part of the charac-
teristic traversed, and therefore more or less depen-

‘dent upon the amplitude. To this extent the ampli-

W o , ,
. ' ,
> . . 4
: lﬂl H% T P
- -~ » + R .
1 . . T . : r = -
' * Fig. 7. A variation of the system of ﬁg 6. The L£. auxiliary 51gnal generated in the oscil- o
lating circuit Tr-C; is amplified by the auxiliary valve .4, before being rectified by the - '/
. diode D into the control voltage V,. The advantage here is that the amphtude of the i . Sk
voltage across the circuit Tr-C; and also the fraction of it fed to the control grid of the - SN

/ . {

© main valve 4, can be kept very low, with a correspondingly reduced chance.of modulation
"~ ~ of the Lf. 31gnal upon the h. f. one. 4B and —B are poles of the anode voltage source.
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ﬁcatlon is not absolutely constant, but w1th small
amphtude the deviations will be only very small.

In the case where the charactenstlc is absolutely or prac-
tically straight ‘the control voltage on the cont.rol grid has
of course little or no effect, for_the slope is (practxcully)
independent of the bias on the control grid. Thé slope can be
. influenced, however, by varying a’d.c. voltage on the third
grid (suppressor grid) of the valye, which must then_be a
pentode. In such a case, therefore, the control voltage sl}’ould
be applied_ to the suppx:esspr grid.

s

_ We willnow give some examples of systems where
this method is applied. In fig. 6 HF; and HF,
again represent respectively the input and output
terminals of the h.f. signal. The primary coil of the
ttransformer Tr is taken up in the anode circuit of
an amplifying valve, while the secondary coil forms‘
-.a, Lf. oscillating circuit with the capacitor C;
. part of the a.c. voltage actoss, this _circuit is fed
. back to the control grid, brmgmg ‘about the re-
- qun'ed feedback. The Lf. voltage is rectified by .the .
. diode D to the control d.c. voltage ' ¥, which,
" acting negatively upon the control grid, exercises
a correcting influence. A .comparison of fig. 6
w1th fig. 5 shows that the former is much simpler.

If it is desued to keep the auxiliary a.c. voltage
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in the émfﬂifjfi_ng valve exceptionai‘lgr low, in order
. to reduce still further its modulation on the h.f.

51gnal then the oscillation voltage can be amplified

. explained in the text.underneath. '
F R

Fig. 8. Example of a system (see footnote 2) without oscﬂlatmg

, citcuit, which can still oscillate (so-called RC generator).

'
\

v

"As already mentioned earlier on, to cause a
circuit to ‘oscillate in a certain frequency it is -
necessary to feed back to the input a voltage with
the right ‘phase and amphtude It is not at all
necessary to do this via oscillation’ circuits, for any
suitably chosen feedback system consisting only
equally well. Espec1ally with - low frequencles,

- self-inductions (RC or - RL systems) can serve

of resistances and capacltors or of realstances and

\ . .
N W —T G Ry i ]
- e~ - A
: : O+5 : y

‘ ' b
\ .
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v
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- . Flg 9. H.f. amplifier in two stages, a) ‘without and b) with stabilized amphﬁcatlon In

“the latter cage thé amplifier acts as an RC generator on the principle of fig. 8 and thus = v -
produces itself the 1.£. auxiliary voltage required, By means of the diode D and the smooth- - . )

ing circuit R;-C, a negative grid bias ¥, is derived which not only acts as control voltage

N but also has the finction of amplitude limiter. HF; = input, HF, = output of the hf - s
signal. +B and —B are poles of the anode voltuge source. The resistances and the ca' . a

pacltors denoted by r and C form RC systems analogous to that of fig. 8. . --

~

. with a separate valve before _drawing the control -
voltage from it. Fig. 7 gives an example of this, -
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where oscﬂlatmg circuits would mvolve large and.

expensive coils, an' RC system may be much Imore
economical. Some of these circuiting systems-are

already familiar as generators of voltages with’

rectangular or other non-sinusoidal curves, such as
Ahraha‘m and Bloch’s multivibrator. It is less
known, however, that if in these circuits only
the ‘amplitude js limited in the right way the oscil-

lations remain practically sinusoidal. They are then
‘very usuful for stabilizing the slope of an amplifier

in the manner just described.

Of the many circuiting systems that mlght _

usefully be employed fig. 8 gives a simple example
(see footnote ?). The only difference from fig. 2 is
that the resistance and capac1tor farthest to the
left in fig. 2 are changed round and two stages are
in cascade connection (w1th/only one stage the
voltage V; would have to be displaced 180° in phase
to allow of oscillation). In fig. 8 we get for the
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where p again r—epresentS/wa As will be seen, Z can
/now be made a real value for p = 1, for which it
‘assumes the value —r/3. Oscillation will therefore
occur if S*'=_3/r, and then w1th the frequency
f = 1/271:Cr ' .

, Inversely, when the circuit does actually oscillate
one can conclude that the slope is S =
therefore fixed by the resistance value r. x

. Limitation of the amplitude can be eﬁ'ected in a
simple manner by rectifying and smoothing the
a.c. voltage generated and using the resultant d.c.

amplifier valve. One finds this applied in the two-
‘stage amplifier for high frequency shown in fig. 9%
(on the principle of fig. 8). A comparison with fig. 9a

of the same amplifier without stahilized amplifi-

cation shows that only a few, inexpensive ‘compo-

3/r and is

voltage (or a part of it) as grid bias for the oscillating

nents are required for stahlhzmg, and there 1s no .

loss of amplifying power : .
In conclusion it is td be observed. that two or

transfer im edance Z =V I N o
1/
’ .o ©,* moreof the ‘methods described here can be combmed
- 2 Loe
7 = —3P +JP (I—p ) oy 9) for raising the degree of stability in- amphﬁcatlon
] ‘ = O
N T4+ TpR+pt T : to an exceptlonally ]ngh level. L
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A NEW ELECTRON MICROSCOPE

. .. . - . ) -

MAGNIFICATION S -

. by J. B. Ie POOL}E.

e .

WITH CONTINUOUSLY VARIABLE N
'62‘1.385.853

.- Several articles concermng electronic xmcroscopes will be- pubhshed in this penodxcal - ,

In this first article of the series some characteristics of ordinary optacal microscopes are  \ . - .
Teviewed, The wave nature of light sets a limit to the resolving power. The smallest distance = °

" between two distinguishable detailsis 1000 Angstrom units with the best optical microscopes.
A 51gmﬁcant improvement in resolviag power is obtained by using electron beams instead

T . oflight. The principle of the electron microscope is first explained with particular reference’

.to the focusing of electron”beams by magnetic lenses. A description is then given of a
. - . new electron’ microscope now in use at the Institute for Electron Microscopy at De]f&
N . The advantages of the new construétion over previous models are explained, The resolving
power amounts to about 25 A and the magmﬁcatmn is contmuously variable from 1000 -

W

Lo . to 80000 times. With this instrument it is also possible to get an electron”diffraction . = .
. pattern of a part of the specimen which has first been stu(hed electron-optically, which

g . offers the advantage of an easier idgntification of the materials- which afe being investigated.

<. In conclusion several apphcatxons of electromc mlcroscopes are mentloned

-
. 1 -

PAN

In recent years investigations have been carried

eentrates a beam of hght on the ob]ect further an

out in'many countries with ‘microscopes where use ob]ectwe -which forms an enlarged intermediate

" is made of electron beams. This has also been the‘,
" case in the Netherlands, especially at the Techmeal'

University at Delft and in the _Philips Laboratory

_‘at Eindhoven. It is our mtentlon to devote several

; articles in this periodical to that subject. In this
first article a description is given of the electron
“microscope that was constructed by the author
" for the Institute for Electron Microscopy at Delft,

_- which is under his direction. This instrument was
completed in 1944 and was then used for one month. .
" It was then taken apart and the parts were hidden

- to prevent their being carried off by the enemy.

I3

" Immediately after the liberation the instrument
was assembled and taken into use again,
As an introduction to‘the descnptlon of the new

microscope we shall fifst rev1ew several charac-’

teristics of the optical microséope for purposes
of comparison, and then- deal briefly with the
general prmmples upon which the functmnmg of
the electron microscope is based.

The opncal microscope . _ o~

toy

It is a matter of general knowledge that a light .

microscope contains a condenser lens which con- -
e B

4 -

1mage of the Gbject, and an ocular with which this-
_image is observed. The total magmﬁcatlon is found .
by multiplying the enlargement of the ob]ectlve .
by that of the ocular. - : _
Tt is easy to see that the wave nature of hght sets: -

a limit to the resolving power,i.. to the small-_
est distance between two details which can .just
_be dlstmgulshed from each other. When a béam of
hght rays strikes an “object they will be stopped
by the non-transparent parts. The. transparent parts
transmit the rays, which, when a lens is placed in
their path, converge again in the plane of the image.
If, however, ‘the opening between two non-trans-
parent parts is of the order-of magnitude of the
wavelength of the light used, the light is strongly -
diffracted and scattered at the other side of the -
“object over a wide angle. Because oaly a small part
of this beam reaches the lens the part of the i [image
- corresponding to the opening will still remain dark.

- In this way it can be understood that the resolving

power of an optical microscope is of the same order
of magnitude as the wavelength of the hght used.
This wavelength of visible hght lies between 0.8
and 04- ". . SR . /

¢

LA
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This suhject.is dealt with more precisely in' the
theory of Abbe for ‘the optical microscope. From
this theory it follows that the resolvrng power *

duin = /24,

“where 1 is the wavelength of the’ hght used and Ais
the numerical aperture of the ob]ectlve

This last quantity is equal to nsinu where n
is the index of refraction of the medium in which
the object lies for the Tlight used and u is half the
angle aperture of the oh]ectlve.

‘ rll
-t

. v

v

(4
<

-

~

I3 ¢

In order to prove this we ﬁrst examine, how an 1mage is
formed by an objective of a grating S which is struck
perpendicularly by a parallel beam of light ( fig. 1). Diffraction
'beams will be diffiracted by the object in a number of directions.

~
or- - §

N

aun
P
[

Flg 1. »Formauon of the 1mage of a geating S hy an objectivée
lens. The deflected rays converge on the focal plang -F of the
objective to give primary diffraction - images P,, Py, P,

-
A}

beams commg from the pnmary images. -

—-— . e -

.

- )Part of these beams are captured by the ohJectn;e and lead -
*to'the formation of a number of diffraction images (when
white hght is used: diffraction spectra) in the focal plane: of
the- oh]ectlve Ahbe calls these the. prlmary 1mages
' 'Accordmg to the wave theory these pnmary images P.must be
" * regarded as new sources of light from’which issue the waves
~ which form an image of mterference in the image plane
*  Tbis mterference pattern is the i 1mage wh1ch is observed with -
the oculdr of the microscope.
It is posslble to calculate which drﬁ'ractlon beams form the

) primary images. Let-us call the angle wh1ch a beam issuing

~ from the grating makes with the main axis ¢. Accordmg S

to the wave theory a large part of the light is-now diffracted

in very deﬁmtc directions q;k(k ‘1, 2, 3. ), -whrch are B
,determmed by the relatron X N
smq;,,' (k_123 c)

ny
‘where y is’ the hnear spacing of the gratmg (the so-called
. grating, constant). The first diffraction beams on either side
. of thé main axis thus have the d1rect10n ¢, for which is valid
© sin @, = Any.

#Abbehas proved that an absolutely true image of the obj ect o

is formed only when all the diffractioh beams issuing from

the object combme to form the image. This cannot be rea].lzed, .

in' a mrcroscopc But a very good 1mage 1s ‘also obtamed
when & smaller number of beams combine. b
< With perpendicular 111ummatron, in connectlon with the.
- symmetrical arrangement, not only the central beam but also
at least two others, thus a total of at least three heams, must

PY

-y =
'

[}

LA
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‘comb‘ine in the_formation of the image (fig. Za). Thus ‘the"
half angle aperture u must be at least equal to the angle @,.-
This means that sin u 2"A/ny ory = A(nsinu) = A/4.. )
This argument shows why, with perpendicular illumi-
nation, only those structures can be resolved hy a microscope

, objective with the numerical aperture 4 whose mutual spacmg

1

Ty is at least 2/4.
Nevertheless, more can be achieved wrth the same objective.

" An jmpression .of the grating structure can also be obtained
- when only two neighbouring beams cooperate, thus for example

the “central’ one and one of the first two drﬁ'ractlon beams.
This can be realized by allowmg the light to fall ‘obliquely. -

_on the object in such a way that it enters the tube of the mi-

croscope just at the edge of the objective (fig. 2b). The angle -
¢, may now be twice as large as in the case just referred to.
That means that in this case a grating with twice the fineness
of structure can still be observed. With obllque illumin- "’
ation therefore the limit of the resolving power in one deﬁmte
direction is given by y = 2/24.

‘When a condénser is used not only a unijlatérally ohhque
illumination is obtained, but also a universally oblique
1llum1natron Provided the aperture of the condenser is not

generally valid:

~ ~

i = 2/2.4.

-. For an optlcal m1croscope with 01.l immersion A
“is a maximum of 1.5 for u = 90°,so that under the .

“most favourable cucumstances one finds’ dmm = 2/3
. For such® a mlcroscope, therefore, the; resolvmg

. power is about 0.2 -p.
P,, P_,, etc. The image B is formed by mterference of the -

,\.-

The magnlflcatlon which must be used to See

connected with' the, resolvmg power of the human

_ eye. Af the latter is 0. 1 mm, asis usually assumed a

magnification of 500 times. would be sufﬁc1ent It” }

*

‘an object of these minimum dimensions clearly is .

w1ll he preferahle, however, 10 use-a. stronger o

.

-

8700

Flg 2. The formatlon of primary images wrth a lens..
a) Upon pérpendicular illumination the aperture 2y of the
objective must be at least equal to 2, in order to separate the
structure of the grating S.

b) With oblique 111um1nat.10n an 1mage can still be formed
when -the aperture is’ equal to @y
Here sin ¢, = A/ny, where 118 the, wavelength of the' hght used,
n the index of refraction of the medium and 3 the gratmg
constant. Thé central ray which forms the primary image
(fig. 1) is indicated by I3 1, and 1., -are the rays whlch form
the pnmary 1mages P, and P_1 .

,(e":.
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magnification than strictly necessary in order ‘not..
to tire the eye too much and to make every detail
easily visible. A’ magnification of 1000 X or 1500
is usually used. Greater magnifications are in general
: of little use with an optical m1croscope .o
" The only: way of i improving the resolvmg power :
when the numer1ca1 aperture is a maximum is to
use hght of a shorter wavelength. The use of micro-
_ Scopes for ultra-violet light is based on th1s fact.

«

" AN ELE_(;TRON/MICROSCOPE

-~

* Since glass does not transmit ultra-vrolet rays these '

mstruments .must be equipped with - quartz lenses.
In ‘this way- the resolvmg power is mcreased by~
’afactor2 . . v .
- For the d1stance between two, " details wh1ch can
]ust be seen separately a limit of 0.1, u or 1000 .

»

Angstrom is then found. In many modern investi- )

gatlons, however, there ‘is need of an’ mstrument
w1th a st111 hlgher resolvmg power ' ‘

-
Sow

Prmclple of the electron mlcroscope “

Ani 1mportant 1mprovement in the resolvmg power
is obtained by using electron beams instead of light. -
- In 1924-Louis de Broglie_g¢ announced that a
. wave nature must be ass1gned to movmg electrons.
Experlmentally ‘this was conﬁrmed shortly after-*

" wards by interference experlments carried out by the

" ture of an,’electron is characterized by

Amerlcan investigators Dav1sson and ‘Germer.

_ The wavelength of the electron depends upon its
: veloclty The greater the velocity the shorter the”

wavelength According to de Broglie the wave na-

o
P '

s

. where h is Planck L constant m the mass and v .

-

“'the veloc1ty of the electron. . _
When an electron with the charge e passes through
~.a potentlal d1ﬂ'erence V its k1net1c energy is ' -

1/2 mv2 = eV

-
>

from wh1ch it follows that

2eV - V <
", v= V——, and Z—— 2meV

When we "substitute the known values in this:
h_66 X 107 m = 9.1 X 107%%; ¢ = 4.8 X 107,
‘e.s.u., expressmg V.in volts, we obtaln '

R T

. YV
Correspondmg to electrons of an energy of 150 kV,
~we therefore have waves of matter of about 0.03 A
=3 X 107X ¢m, thus a wavelength of the order of -
magmtude of hard X-rays

-

)

", make “X! -ray lenses”.

microscope has been taken .over and one speaks of -
.magnetic and electrostatic lenses.

'wavelength ‘With an acceleratmg voltage of 150 kV

-practice, at this voltage, a resolving power of 15 to
- 30 A has already beexd reached A magnetic electron
~ lens is 4 short coil ‘which thus gives a non-homogen- ;

.35 -,
- Ty ,
- 4 ¥

Sinée with’ electron beams wavelengths are thus -
reached which are, for example, -100 000 times as
small as those of the hght used for ultra m1croscopy,

theoret1cally an increase in the resolving power by

- the same factor is possible when the image of an .

ob]ect is formed with electron rays. This does not
mean that th1s is a pract1ca1 possibility. In the first-.
placeitis necessary thatitshould actually bep oss1b1e
to form an image with electron rays, and, in the

>

second place, if that can be done, the resolving
‘power attained still depends upon the quality of
. the lenses to be used for the image-formation. In

the’ case of X-rays, which also possess the -very ‘
short wavelengths mentioned and therefore promise o -
theoret1ca11y a h1gh resolving power, the first ' . .
condition is ‘not, satlsﬁed no medium _is known : ‘
which has a refractlve index for X-rays apprec1ab1y 5 |
different from unity. Therefore it is 1mposs1ble to. -,
Electron rays on the other- -
hand can be_ refracted ‘and focused by means of o
magnetlc or electrostatlc fields, and thus an image - . |
can be obtained. The terminology of the optical |

The
unavmdable errors of_ these lenses, as a closer
theoretical cons1deratlon shows, make it 1mposs1hle _
to obtain anywhere the limit -of "the resolving*
power that would be expected on the basis of. the .

~

it will not be. possrble to go farther than~5 A. In-

.

, -

'eous magnetlc field with -rotational symmetry.

_non-homogeneous field," likewise with. rotational

An electrostatic lensis ‘usually some combmatmn

or other of electrodes which gives an electrostatic

symmetry. In both cases the field often has, more-
over, a plane of symmetry perpendrcular to the axis
of symmetry. Concepts such as object d1stance a.

_and image d1stance b, focal distance f and p power l/f

of a lens are also” defined in electron-opt1cs in the

_same way asin ordmary optics. The relatlon*between .

- 2

a, b and f here is also given by ‘
L o
E ,—+——\—‘. " e T T (2)

One a1so speaks of “thin 1enses, meamngJenses so

.\'

.

. constructed that-the thickness of the region w1th1n

- which the influence on the path of a moving. electron

cannot be disregarded is small compared w1th the '
object and image distance. “For the power of 'a
thin lens in -the electrostatic case the followmg

',holds ) ) R

TN
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i .t : - the electron with respect to the axis is equal to:the moment
, 1 - 1 -1 (dV>2 B 3) of the Lorentz force with respect to the axis. Hence '
, f 4 8l/I—/0_°° ‘Va dx ~ g—tmr"’ =7r(ev, H-—-evH), AN ()]
N R . \ i
and in the'magnetlc case i - where v, is the radial velocity and H, the radial magnetic
- - S e > . field (calculated as positive in the d1rect10n .of the axis).
o 1 e’ § - . Here v cos a is replaced by v
—-= H2 dx, . 4) -, : . -
i~ -f 8mV, ' ’ . ‘ :
. - —~w i . : , B/ \ \ 52 ‘ \

where the x-axis is the axis of symmetry, Vo is the
acceleratmg potential, ¥V the electrostatic potent1a1

. on the axis and H the magnetic ﬁeld on the axis.

'The magmﬁcatmn is g1ven in both ‘cases hy b/a

. The- fact that it 1s possﬂ)le to focus electron rays is by no_
means self-evident, "especially in the- magnetlc case where
the force acting on the electron depends upon’ the veloc1ty
of the latter. We shall prove this below ), for the magnet.1c
lens in a specml case, namely for electrons which start from

T a point of the axis and follow trajectories in the neighbourhood

of the axis (paraxial rays). We wish to show that all the elec-

* troms issuing from a point P, on the axis which lies in front

of the coil, ‘and whoge trajectories make a small angle ¢ Wwith the
axis, converge again at the other side of the lens at a point P,-

"~ on the axis. In fig. 3 the trajectory of one of ‘these eléctrons.

. through the field of the lens is represented diagrammatically.

We call its d1stance from the axis * and its velocity v. The.

_‘small*radial velocity of the electron then amounts initially

to va. ‘The distances from P, and P, to the mlddle "of the lens

are respectlvely a and b. From the fact that we conﬁne our-
sélves to paraxral rays it also follows that the- maximum
d1stance 7, to the axis is so'small that at that distance theé axial

§ component H of the magnetlc field i is practlcally the same as

i

‘on the axis. o .

As soon as the electron enters the mag1\1\et1c fieldit is deﬂected

laterally. It will then travel along a helix around the axis’

with a‘gradually changmg radius. The change in the radids, -
which.amounts to-a movement of the electron towards the -

axis, is caused by a force which is the. result of the axial

magnetlc field and the angular veloclty, with respect to the
axis. This angular velocity ¢ can be qalculated in the following .

way. The change per unit of time in the nnpulse moment of

. Flg 3. Diagram of the path of an electron in a thin magnetic |

- lens: projection on a plane through the axis of symmetry (left)
. and projection on a plane perpendicular to this axis grlght)

The lines-of forée drawn characterize the magnetic field of
the lens. The electron leaves the axis' at P, and réaches it
again at P, The distances from P; and P, to the. middle
plane of the lens are @ and b, respectively; the angles which -

. the ray make with the axis at P; and P, are ¢ and f: respec- -

tively. The maximum d1stance of the electron from the axis

o ,

1) A similar proof. may be found also in A Bouwers,
Physrca 4, 200, 1937. .
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- Fig. 4. The magnetic lines of force iri a small cyhnder whose

axis coincides with the axis of symmetry of ‘the magnetic
lens. The cylinder with the radius r is shown in cross section:
A,B, and A,B, represent two circular cross sections of the
cylinder perpendicular to its axis at the-points x; and x,.

he axial components of the field strength at % and x, are
H, and H, respect1vely

"On the basis of  fig. 4 we shall now calculate thJs H,. In the
figure A4,B; and 4,B, represent two circular cross sections
with the radius r taken perpendqular to the axis of the coil

. at the points.x, and x;. The axial components of .the ﬁeld

strength at x, and %, we shall call H; and H, respectlvely
The number of magnetic lines of force pnssmg through the
cross section 4,B, but not through A,B, is :nr"‘(Hz——Hl)

. This is the number of lines of force cutting the cylindrieal
., surface w1th the area 27tr(x3—x1) The average value of -the

radial magnetrc force is therefore H; = r(H; —Hl)/2(x —x;),
from thch upon passmg ‘over to an infinitesimal dlstance,
one ﬁnds that o -, - T~

i g dH = - -
H, = —‘—% . “ .

S} wk
- The above equation ‘of motion (5) thus becomes

d,.v._' ar. [ dH ds
a‘:” ——(dtH.+2dxdt)

The expressron between parentheses in the second member
is nothingelse than the differential quotient of the product
Y, r*H with respect to time, 50 that we obtain

ool d . ed

- B I AL AT V. .
) dtr(p *m dt /arH
From this it folloyvs that )
. . e ‘-. !
. - . p = n H., ........ (7)

We see, therefore,‘that the angular velocity of the

. electron is proportional to the axial magnetic field, It

becomes zero as soon as the electron has passed through the

‘

.~

[

kY

RN ©

X

field of the coil. The electron cannot pass the axis. Behind - .'

the coil it moves in a plane which passes through the axis
and then, whén the field of the coil is strong enough, it must
strike the axis due to-its mwardly directed velocity. . .

"In order to ﬁnd the mwurdly directed acceleration of ‘the
electron it must be notéd that a centripetal force mgr? would
be necessary to keep the electron at'a constant d1stance r
froni the axis. But the axial magnetic field and the lateral.

" velocity together-cause an inwardly directed Lorentz force:

¢

—K,=egrH. ! N .
AR § A . .

.
“
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The resulting acceleration is therefore
7= K,/m + ¢*r,
or, according to (7)
Yo O
s 4m2H""""(8)
For the case of a thin lens, thus where the field acts only
over a short distance, r may be considered a constant r,.
Equation (8) can then easily be integrated. By setting dt = dx/v
— which is permissible, because we have confined ourselves
to rays in the neighbourhood of the axis — we find that
Fe=—=

+eo
2
= 4m2v[de..... )

—

2
e*ry

Due to this velocity the electron will reach the axis after the
time T = ry/r. Since it is found from formula (9) that this
time is the same for all electrons issuing from a point P,
on the axis, they are indeed all focused at the same point P,,
which concludes the proof.

For a thin lens it is now easy to prove formulae (4) and (2).
Just as the electron has the radial velocity 7 = vry/a before
entering the magnetic field, thus between P; and the lens.
after leaving the magnetic field, thus between the lens and P,,
it will have the radial velocity
vr,

b’
b being the image distance, i.e. the distance between P, and
the lens. When this is substituted in (9) we find that
+oo

/' H? da,

F=—

1

a

&
4m2o?

—

1
75

which corresponds to (2) when the expression (4) is sub-
stituted for 1)f and }/,m1? = eV, is taken into account.

>

Fig. 5. Drawing of a cross section of a magnetic lens enclosed
in an iron jacket, a without, and b with pole shoes. In these
figures F are the lines of force, S is the slit, P the pole shoes.
At V is the object and at B the image. In case a the focal
distance may amount to several centimetres and in b to several
millimeters. In connection with the vacuum which is main-
tained inside the microscope, the slit in the iron jacket is closed
by a copper ring.
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In order to obtain strong magnetic lenses the
coil was encased in an iron jacket, just leaving a
narrow annular slit on the inside. Fig. 5ais a diagram
of this construction. The whole magnetic field is
then concentrated on the immediate vicinity of the
slit. At the acceleration voltages customary in

48705

Fig. 6. Parts of a modern electron microscope. On the left
a sample holder with air lock. The substance is placed on the
point at the middle of the front surface of the holder. On the
right an objective, and lying in front of it the holder for the
objective diaphragm.

electron microscopy such iron-clad coils can be
used as magnetic lenses with a focal distance of
several centimeters. In order to increase the power
of such a lens still more pole shoes are introduced
at the slit (fig. 5b). In this way the focal distance
is reduced to not more than a few millimeters.
It is easy to understand that with the construction
sketched in fig. 5 the total number of ampere turns
is a measure of the strength of the field between
the pole shoes. By varying the current the strength
of the magnetic field is changed and thereby also
the focal distance of the lens. A magnetic lens of
modern construction is shown in fig. 6.

The arrangement of an electron microscope

The first electron microscopes were constructed
in Germany around 1934. Later on this work was
continued in other countries. Fig. 7 gives a diagram-
matic representation of the arrangement of such
an instrument with magnetic lenses.

The source of electrons is usually so arranged
that the electrons emerging from the cathode get
an energy of 50 to 100 kV. They pass through the
circular opening in the anode and leave the accel-
erating tube as a beam with a constant velocity.
The magnetic field of a condenser lens concentrates
the electrons more or less, as desired, on the object
situated close above the objective. In order to
obtain a sufficiently narrow beam — the marginal
rays blur the image — a physical aperture is usually
placed in the condenser.




Fig. 7. The path of the rays of a magnetic electron micro-
scope. E is the source of electrons, 4 the anode, C the
condenser, L, the objective, L, the projector, P the object, B,
the intermediate image, B, the final image.

The electrons, which converge on the object
within a small area, are scattered by the different
parts of the object in varying degrees. In most
instruments the rays which are scattered too much
in a part of the object strike a diaphragm and thus
do not contribute to the formation of the image. At
the place in the image corresponding to that part of
the objecta dark spot is then left. The otherelectrons
which upon passing through the specimen are
scattered only over small angles then pass through
the objective and are focused into an image by
the magnetic field of that lens. It can be shown
that the solid angle over which the electrons are
scattered is proportional to the mass through which
the rays have passed. The contrast effect in the
image is thus based upon a difference in mass in
the parts of the specimen.

In most microscopes this intermediate image
formed by the objective is made visible on a
fluorescent screen situated at B, in fig. 7. There is
then a side opening through which it can be observed
visually. For this first stage a magnification of
100 to 125X is usually employed.

The above-mentioned screen is situated imme-
diately above a second microscope lens (disregard-
ing the condenser), which is called the projector,
and has a hole in the centre. The part of the image
lying above this hole passes through the projector
and is further magnified on the fluorescent screen
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at the bottom of the instrument. This final image
can be observed through a side tube likewise
provided with a glass window. The magnification
of the projector, which is only slightly variable in
each instrument, lies between 50 and 300X as
needed. It is obvious that if desired the last men-
tioned fluorescent screen can be replaced by a
photographic plate.

The whole tube in which the electrons move must
be evacuated as completely as possible, since
otherwise the electrons would be very much
disturbed in their motion. During the observation
the pressure must remain below 0.001 mm of mer-
cury. With the help of a so-called air lock a new
object can be put into position without seriously
disturbing the vacuum.

It is desirable to take measures for the stabili-
sation of the high tension. Since the focal distance
depends upon the acceleration voltage (cf. formula
(4)), the image would otherwise be blurred owing
to fluctuations of the voltage.

From the same formula it follows that the strength
of a magnetic lens also depends upon the field
strength. From that it follows that it is essential
to keep the current in the lenses highly constant,
because otherwise their focal distance would vary.
This can be achieved by taking care that the lens
current is supplied by a source with constant
voltage, while water-cooling prevents the tempera-
ture and thus the resistance of the coils from changing
too much.

Some investigators have preferred electrostatic
lenses. The choice between the two systems is
determined by the requirements made of the in-
strument. When a high magnification is desired
magnetic lenses offer some advantage over elec-
trostatic ones. Magnetic lenses have been succesfully
constructed with a very short focal distance, whereas
until now this has proved very difficult with electro-
static lenses. With magnetic lenses the spherical
aberration is also less. We shall return to this later.

Further, the strength of magnetic lenses, in
contrast to that of electrostatic lenses, can easily
be varied from the outside, which is an advantage
for adjusting magnification and focusing.

On the other hand, an advantage of electrostatic
lenses is that the supply voltage of the accelerating
tube and the lenses need not be so rigorously stab-
ilized 2).

2) From the above formula (3) it would even follow that if
V, and ¥V come from the same source (mains voltage)
no stabilization is necessary at all. Secondary effects.
among which a correction to be introduced on the basis
of the theory of relativity, make it necessary, however,
that there should still be stabilization (to 0.59).
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The use of an mlermedlate lens

. In the dlscussron of the new ‘electron m1croscope

- which distinguish it from the electron microscopes
so far described in literature.
“An important. 1mprovement is the mtroductlon
of a third lens between ob]ectrve and projector -,
~ . which makes it.possible. to vary the ‘magni-
e f1catlon continuously between* wide hm1ts
* In order-to make this clear we shall first explain |
" that in a_two-stage microscope it is 1mpossrhle to.
- alter the magmﬁcatlon over a wrde range. This is’
. connected with the aberratrons _occurring undér ~*
- certain- cucumstances and w1th the constructlon
of the mrcroscope o - A
In electron m1croscopes aberratlons occur wh1ch
are analogous to those in opt1cal Jenses. One of .-
_the most important of these i is the spheric al aber- .
_ration,resulting from the fact that the edge zones of
a lens are stronger than the centre. By increasing the
field, strength of a lens, its focal distance becomes

- e

>
”
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Thei mstrument decnhed in thrs artrcle is eqmpped‘

) are not fully utilised.
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In the casé of the prOJector “of the _microscope -
_‘descrlbed here the drameter of the bore amounts to_

3.5 mm, so that the dlameter of the useful ﬁeld i.e.

" of the. cross sectron of the beam permrssrhle w1thm

the lens, is 1 mm. The diameter of the final screen

.we shall give special. attention to the propert1es \amounts to 180 mm. If this is to be used to -

“its full extent; therefore, a magmﬁcatlon of
180 x .is necessary. The projector has’ therefore been -
constructed for this normal maximum magmﬁcatron, \
with a further increase in power the strength of ~

. the projector increases only slightly. It is of course '
* possible to’ obtam an image with a lower magmﬁ :
cation, bt then only part of the.final screen s
filled, so that the possibilities. of the mstrument -

L
o~

The magnification by - ‘the obJecuve is’ ent1re]y
fixed. In this case the position of the object is fixed,
~while ‘the image distance is determined- by the ..
position of the object plane of the projector lymg
‘immediately above that lens. . ’ C

In a two-stage microscope the magnification can -
therefofe only_ be varied w1thm narrow limits. - .

. When it is required of a microscope ‘that. the

magmﬁcatlon shall b'e completely,. controllable,

,,».

- smaller, and with the same angular aperture a part . special measures ‘must be taken. It is advisable to

of the magnetic field lying closer to the axis is used.
The- influence, of- sphencal aberration then becomes "
less. It is therefore desirable td increase the numberf
of ampere t turns as much as possrhle A limit is set -
“to this by the magnetic saturation taking place _

" in the pole pieces. Now in order’ to. avoid this, -

. ‘all the dimensions of the- lens could ‘be mcreased

-~ but th1s ralses the. d1fﬁcu1t1es that the lenses then -

;- consume too much energy and the microscope
- assumes too- large proportions. A compromlse must -
_‘therefore he sought. A satlsfactory solution can-be
found, at the voltage of 150 kV chosen for our
* instrument;, by using Jenses with about 3000 ampere

- turns. With such lenses a-focal distance for the ob-
jective of f = 4.5 mm has been obtained. For the
other lenses a focal distancé of 3.5 mm can be
attamed bécause in those cases there are no diffi-
‘ culties connected with the mtroductlon of  the

" "+ specimen. "

, From calculatrons of Glaser and Dosse it is
found that omnly about.1/4 to 1/3 of the:inner
diameter of a magnetic lens may be used if it is.
desired to prevent distortion, an' image aberration
closely connected with sphencal aberration, from _
- being larger than 5 to 10 percent, a limit which is
. considered permrss1hle also in the optical microscope.
As a result of this hm1tat10n the magnification- of a -
magnetic lens in a m1croscope can be regulated
within rather narrow limits, as we shall prove below.
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the new lens. Because the projector has a ‘high

 slight because of the requirement made that the”

find a solution where the projector, which in any.

-

case can’only be changed to a slight exteént, is -

maintained at a’, .perfectly. constant strength.
When this is*done it is possible to adapt this lens

- ent1rely to the magmﬁcatlon it is required. to grve,

i.e. to-construct it in such a way “that with respect
"to distortion it is corrected to a high degree, whlle »
the largest possible ﬁeld angle is used. .
~ A simple method . of varymg the magmﬁcatlon
is now obtamed by adding an extra lens between
obJectlve and~ projector. Wheh the pro]ector is.
kept constant the aperture of the’ prOJector may be
considered ‘as the projéction screen of the “two-
stage microscope” consisting of the obJectlve and

~

‘magnification - this-ocular aperture will be- small,
_even when a reasonably large final screen is provrded

. We have already stated that in our- case the dia-
. meter of the bore of the projector amounts to 3. 5

mm and consequently that of the ocular aperture
amounts to about 1 mm. .

The extra lens — which we shall gall the inter-
‘mediate lens —need only fill this small field
free of drstortron In the case of the two-stage
"microscope ‘discussed above (formed by obJectlve
and projector) the possibility of regulation was only

PR
.
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final screen of 180 mm diameter should always be |

filled. Without that requlrement variation of the -
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- magnification would also have been possible with
that microscope. With* thé two-stage microscope
-~ " formed by objecti\?'e and intermediate*lens the
o requlrement is now. made that it ‘shall merely fill
" a“screen” of 1 mm diameter. It will be clear that
thls can_easily be satisfied also w1th a great

: varlatlon of magnification. -

The introduction of an mtermedlate lens not
only makes’ it possible to vary the magmﬁcatlon,
but ‘also the maximum magnification now consider-’
ably -exceeds that ‘which is attainable with two
lenses. In the case of the microscope described here,

- objective and projector together give a magnifi-
-cation of 6000 times. By changing the powering
of the intermediate lens the magnification can

" be ‘varied from 6000 to 80000 times. This total.
magnification is -of course the product of the

magnifications of the three separate. lenses
.~ The trajectories when three lenses are used are
shown dJagrammatlcally in fig. 8a.

. Is it now also possible by ‘means of ‘the intex-
mediate lens to vary the magnification from 6000
tlmes to smaller values? Theoretically it certainly
is. When the power supplied to the mtermedlate

4!707

Flg 8. Dlagrum of the path of the rays in the electron
microscope described in this article. .

L, is the objective, L, the projector, L, the intermediate lens, .

= " L, the diffraction lens, D, the objective’ diaphragm:and D, .
the diffraction diaphragm.
a) The intermediate lens is in action. This lens converges
" the rays so strongly that they meet above the projcctor and -
.~ "then form a new intermediate i image of the image formed by
the objective lens. The intermediate lens makes it possible
to vary the magmﬁcntlon contmuously between 6000 " and
80000%x. . .
.. b) The diffraction’ lens deﬂects the rays wh1ch have passed
through the objective, before they have formed an image,
- and thereby reduces the size of the image. The magmﬁcntmn
is variable from 6000 to 1000X.
¢) The- microscope is used for studying a diffraction pattern.
As for image formation, the setting is for the magmﬁcatlon 0
The diffraction image, which is formed as “primary’ image”’
in the focal plane of the objective, is projected in magnified

- form on the final screen by thediffraction lens and the projector.

. The objective diaphragm is now pushed up to nllow the passage
? . " of the diffraction beams.

M
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lens ‘is reduced its magnification decreases.
‘point_of intersection of the rays, seen in fig. 8a,

1947

. ’l‘he

‘between the intermediate lens'and the projector
then shifts towards the projector. When the power
of ‘the intérmediate lens is further reduced there

- comes a moment when the above-mentioned point

of intersection of the rays lies in the object plane .
of the projector. This position is very important,
because, as will appear in the continuation of this
article, a diffraction image is then obtained. The
magnificatiox is then zero. As the power is further

" reduced the point of intersection falls still lower.

Upon passing through the magnification zero the
image is inverted. The magnification then increases
again until finally no power current at all flows
through the:intermediate lens and we have once”
more the two-stage microscope with which we began.
In practice, however, there is a serious objection
to this method. When the point of corfvergence of
‘the rays is shifted toa “lower level, an mcreasmgly
large part of the bore of the mtermedlate lens has

~ to be_ used. (The final screen must in any case be -

ﬁlled) Therefore ‘the distortion” increases. At low
magmﬁcatlon, therefore, this “image aberration
“ becomes much too large. This could be remedied

- by makinig the bore of the pole pieces of the mter-

“mediaté lens larger. Then, however, its minimum
focal distance also be¢omes larger, so that the maxi-
mum magnification of this lens is reduged. ~ .’

" A better solution is to use another mtermed1ate ’
 lens with .a large bore for the range of low magmfl-.
cations. “For- these reasons a fourth lems was
mtroduced mto the microscope. Since, this is also
used for makmg diffraction photograEhs (this.will -
be discussed later) it is called the diffraction
-lens. It is situated between the objective and the

" intermediate lens. ‘When, this fourth lens is .used

the intermediate léns'is switched off. By varying
" the s current in the diffraction lens the magnification
can be made variable for all values between 6000
and 1000 times. The magmﬁcatlon of the instru- '
‘ment is thus as a whole contlnuously variable
from 1000 to 80000 times. The lower limit gives
the desired transition to the magmﬁcatlon of the’
optical microscope. S
In fig. 8b the path of the rays is shown dia- .
grammatically for the case where the d1ﬂ'ract10n
léns is used. This lens is given such a power that
the point of convergence of the rays mentioned .
above lies below the object plane of the projettor.

The dJﬁ'ractlon lens is weaker than the intermediate

lehs. It does mot give a real intermediate
image. It refracts more or less the Tays. coming -
from the ob_]ect1ve and in_this' way reduces the

-
-

L U -, - 4
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magnification as compared with that of the original
two-stage microscope.

We shall now first discuss the second function
of the diffraction lens.

The recording of diffraction patterns

In 1927 G. P. Thomson demonstrated in a
perfect manner the correspondence between moving
electrons and short electromagnetic waves (X-rays),
when he showed that it is also possible to
obtain the well-known Debije-Scherrer rings
when beams of fast electrons are sent through thin
foils.

The significance of these diffraction diagrams
for the identification of substances and the study
of their crystalline state has already been discussed
in this periodical 3).

When a sample of a substance is investigated
with an electron microscope it is in many cases
desirable to have a diffraction pattern of the
substance at one’s disposal at the same time.

When a diffraction diagram is to be made with
the electronic microscopes so far described in liter-
ature the lenses are switched off. But the small
diameter of the pole pieces of the projector makes
it impossible to record a diffraction pattern imme-
diately, because the diffraction rings are then cut
off. Thus either these pole pieces must be removed,
which takes some time, or the sample must be
placed in an air lock anew under the projector,
or an extra plate camera has to be introduced above
the projector, which makes the construction much
more complicated. Only in the last case is it still

28708

Fig. 9. Diffraction diagram of a gold sol taken with the instru-
ment described in this article.

%) W. G. Burgers, X-rays and electron rays as aids in
chemical and metallographic investigation. Philips Techn.
Rev. 5, 161, 1940,
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Fig. 10. Drawing of a cross section of the microscope. The
magnetic lenses may be seen whose action is described in
the text. P is the lock for the object, L, the objective, L, the
projector, L, the intermediate lens, L, the diffraction lens,
D the diffraction diaphragm. Since the magnification is easily
variable with the help of intermediate and diffraction lenses,
no use is made of the intermediate image formed between
objective and projector for seeking the detail of the object to be
magnified. This intermediate image is not, therefore, made
visible on a fluorescent screen, as is customary in most other
constructions.

possible to find the diffraction image of a part of
the electron-optically
magnified image has first been ohserved.

The introduction of an extra lens as described
above makes it possible to simplify considerably
the method of taking diffraction diagrams. We then
make use of the weak lens called the diffraction
lens. With its help the focal plane of the objective
is projected on to the object plane of the projector
(fig. 8¢c). In this focal plane, as follows from the
theory of Abbe, lies the primary image and, with
sufficiently wide aperture, therefore also the

specimen of which the
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diffraction image (cf. fig. 1). This diffraction image
is very small owing to the small focal distance of
the objective, but the projector enlarges it to the
size customary for such patterns. Fig. 9 gives an
example of a diffraction pattern obtained in this
way.

In order to obtain good image formation with
sufficient contrast when using the instrument in a
normal way, it is necessary to screen off the rays
that are too strongly scattered by the specimen.
For that purpose a diaphragm with an aperture
of about 70 y is introduced in the objective, which

Fig. 11. The: electronic microscope for 150 kV in the Institute
for Electronic Microscopy at Delft.

1947

can be accurately adjusted from the outside.
But when diffraction is employed it is just the
strongly scattered rays which are needed. For that
purpose the objective diaphragm is raised and thus
put out of action, the diaphragm in the diffraction
lens then being brought into play. In this lens there
are two diffraction apertures of different size, which
can be used at discretion. When the small aperture
is used it is possible to make diffraction diaphragms
of very small regions, for when the object is sharply
focussed on this diaphragm only those electrons
can pass through which come from the correspond-
ing part of the object. In the
case of the microscope described
here the magnification on the
diaphragm is 13 X. When the
aperture of 40 p is used it is
possible to scan the object and
to cut out regions with a diameter
of 3 .

The great advantage of this
construction is that it is easy to
switch over from the electron
image to the diffraction image
and that one can then observe
a diflraction pattern of that part
of the object whose image has
first been studied microscopically.
This furnishes a good method
for the identification of the
crystals in the specimen being
investigated.

Some further details of the con-
struetion

Fig. 10 shows a cross section
of the microscope and fig. 11 is
a photograph of the instrument.

For the maximum accelerating
150 kV was
because this gives the electrons

voltage chosen
a reasonably large power of
penetration and the necessary
had
already been developed by the
Philips Physical Laboratory %).

The current for the lenses is
supplied by an accumulator bat-
tery of 35 volts with a sufficiently

high-tension  installation

4) This installation, which furnishes a
voltage constant to within 0.2%,,
will be described by A. C. van
Dorsten in one of the following
numbers of this periodical.
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constant voltage. The maximum current per lens
is about 1.4 ampere. Each of the lenses is cooled
separately. In order to obtain a rapid dissipation
of heat, layers of copper are introduced between
the windings at regular intervals. The conduction
of heat towards the cooled side walls is thus in-
creased, so that a current density of 6.5 A/mm?
became permissible.

The introduction of a third lens between objective
and projector also gives the advantage that the
length of the microscope tube could be considerably
decreased. The total distance from the object
to the final image in the new microscope amounts
to 600 mm, which is short considering that the
diameter of the final image is 180 mm.

The electrons thus have short trajectories, and
that also has several advantages. In the first place
there is less chance of collision with residual gas
molecules in the tube, and in the second place the
influence of disturbing fields is less. The path of
the rays between the objective and the next lens
is most sensitive to these fields. Its length in our
microscope amounts to only 10 cm, compared with
30 cm in the model which until now was the best
in that respect. Moreover, owing to the compact
structure the path of the rays is doubly shielded
by the tube itself and by the coil jacket. As a third
advantage of a short microscope tube the small
volume may be mentioned, which makes it possible
to reach a high vacuum more quickly.

The coils of the various lenses are separated by
the iron side walls of the jackets. Only between
the objective and the diffraction lens is a small
space left free in which several essential components
are housed: in the first place the three adjusting
screws by means of which the objective can be
aligned with respect to the other lenses; further a
similar arrangement for adjusting the objective
diaphragm — here is also located the fork with which
the last mentioned diaphragm can be moved up
for making diffraction photographs — and finally
in this space the diaphragm holder is housed with
the two already mentioned apertures of different
size for the electron diffraction. The larger or the
smaller of these can be used at will, or the passage
can be made entirely free. All these arrangements
can be operated while the microscope is in use.

In electron microscopy the visual image is
usually only used to obtain an impression of the
specimen and for sharp focusing. The most impor-
tant observations, however, are made photo-
graphically. A photographic plate or film must
then be brought into the path of the rays.

It is desirable to obtain sharp photographs of

AN ELECTRON MICROSCOPE 43

the whole image. As already stated, the diameter
of the final image is 180 mm. It would be difficult
to introduce a photographic plate of that size into
the vacuum close to the final screen. We therefore
use a 35 mm film, which, in order to be able to
cover the whole image, isintroduced at a spot where
the cross section of the beam is still sufficiently
small. Because of the small apertures customary
in electron microscopy, the depth of focus is more
than sufficient to obtain a sharp image at that spot
without a new adjustment. In this way the ex-
posures are made with 1/5 of the total magnification.

This must not, however, by any means be con-
sidered as a disadvantage. The resolving power of
the film is much better than that of the eye. It is
therefore possible subsequently to enlarge the small
photographs more than five times.

The fact that the camera is placed close to the
projector has also the advantage that because of
the high current density of the beam impinging
on the film a short exposure is sufficient.

It is obvious that in visual observations the
camera must be removed from the beam of the rays.
It was found possible to introduce a simple arrange-
ment with. which the film holder can be -tipped

4870

Fig. 12. A sample of fat magnified 20 000 times electron»
optically with an accelerating voltage of 90 kV.
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upwards from the outside. In order to prevent
double exposure the film is automatically shifted
when the camera is tipped up. When 25 photographs
have been made a new film must be placed in the
vacuum. Then the whole microscope has to be ex-
hausted anew. Although in this process the gases
which the new film brings with it have also to be
removed, this operation does not take longer than
about 10 min.

One of the difficulties attending the use of high
magnifications is the low brightness of the final
image. This makes the focusing very difficult.
A special focusing arrangement has therefore
been introduced.

By means of the electric field between two sets
of parallel plates situated between the condenser
and the objective lens, the incident ray is caused
to oscillate back and forth with a frequency of
50 c/sec. When the microscope is not exactly
focused this oscillation will blur the image. The
power current of the objective is now varied until,
in spite of the oscillation of the incident ray,
the image remains sharp, whereupon the voltage
on the deflection plates is switched off again.

The' focusing arrangement is so constructed that
the incident beam oscillates over an angle of
1/100 radian. Very good results are obtained with
this method. Since in this way rays which have an
aperture 20 times as large as the beam used for
image formation are focused as well as possible,
the adjustment can be improved by a factor of 20.

In conclusion it may be mentioned that the
resolving power of the microscope lies between
25 and 30 Angstrom. It will be possible to approach
the theoretical limit of 5 A, mentioned at the
beginning of this article, more closely by improving
the rotational symmetry of the lenses.

In fiss. 12 and 13 two photographs are reproduced
which were taken with this instrument.

Summarizing, the most important advantages of
the electron microscope described here as compared
with previous types are the following:

1) The magnification can easily be continuously
varied between 1000 and 80 000 x.

2) The length is shorter and therefore the effect
of disturbing fields is also smaller.

3) The image field is much larger.

S
b

With the 35 mm camera it is possible to make
a large number of exposures in a short time.

(¥
~—

A special arrangement provides for accurate
focusing.

6) It is pessible to pass over immediately from
electron to diffraction pattern and to make a

1947

diffraction pattern exposure of a selected region
of 3 p diameter in the sample whose image has
first been studied microscopically.

Applications of the eleciron microscope

The electron microscope has opened up entirely
new fields of investigation for various branches of
science. Its applications are widely varied and we
can only mention a few of them.

T T e
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Fig. 13. Molybdenum oxide magnified 30 000 times electron-
bptically with an accelerating voltage of 82 kV.

Although the idea of examining specimens with
such a high magnification is very attractive, some
investigators at first had objections to this new
instrument. They feared that it would make a
difference having to observe specimens in a vacaum.
In order to settle this, various kinds of specimens
were also investigated with an optical microscope
in a vacuum. It was found that in most cases the
vacuum presents no difficulty. Primitive organisms
such as bacteria remain alive in spite of a certain
drying out. It was also asked whether, owing to
the continuous electron bombardment, the spe-
cimens might not be fundamentally changed.
It is possible to determine whether changes occur
during an observation. When sufficiently thin
preparations are examined and the radiation inten-
sity is limited, there are usually no serious objections.
The bacteria will indeed be killed by the electron
bombardment, but with the optical microscope the
bacteria are usually dyed and this likewise kills them.

In medical science it was long a difficulty that

various diseases are caused by organisms or
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' substances wh1ch are invisible under an ordinary
m1croscope. Such . ‘a- virus ,can as a rule be
observed with an electron m1croscope !

* With this instrument it is also pos51ble to observe :
structural elements only a few my'in size in tuber-'
culus bacillae and other bacteria,  which prov1des‘

- _.the poss1b1hty of d1st1ngu1sh1ng morphologlcally
.- different types of _disease producers. " Further,
s med1cal investigators and biologists” have - made
" use of the instrument to study the’ structure of
“ muscles. and ‘nerve fibrilld as well .as the structure
of protoplasm and the problems of chromosome ’
structure ‘and " the, arrangement of the genes Tt
" 'was also’ very 1mportant ‘that’ var10us ‘not yet
‘ completely ‘explained Pprocesses, such as the occur-
._rence of coagulation in blood, could be studred ‘
. undef’ very high magmﬁcatlon - -
" Many plant diseases . are also caused by viruses.,
.The virus of the -tobacco mosaic disease and that
», of a very destructive potato~d1sease have, among *
Y others, been made v1s1ble w1th the ™ electron .
‘ m1croscope This has-led to great advances being \
made in phytopathology in recent "years. The :
. - viruses often prove to be rodhke in shape and of ~
the order of magnitude of molecules
- Jt” has, ‘also been; posmble with” “an- electron
' m1croscope to make various bacterlophages visible. -
_ These are kinds' of viruses " ivhich destroy certain -
bacter1a This process — called - bacteriophage
lys1s — has ‘also been- mvest1gated with_the elec-
tron m1croscope =
/ Bacteria .had already long been observed with
the ‘optical m1croscope, "but -the, cilia of ‘these
. organisms, which have a *thlckness of from 0.02
. to:0.02 p, -and all kinds of detalls and com-,

_pllcated structures - of - the bactenal_ cell were
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, only ‘made * clearly v1s1ble w1th electron rays.:

For m1neralogy and technology the new mi-
croscope is also an 1mportant aid. In the problems

there encountered it is often desired “also to be able ° )

to observe a diffraction d1agram in order to identify

'the crystals ‘with the help of the Debl_] e- -Scherrer

rings. It is of great advantage when one can easily
switch over from the electron’ to the dlﬁ'ractlon
image. ‘ T~

In the ﬁeld of silicates, by the apphcatlon ‘of the

new method -discoveries have been made whlcb,
£

P

L]

are of great 1mportance in ceramics. ;. :
It is 1mportant to note that here there has beén

a trans1t10n from qualitative’ to.- quantltatrve
'.‘methods The ‘adsorption power of the surface of

particles of clay has often to be mvestlgated

One then counts and measures ‘under an electron * -

m1croscope, fori 1nstance, 1000 crystals of a substance -
and ‘makes a’ d1str1but10n ‘eurve.; of therr sizes.
In makmg such' distribution curves it is. very desir-

.able to be dble to change over easily to a lower

magnification. The study of chemmal processes at d
magnification of 20 000 to 30 000X’ is also’ very

instractive, As an’ example we “may mention -an”

* . éxcellent mvestlgatlon of the manner ‘in which
" an image is formed on a photographlc plate, which

was camed out by Von:Ardenne before 1940
- Tt may . be assumed that within a reasonable timie

‘every large hosp1tal and - every - laboratory for™

. and technology w111 be employmg electron chro-

research in the' field of- m1croblology, mmeralogy

»-“,~

scopes

A
gy

[
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At - the Instltute for Electron M1croscopy at

Delft the chroscope descrlbed here has long been” "

. in- dally use for mvest1gat10ns in ‘the interest df
. mdustry and science.
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. conduct1v1ty plays the main part, R

ELECTRONIC CONDUCTIVITY Oor NON-METALLIC MATERIALS

¢ Ct LN [ '

, .

N . .

I 3 . . . . N
- Electrical conductivity in metals is brought about
by the movement of free electrons, which are always

' present. In non-metallic sclids, on the other hand,

. conduct1v1ty may "be due to two causes: in the first
place — as in the case of metals — to the movement

PHILIPS TECHNICAL REVIEW -
i

byEJWVERWEY " .'

Generally speakmg, non-metallic materials are electrical insulators, In certain cases,
however, conductlon— cau\sed by electrons —may take place also in these substances.
. This urtlcle ‘deals with the relation freq‘uently existing in oxides and halogemdes between
" electronic conductivity, ‘photo-electrical phenomena, light absorption and deviations
"from the stoichiometric composition.- From the simultaneous occurrence of all these
_ * phenomena some insight is obtained into the manner in which they are brought about.
- . The picture that can be formed is especially worked out for the case of the crystal of
’ _ potassium chloride, for .which, many Gbservations and theoretical data are available.

< . . .

« . . . ‘

I . "
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or less well conducting materials of a non-metallic
nature as resistors, advantage being taken, among

" other things, of the fact that these substances pos-

sess a much higher specific resistance than metals.
According to the application envisaged, materials

of free electrons (electromc conductivity) and” are reqmred 'with the lo“ est possible temperature

“in .the second plagce to'the movement "of ions

(electrolytlc ‘conductivity). Often- both move-

" ments take place SJmultaneously In this article,
however, we w111 ‘confine our considerations to those
non-metallic substances in® whlch _the - electronic’

“The interest in electrotechnics in the phenomenon

"~ of electronic conduct1v1ty in non-metallic substances
is’ due in the ﬁrst place to two apphcatlons of these
substances. - .7 " ..~ : R

.The first relates to the use of all kmds of substances - ‘much lower conductivity than metals but a bétter

as msulators, thus as media that are requu'ed to
have‘ the least poss1ble conduct1v1ty for an electric

coefficient, sometimes’ a positive one of in other.
cases rather a very strongly’ negative’ one. The
conductivity of these insulators must be’ purely
electronic, because electrolytic conductivity always
‘gives rise to, chemical changes at the contacts of
the resiStor or to polansatlon phenomena. In this_
“case it is also often required ‘that the resistance .
" mass must be able to w1thstand high tempelatures,
“and in such cases morgamc substances are md1cated

The materials referred to above, having a very

7o
conduct1v1ty than insulators, are “often - callsd .

 semii-conductors. Rather arbitrarily the followmg

' current. As a rule the msulatmg ‘medium is applied distinction is usua]ly ‘made: . . : .

for two purposes, either as a d1electrlc in condensers
or'as Jnsulatmg material. In the first case the hlghest
possible capacity is required and, therefore, often
,  high dielectric constant;.as a dielectric- t1tamum
~oxide (rutile: TiO,) may for instance be used the"

d1e]ectr1c constant of wh;ch in the s:ntered cond1t1on '

is over 100. In the second case, however, a low di-

AR electrlc constant is often required and, for 1nstance,

orgariic substances like the well-knowz, polystyrene

-~

N

are used as insulating mater1a1 When inorganic

" substances are indicated because greater chemical

and thermal stability are required, materials like
porcelaln or many of its various modern varieties

. are used, sometunes in the porous state.

"= " A general nswer to the question which material

is an insulator and which propertles are connected
with a low conduct1v1ty is thercfore of - d1rect

" stechnical mterest 2 . ..
In the second apphcatlon it is rather a h1gh con-

" ductivity that is required; in recent years moreand. -

more use is bemg made m electrotechmcs of more

- - A, B .

. Metals; specrﬁc resrstance <10 ¢m (mostly
) 107°—10%, soinetimes higher). .
‘Semi-conductors: specific resistance between 1
and 10 Q cm. . )
Insulators: specific resistance > 1010 Q cm.
* All these limiting values for the specific res1stance
are those applying at room temperature.

[, -

N

’

L3

~

Conductivity and non-conductivity appear to be "

distributed among the elements in such a-way that
the permanent non-conductors occur in the top
nght -hand corner of the’ periodic system. Typical
examples ~ of non-cronductors are -sulphur and
diamond Carbon, however, is on the border line,
for its stable modification graphte, is a conductor,
at least in certain directions of the crystal There
are also a few intermediate cases occurring in the '

i

boundary region, such as selemum, wh1ch is a-
seml-conductor. : ‘ . Lo

+

“These intermediate cases are also found among the -

“compounds. For instance in a series Ag,0,. Ag,S,
AgZSe, Ag,Te we find the conduct1v1ty gradually

.
N i . P ; .
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.

~



, . . NN . . L , . i
. - L st . . v . ’
. . .- AREN . 5

’ . . > :

" VOL. 9, No2 - . ELECTRONIC CONDU(fTIVITY : ST e 4'},
' -~ - ' . N K .“ * ' :

~o . - - ' B E B \
o . N v ~ o .

- increasing parallel ‘with the metallic character, of TlO1 9995 1s 10 Q cm, and that of T1O1 095 1S
which manifests itself,  for mstance, in increased - 1.2 Q cm.
-+ reflectivity. The problem ‘of electromc conductivity . Compounds are also known, in wh1ch dev1atlon
. may, be identified here w1th that ‘of the: metallic from the stoichiomettic proportion does ot imme- .
¢ *state. Electronic conduct1v1ty, however, also ﬁ'e- diately result in a blackenmg of the matexial but . .-
. - quently occurs in' compounds which in other rather in an absorpt1on band in the visible spectrum. -
' respects are typ1ca11y non-nietallic. In such cases BaO (white) can mcorporate about one per cent Ba .
: "the 6ccurrence of conduct1V1ty appears to coincide in excess nd thereby turns red. KC1 heated in K ‘“
with a number of other phenomena which throw :'vapour incorporates a small excess of K (at most™ - °
con51derable hght upon thé process of electromc - a few hundredths percent). andbecomes violet. . \
conduct1v1ty and which will® be d1scussed further Slmllary NaCl may be given an excess of Na, the ‘
s in th15 article. = | * .. 7. 7 lcrystals thereby turning yellow. In these cases the . -

" Relati . . . d .+ electronic conductivity resulting from the deV1atlon e
+ Re ation betwéen olectronic conductivity, ev1atlon from the stoichiometric composition is notnoticeable

 from stoxchlometry and light ahsorptlon ;. ~at'room temperature, slightly higher temperatures
It appears that in general we have to make a 7-are requlred to be able to observeadeclded dlﬂ'erence -
d1st1nct10n between stoichiometric and - non-stoi- 5 compared wylth the conduct1v1ty of the pure com- -, '
chiometric compounds, Formerly the ‘belief was pound. For the purpose “of our considerations, o
held that the typical feature of compounds was'that, however, this makes no essentlal difference. )
_+ they contain thé various elements in a 51mp1e ratio.. . We therefore observe the simultaneous occurrence’
., In the case of many compounds th15 is so, but.it’ of three phenomena deviation from st01chlometry,
- is not always true for . compotnds in the solid - absorptlon of visible hght and conduct1v1ty caused
‘ state In- elementary instruction in chesztry one . by electrons. NN .

;  often uses the familiar example of 56 parts Fe to © "In how far these phenomena are related to each
32 parts S, formmg the solid FeS. It is just for a . other can be ﬂlustrated by ‘the following experlment
compound like FeS that_it has now been found ( fig. 1) which was first” described by Sta51w, one

" that'it always contains an excess. of sulphar, and y ’ _ e o
- equally.so FeO always contains an excess of oxygen. = ’ ; s : . oor
These are’ compounds which cannot exist at all ‘ '
‘in the stoichiometric proportion, or, to be exact, Y .
can only exist in the metastable state. There are, . ST e —> <010 co
however, also many compounds that may occur  pig, 1 Whena wolet-coloured KC1 crystal is placed hetWecn
both in the exactly stolchlometnc PIOPOI‘thIl and two electrodes at a temperature of about 500° C the colouring .

L moves out of .the crystal. The arrow indicates the direction -

< ~witha different composition. Typlcal examples are:’ in which the boundary between the violet (shaded) part and

ZnO with or w1thout an ‘excess of Zn; TiO,; wrth the colourless part of the crystal moves. -

= or wrthout an excess of Ti; Cu,0 and NiO on the = . . Loy . Co
other hand ' sometimes contain an excess of 0. ' of Pohl's co-workers, in whose laboratory an
- In sich cases there is a discoloration of the mater1al mtenswe study . was made ‘of the phenomena '

" . towards black: ZnO is white, whilst with an excess , - occurring with this kind of discoloured crystals ,

- of Zn it becomes grey; TiO, is pale.yellow and by = -Two electrodes are applled to the two oppos1te '
. chemical reduction becomes dark blue or even black; - faces of a KC1 crystal which hds been made violet .
Cu,0, in itself red, through oxidation becomes black; by the.incorporation of additional potassium atoms
NiO, itself pale green, with a small excess of oxygen - ~and which is kept at a temperature of 500° C*' N
likewise turns black. . -~ " - - (KC1 was chosen by preference for this experiment -

All these substances have the common property because the violet colour can be clearly observed). .
' that in the stoichiometric form they, are good and . - In the first place it is found that the conduct1v1ty -
sometimes even excellent insulators, but that if of the coloured crystal is much greater than that
7, there is any deviation they get a more or less strong of the non-coloured crystal at-the same temperature. -
electronic conductivity. TiO,, in itself possessmg a  If the contact between the crystal and the negative. -
specific 3 re51stance of at least 10 Q cm, upon being electrode is rather faulty, then, on the cutrent belng
. heated in hydrogen is reduced to TiO, 4 with a passed through, anon—coloured zone is seen to form
specific resistance of 10~ Q cm. As a rule electronic near the negative electrode, which zone gradually
conductivity i mcreases with the dev1at10n from the extends over the whole crystal, The discoloration -
st01ch10metr1c proportlons “the specrﬁc re31stance of the crystal, which at this temperature has become

.t v
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deep blue, is seen’
_and after some time d1sappears into the electrode,
this is accompanied by a- gradual reduction in
conduct1v1ty After completion of the experiment
the crystal again becomes stoichiometric, colourless
KC1, and the extra conductivity has d1sappeared

- .This remarkable experiment, the interpretation

. .of which- will be reverted to later, demonstrates

’ very clearly that the conductruty created hy the
- - excess of potassium and the violet colour are closely

related to ‘each other

Phenomena .connected with irradiation 7

There is a second group of phenomena wh1ch
‘throws some light upon the mechanism of the

conduct1v1ty of ‘these substances, viz. the photo- -

conductivity and the photo- chermcal changes taking

place under the mﬂuence of rays of different wave-’

lengths : B . .

> The phenomenon of photo-conduct1v1ty occurs’

in all sorts” of substancés; it implies that when a
substance is irradiated with light of certain wave-
j lengths an ongmally non-conductlve substance
- becomes “conductive} or rather that the conductivity
of ;the substance is increased by the irradiation."

_PHILIP$ TECHNICAL REVIEW.

to move” through the crystal
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trons are bound w 1th an energy of 23e V(the electron
‘energy is expressed in “electron volts” eV by
indicating the voltage V that corresponds to the .
energy eV). - . .
With the excess of potass1um we have thus
introduced additional electrons in the crystal wh1ch
may be in two states; the state in which they are
still bound and a ‘state with 2.2 ¢V hrgher energy
in which they have freedom of moyement and may
 cause conduction. ‘Further we have discovered two

. different means of raising the electrons from. the .

lowest state of energy to a state of higher energy,
namely by supplymg thermal energy (raising the
temperature to about 500° C suffices to make the

- conduct1v1ty percept1ble) and by supplymg rad1atron >

energy 1).

The occurrence of conduct1v1ty may. also he
observed in crystals of potassium chloride coloured
" violet by photo-chemical means. The same leet
colour that can be obtained by heating in potass1um
. vapour is “also obtained when KCl is irradiated,

 for instance, with X-rays or with ultra violet hght - k
KC1 rcrystals * coloured in - this . way, however, .

behavei ina slightly d1ﬁ'erent way than do the crystals
. with an- “excess of potassrum, but, nevertheless, the

| Tt .occurs for instance with the KC1 crystals ]ust’ electrons hound with an energy of 2.2 eV can’ still

_ mentioned (which hy heatmg in K vapour have
turned “violet) when- the crystals are u'radlated with -
" light that is. absorbed by the violet coloured crystal. .

t‘The violet colour of .this KCI is’ caused by an '
ahsorptlon hand in the yellow part of the. spectrum .

" with a maximuin at ahout 5600 A. The phenomenon

- of photo- conduct1v1ty therefore occurs under irra- *

diation with yellow light of about this wavelength

- From this behaviour it is to be concluded “that

" under the. influence of light of tlns wavelength

, ,electrons which hefore the u'radlatlon wére bound +’
'to certain places inside the crystal are released.
- The' energy with which these electrons are hound

" to' those places and which, therefore, has to, be
supplied - to release an ‘electron follows. drrectly
from the - wavelength of the active light. This .

wavelength A (frequency ). corresponds to” the.
_energyel supplied to the electron by the ahsorptlon

accordmg to the formula N

Y h 12390
or:, V(volt) = —(i
‘el

eV='hv; Z(A)

- in WhJCh Vis the voltage through which a free .1

electron has to pass in order to accumulate the
' energy requlred (h, ¢ and e indicate respectlvely

_Planck’s constant ‘the veloclty of - hght and’the .-
charge of the electron). From this we calculate for =

the hand at 5600 A in coloured KCl that the elec-

be released, i. e. on heatmg or by 1rrad1atlon with
yellow light conduct1v1ty is observed. The photo--
" chemically coloured crystals, however, differ from
the dthers in 6ne respect: upon n'rad1atlon or heating . -

the violet' colour very soon fades away, and the’ ', :

crystal returns completely to its or1g1nal state.
Apparently under this treatment the electrons find -
an opportumty to return to then' orlgmal pos1t10ns
Photo- chemlcally coloured crystals are therefore
in* @’ metastahle state; when by . the addition of
energy a return to the stable state is made poss1hle, :
this takes place by transport of electrons inside’ the
crystal lattice. : : . ‘
The discoloration w1th X-rays is not really a
purely photo -chemical process but is caused mainly

’

by the secondary electrons released in the substance..,

As a matter of fact the. same result can be-obtained
- by the irradiation of a KC1 crystal with electrons.
A recent example of this phenomenon is found in-

T
-

1) For the sake of clarity,’ on a few mmor pomts we take the

simple manner. One of these points is that the energy to
be supphed by the thermal movement in order to release
.- an’ electron from the bound state is quantitatively not
’ equal to the radiation energy required for the same purpose,’
but in’general about half of that. Another simplification
.is that_in reality the above-mentioned transitionto the

,mtermedxate state; the énergy of this intermediate state,
however, is only very httle less than thnt of the firial state,

state with a higher energy probably takes pldce via-an\"
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" the cathode ray tubes where the screen consists -

‘hherty of representing the posxtmon in a somewhat too = -
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of a th1n layer of vaponsed alkah-halogemde,

this kind of tube advantage is taken of the fact that
this layer has the property of dlscolonng more or '
‘less permanently at the places where it is struck’

by the electron ‘beam. ; .- O

.

Further consuleratlons about conductlvlty and hght '

absorptlon . : _ T

amounts. t0 0.04 eV. In coloured KCl the trans1t10n

- from a weakly bound electron into a free electron .

involves many times this amount, so that the chance

ELECTRONIC CONDUCTIVITY" N

Interpretatlon in connection wrth the crystal struc- .
: lure ‘ D . : )
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'.released and electromc conduct1v1ty takes place

Py

*in these substances oL .

A

Potasslum chloride forms 'an ion latt1ce w1t11

pos1t1ve metal ions and negat1ve halogen i jons. The | )

) occurrence of ions is related to the tendency of all
At room: temperature the mean: eneray of the -

.. thermal movement' of an ion-or a-free electron

atoms to surround themselves with ‘completed- *

‘ shells of electrons. Potassium, which has one electron’ |
in "the N shell loses this, whilst chlorme, with 7
electrons in the M shell, supplements it to, e1ght '_ '

electrons

A

of this transition’ bemg brought about by thermal - To tike one electron from a potass1um atom-an.

movement is practlcally nil‘ at room temperature
"When the temperature is raised, however,' this
chance increases- very rapldly, with the result that
‘at a ‘temperature of about 500> C a noticeable
number ‘of electrons ‘are released and conduction®
_can be observed Jn the manner ]ust described.

The fact that’ non-colou1ed KC1 is an msulator
A and at about 500, °G" still ‘does not yet show. any.’

notrceable conduct1v1ty for‘electrons may be related
" in the same way to the absorption in the ultra-violet

part of the spectrum.“As already remarked, this .

absorptlon brmgs about a discoloration of KCI,

energy of only 4.1 eV is required; to remove a ‘

second electron would tost 44 eV because it would

) then have to-be taken out of the completely. f ﬁlled\
"M _shell, The ionisation energy.- of the: chlorme o

‘atom is 13 1 eV4 which is much greater than that of
the potassrum atom. Apparently there - is’ httle
tendency on the part of the chlorine atom, to give

off ani electron out of its M shell. Rather it would be
inclined to supplement’ ‘this M\shell which is already
: almost full; in. ‘taking up thé one missing electron ~
‘an’ energy of 3.6 eV.— called the electron

‘affinity — 1s gained, whereas in the case of:

L. the release of electrons in non-coloured KC1, | potassium no gain in energy can be attained by

50 that the electrons’ released in ‘this way may at .
least partly be caught in the same positions which"

-y are also taken up by the additional electrons of -

- KC1 “heated . in- K vapour: The ' energy. required

to release an electron inside the crystal of non-..

coloured KC1 is thus much greater - -than that

- required in "the case of coloured KCI; the corres-

- ponding maximum in the _absorption band lies at*

- of the 't conversmn formula prevrously used, a corre-

» . ponding energy. of 9.4 eV. The probab111ty of this , usually wntten in the form R o

large ‘amount of energy. bemg supphed by the
thermal movement is again very much. less than.
-in the case of coloured KCl, and consequently

"~ even at, a higher . temperature the electronic

conduct1v1ty in non-coloured KC1 is practrcally
“negligible.. - s R coos

.In the case of the ox1des prev10usly mentioned,
where there is a deviation from the ‘stoichiometric _
.composition the colour is mostly black, absorptlon

+ ! thus ~occurring throughout the whole of the'visible -

¢ ) c L, [

‘ spectrum, ‘moreover, this absorptlon extends as a’
rule far into the mfra red.' This means that ‘these .
substances contain electrons which are bound to
certain . places with’ very low energies. This is in
accordance _with «the. fact that already at room

. temperature a not1ceable number of. electrons. are

v . et b - -

atoms PR !

" the taking up-of an electron. "

Although the ionisation energy of potass1um is
Stlll 0.5 eV, greater than the electron- afﬁmty of -
chlorine, yet the- formatlon of an ion lattice- 1s
-advantageous from the pomt of v1ew of energy.’
As the’ positively and negatlvely charged ions -
approach each other a- large amount of potential, -
energy is released which makes the ion lattice more.

. 1310 A, from which we can calculate, with the aid favourable from,_the point of view of energy in

: comparison w1th an atom lattice. This encrgy is.

e .
|. E=M:;"—,,> N . A 2

r.

« e

in w]nch‘ r is the drstance between ad]acent Jons -
and M is a numerical factor depending upon the )
. type of lattice (the so-called Madelung constant).

-For the lattice type of KC1 M = 1.75. Further e
= 4.8 10"10 e.s.u, and r = 3. 14 10‘8 cm, 80 that

fE—12810"12erg—80eV
-

Asa consequence of the formation of the lattrce
"8.0 eV is thus gained per pair of ions, and smce -
the formation of the i ions out of the atoms costs only

0.5 &V-the ionised state in the crystal is still” more - T

favourable by: 7.5 eV than that of the free neutral

3
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It is therefore readily seen that an extra electron

added to this lattice built up of ions will be able

to move through thé lattice quickly and that,
therefore, the s'ame.wjll be the case with an electg'on
* originating from the lattice itself, once it has been
released from the ions making up the lattice. Let us
suppose that at a given moment this extra electron
'is at the position of a K*ion and forms with it a

.. potassium atom. Owing to the large radius of ‘the -

- 3 - . N 13
potassium atom (or in other words owing.to the

expansion of the trajectory 'of this electron), the.

eleciron will not merely stay in the cavity of the

K+ ion but will penetrate into the neighbouring:

' . . i . . » . »
chlorine ions. "Fig.-2, in which the dimensions

~
Fig. 2. Structure of a KCl crystal with potassium ions and
chlorine ions in their true position and size. The dot-dash
. circle indicates the space, which a potassiim atom would
* ;occupy in the position of a K+ on. -

S — < agser -

L. . ' -

-'Of_ the ions and of the "p‘otassium atom are’

. sented in their true .proportions, shiows that in the
course of its normal movement the electron will
frequently reach a poi.nt";half-way between two

adjacent K+ ions, $o that it will easily pass on from

* . oneion to the other. A small electrical field strength
*  1is sufficient to cause a directed movement of the

-

.~

’

'

-

. electrons, which manifests itself in the form of
i electrical conductance. . )
It is, however, likewise, readily to be understood
that in'd stoichiometric KC1 lattice it will be very
difficult to release an electron from ‘one of 'the ions

. of which the lattice is composed. For this only a
* CI -ion can be considered, since the ionisation of
the K *ion costs 44 €V. It still requires rather a lot
of energy to remove an ;ele(':trQn from a C1~ ion,
‘owing to the fact that, as we have seen, the electro-

-

static binding forces stabilise' the state where the

binding is brought alfmit by’ ions. Consequently,
“we have t6 supply not only the energy required to
release an electron from CI~ (3.6 eV; see above)
but also that required to overcome the electro-

K
F] 1
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*, whereas the top.one is “unoccupied”. This way of expressing -
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static forces originating in the surrounding lattice,
whereby the attraction from the adjaceﬁf positive
K+ions predominates. The potential energy of an .
electron in the position of a Cl17ion as a result of -
the electrostatic lattice forces is in fact — M-e?/r
or —8.0 eV. In stoichiometric . KC1, where the
electrons derived from'. the potassium atoms are
‘bound by just as many chlorine atoms, and in
general in ion lattices of stoichiometric composition,
the enelzgy required to release electrons from> the
negative ions is.therefore considerable, with the
result that these substances are not coloured and
show ‘no electronic ,conductiviy. We need.not, it
is true, supply the full 3.6 4 8.0 = 11.6 eV?) to .
remove the electron from the C1 jon out of the field
of the surrounding ions and to let it move freely
through the lattice. - S
Only 9.4 €V suffices, corresponding.to the afore-
mentioned absorption at 1310 A. Nevertheless, this.
is still a considerable amount of emergy. =

N

 The-consideration given here regarding the various states
of energy in which the electrons may exist in a KC1 crystal * -
might also be cast in a somewhat different form, seeking a.

. closer connection with the quantum-mechanical theory of the.

. solid substance. According to quantum-mechanics the energy
‘o'f the qlectron in a'solid_x cannot @ priori have all possible
values. Certain energy zones are “forbidden” for -electrons

™. while others are “allowed”, the latter being called “energy .

bands”. The situation is diagrammatically represented in -
fig. 3a, where the different shading of the three energy bxn}ds'
* indicates that the two lower ones are “occupied” by electrons,

the picture calls for some explanation: One must imagine
an energy band as being formed by a number of energy levels
lying very close together, According to quantum-mechanics
any two electrons forming part of the same system (e.g. & piece
of solid substance) can never have exactly equal energy?
In our case, expressed somewhat differently, this means that
each level in an energy band can only be occupied by at most
‘one electron. When all levels of an eriergy band are occupied ,
*. by electrons the band is -said to be “occupied” or “full”.
If no level in a band is' occupied by electrons one speaks éf
an “unoccupie}l” or “empty” band. Of course an energy band
may also be partly occupied (see fig. 3b). The conductivity of a
substance dependstipon the mahner in"which the energy bands. ,
are occupied by electrons. If all the energy bands are either *
fully occupied or fully unoccupied then as a rule the substance
i is an insulator (fig. 3a); if on the other hand there is an energy
band only, pal:'tly occupied then we have a conductor (fig. 3b). -
This is closely rélated to the fact that in"the former case a

2) For instance owing to the fact that the surroundings of .-
~ the remaining “positive’ hole” adjust themselves to the
- change, by which process a certain polarisation-energy is .
gained. Further, in the estimation it is presumed that in
. the conductive state the electrons are bound with a binding’
_energy equal to zero because on their way through the
-"lattice they are alternately located near K+ and C1™ ions.
In reality these electrons still have a certain intéeraction
with' thie lattice. The whole estimation given above is only
~ sapproximative. . ' N T
N . - s '
- ! AX
~ .
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ﬁmte in some cases large energy increase is necessary to pass’ . pOSItlons where they are naturally, not so strongly

‘an electron to a higher unoccupied level whereas in the latter

-~ case a practlcally infinitely small energy increase is needed.
’ ’Ihe position and w1dth of the energy bands depend upon the
"~ chemical composltlon and crystal structure of the substances 3)

. Flg 3. Dlagrammatlc representatlon of the energy bands of
electrons in a solid. The values of the electron energy E lying
between the values corresponding to the bands are “prohibited”.
All energy bands situated -below the three drawn here are

bound as in the C17ions. Regardmg the nature of
this state” of binding, which must exrst both “in
KC1 discoloured through heating in potassium -

~vapour as well as in photo-chemically discoloured

KC1, the following picture has recently been formed
(J. H."de Boer,-Mott).”

If an excess of potassium is mcorporated ina KCl
crystal this is probably not brought about by the -
K* jons formed in the lattice finding their place

. between .the normal lattice ions. Schottky and -
_ others have made it plausible that also a st01ch1,o-, .
~metric_KC1 crystal contains a number of lattice

. Xtions, the excess of K +ions belnglocated in normal

5

fully occupied by electrons and all energy bands above those -

drawn are unoccupied. In case a) there, areno partly occupied
~.energy :bands; the two lower bands are entirely occupied -
, (cross- -hatched), the top band is unoccupied (shaded); the ma-
- terial is an insulator. In case b) there is one ‘partly occupied .
energy band (the middle one): the material is a conductor

«

. (eg ametal) S <.

’

In th1s article our- conslderatrons have been based on the
slmphﬁed ‘picture that the KCI lattice is an ion lattlce In
this picture the electrons’ that can be released at the. lowest
possible cost:of energy belong to the €1 ions. Also accordmg
2 to quantum-mechamcs such a picture is very near the truth for

a strongly polarised substance such as KC1. The energy state of

. the electrons bound ‘in the C1™ ions therefore corresponds to

* that of the hxghest occupied band of KC1. The'state of electrons

whlch by the addition of an amount of energy of at least 9.4-eV

have been released from these C1™ ions and are more or less

free to pass through the lattice corresponds to the state of the

lowest unoccupied band. The position of the bands in'stoichio- )

"' metric, KC1 is diagrammatically represented in fig. 4a. At
_absolute zero temperature all electrons are in their fundamental
state, and since all C1™ ions are complete the band 4 is fully
occupied. Consequently there are no electrons in the ‘excited

- state .and the energy band B is completely
distance between these two bands is so great that even at -

‘ .room temperature only very few electrons pass from band A
to band ‘B

»
K

In potass1um chlonde contalmng an ‘excess of
potass1um the. extra. electrons derived - from “the'
. excess potass1um atoms have to ﬁnd room- in other

) 3) Con51derat10ns about énérgy bands have also been apphed
in this periodical for explaining the behaviour of blocking-

layer photocells (see Philips Techs. R. 8, 56, 1946) and of
luminescent . materials (see Phlhps Techn’. R: 6, 349, 1941)

\
f

‘empty’’. The .

‘“lattlce defects™... =~ ..

defects in ‘the form. of unoccupied places; K+ ions
and Cl7ions are then missing in equal numbers

= ( ﬁg 5a). In non-stmclnometnc'KCl with an excess

of potassmm there are more Clions mlssmg than -

lattice pos1t10n' the' extra electrons from the atoms -

. having been introduced into the crystal will prefer-

ably occupy the position of the missing Cl7ions.

_(fig.-5b). The above mentioned’energy of 2.2 eV

is the energy bmdmg the extra electrons of these

‘When a stoichiometric KC1 crystal is 1rrad1ated ‘
w1th X-rays or ultravmlet light the result is that 'f, s
an electron is  taken away from some of the C1™ ions; '
these released electrons will again preferably

occupy the places of the missing Cl 1ons, so that

¥ - \ ¥ 1
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- ~ ’
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F1g 4. Slmphﬁed ’dlagram of énergy bands . ’
. @) in the case of stoichiometric KC1 with a crystal lattice .
without defects and therefore not coloured (band Ais entn'ely
occupied, band B is empty);

b) in the case of KC1 with lattice defects, i.e. holes (cf. ﬁg 5).
In’ this case there is a new and very ndrrow energy band C,

drawn here as a sharp level; if the XC1 is non-stoichiometric - -

or has been irradiated with X-rays then band C is partly
occupied and the crystal has a violet colour. Through exposure - .
to yellow light or through heating, electrons may then pass’ -,
over from C t¢ B, the latter then becoming partly occupled

thus making coloured KC1 a conductor, ¢« / ot
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the bmdmg energy of these electrons is again 2 2 eV
(Bg. 50). -

_ The d1ﬂ'erence between KCl coloured by X-rays
and KC1 coloured by heating in potassium vapour
consists in the fact that the former contains in.addi-
tion to ions and extra electrons also neutral chlorine
--atoms, namely in the places where a chlorine ion

~

i - of the lattice has given off an electron under the

" the 'vc‘olour of KC1 that has been _eoloured by X-,favs'
AS :‘i - | ,;\ s “ '. Q ‘
8830508 08080
90002080 - ®O8O®
02000008 . O8O
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- matter of fact for the potentlal energy of an electron |

,mﬂuence of the irradiation. For this reason only,

o . - 'in the position of the C1~ hole.
AR s

. . \
- - e - -
; . . . : . . kN
A ’ - . . - o
. . \ o -

w1]l fade agam when heated or 11'rad1ated w1th hght
from 1ts 'absorptlon band of_ 5600 A. It is only in
" this case that the electrons that have again been ;

”‘ released have an opportunity to move into the -

free places and -again form’ chlorine ions. .
«From'the estimations made in the foregomg it

< follows that the positions where Cl ions are missing

v

" are mdeed well suited to hold an electron As a

.in the centre of the Cl-cavity we again find —1.75 -

PHILIPS TECHNICAL kEVIEW oL L -

. . Flg ‘5 Dmgrammatlc representatlon of the structure of KCl

" . " a) stoichiometric KCI with lattice faults, i.e. unoccupled pOSlt.lOllS “(in the ﬁgure orne °
- %"~ . K+ hole and-one C1~ hole have been drawn). . ) )
O )] JKCI1 with an excess of potassium; the atom introduced into the lattlce sepnrates into - R

: o .a K+ ion, so that the K+ hole becomes occupled and an elect.ron (e) whrch is sltunted . L=

Stoichiometric KCl irradiated with X-rays or ultra-violet rays; “the elect.ron thereby' I

* separated from a CI~ ion (at the K+ hole) comes to lies in the C1” hole. -* .-~ ~ .

- In the process of discoloration (due to excess of potassium or to irradiation) as a rule .
the holes shift to different positions, For the sake of clarity tlus has not been taken

" into ‘account in the figure. - . ..

[ " -
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"One may look for some connectlon wrth the quantum-

R 1947"

)

mechamcal consnderatlons introduced - above concerning  the .

" energy bands in solids also of non-st01ch10metnc KCI1. A
dlagram of the energy bands of KCI crystal coloured through
an excess of potassium is given in fig. 4b. At absolute zero
temperature all the extra electrons in such a crystal occur in
the energy band C. This energy band may also be present in
stoichiometric KC1 but there is qulte unoccupied ~ (unless
electrons pass into it from band 4 through irradiation with
X-rays). The only condition for the presence of band C is

the presence of unoccupied positions in the crystal lattlce

of KCL. = ., P

B

@
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@
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.’. ~ . .-

s
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Smce the extra electrons in coloured KCl are rather g:reat
distances apart and thus influehce each other very little, they

band C is very narrow, almost a sharp level. The photo- .

conduct1v1ty caused by irradiation with yellow light or the_
. conductivity arising from the heating of the coloured KCI
" to about 5002 C is interpreted in this system *of bands as a
consequence of the fact that a number ‘of electrons are passed

, from band C into the unoccupled “conduct1v1ty band” B

I P "\';'

The esthatlons given here for the energy of the

e2fr = —8.0 eV. Actually “the potent1al ‘energy / various states of the electrons in the lattice .of the

‘in’ the cav1ty is very much less negatlve, owing -
" to the polansatlon of the immediate surroundmgs
" (¢f. note ). Moreover, the’ electron retains some
degree of movement, 80’ that it does not’ always
> remain in the centre of the cavity, and possesses a
certam kinetic energy: Consequently the resulting
“energy lies approxrmately 2. 2 eV lower than that
“of the conductmg state e :

! - : N

-

alkali halogemdes could be replaced by more
.accurate. calculations, so that it ‘may be said tha't

. will all have approximately the samé energy, in other words .

N

-

‘our knowlegde and understanding of the conduct1v- )

ity phenomena in ‘the alkali halogemdes forms a A

more or less complete picture. Regardmg other, .

" cases, such as the technically so much more 1m-

portant oxidic semi-conductors, the theory has not -

", been. so far developed because in- these cases

o

d
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" quantitative calculations-are much more difficult.’

Nevertheless, the phenomena are very' simil'ar.

We can now look somewhat more closely into the experiments

descr1bed in the foregomg, where the colouring of non-stoi-

v chlometrlc KCl dlsappeared from the crystal under lngh
1 temperature - ‘,

At the temperature of the experrment, owing to thermal

#+  movement electrons are continuously changed from the weakly

- bound state (in “C1™ holes™) into the conduct1ve state. Under

Ty

the influence of the electric field they will in’ course of time |

_assume on the average a directed movement towards the posi- .
tive electrode. Sometimes they will ‘thereby - again be caught
in empty' “Cl”holes”, and after 'a certain: time again be .
released, .and so on. Upon reaching the positive electrode
they w111 “ultimately dlsappeur into it. If the contact with
:V the negatlve electrode i is a very, good one then electrons will’

. to the crystal. The passage of the current can then only be
h\ reglstered by the current mtensny observed 'Ihe crystal
) remains - coloured. B T
. “The phenomena- descrlbed in the exper1ment occur when the
contact at the negative electrode is incomplete, thereby makmg
- it difficult for electrons to. pass from the electrode to the crystal.

r <

sma]ler conductn ity than a coloured: KCl though it is not

‘ entxrely zero owing to the fact that at the temperature of the .

, experlment "KC1.has a.small electrolyt1cal conduct1v1ty due
4 to the ions or, more probably, the ¢ 1on holes” already possess-
ing a -certain freedom of movement.

_coloured part of the crystal, 18 thus. maintained" by a stream
“of ions, the K+ ions collectmg on the surface on the crystal
at the negative electrode, where they are* dlscharged and form

——

~ free potassmm Since the whole crystal remains electrically

\

neutral everywhere, the quantlty’ of separated potassium is

"* equivalent to the quantity of electrons passing inté the other .
) Y
’ electrode The whole phenomenon therefore resolves itself into-
,the dlsappearance of the excess of potass1um out of the crystal N

.owing to électrons being given off to one electrode and’ the-

_ eqmvalent quantity of K+ i ions to "the other “electrode. It is

; thereby obsérved that the éxtra electrons and’ the vmlet

colour are'also locally connected one with the other, Tt may_

therefore be said that this expenment makes- ‘the movement
of the' conductw]ty electrons visible.

-
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Practlcal apphcanons ,

r . '

‘As regards insulating matenals the choice made
in practice is such that one_does not as a rule use
‘materials in which any dev1at10n from the stoi-

¢ chiometric composition readily occurs. If for some

other reason onme. should nevertheless, decrde to‘

[y

ELECTRONIC CONDUCTIVITY. ' - -,

‘ again be supplied there through transition from the electrode

. electrode and the coloured crystal: This laver has a much ..

The current, through
- gradually decreasmg with mcreasmg thlckness of the non-

f . .
«
. - v .
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employ such a miaterial ‘e must be careful to
. take the poss1b111ty ‘of such deviations into account
~As an example we might ‘mention t1tamc “oxide
used ‘as dlelectrlc for condensers, wb1ch matenal
- has to bé sintered by heating to a high temperature.
One of-the precautions that has to be taken in -
‘heating it is that the gas atmosphere\ and the

heat treatment must be such that the final product R

“shows no trace of a reduction to oxides of titanium

.'of a lower valency. The losses in a lngh frequency
altematmg field (dielectrical losses) in’ particular-
"are very sensitive to the shghtest dev1at10n from'
“the stoichiometric comp051t1on of TiQ,. Quantltles }
of titanium of a lowér stage of oxidation which
cannot be detected by cheirmcal means may mcrease

. the normal valie of the dlelectncal losses (tg 6
. several times 10~) by a factor of 10 or 100. meg

to the relatively easy reduction of TiQ, one is, _

- somewhat limited 'al$o in the use of this material
and care must be taken to_avoid any contact w1th

;.. A'thin layer of colourless KC1.is then formed between. the orgamc matenals -at temperatures hlgher than a s N
couple of hundred. degrees centigrade.. * .. ‘- .. .7

Just as the mtroductlon of potassium’ atoms (with

one electron more than the K *ions) in KC1 involves “

the introduction of conductivity electrons, with an
excess of titanium we introduce into the crystal
lattice of TiO, in some way. or other weakly bound

electrons which cause the conductivity phenomena :

1 One may 1magme -that part of the Ti**ions is
changed into Ti**ions by ‘taking up an’ electron,-
. perhaps, however, this conceptlon is too 51mple and -
the state of these bound, electrons may be compared
to that in coloured KC1. oy e

For the resistance matenals mentmned in the
begmnmg of this article use is in fact made of these -
very propertles of- some ‘oxides. These matenals
_ often contam, in addition to ox1des having insu-°

lating properties, also a certain” percentage of ox1des -

which' are- easily brought to the conductive state " _
or usually are already in that state. ~Apart from
titanic oxides also iron oxides for instance are used,
the conduct1v1ty of wh1ch is due to the’ presence
of Fe’*+ions, which again contain one electron more

than the Fe®*ions ].1keW15e present. We' hope to ..

deal with. -these matenals more fully . in . another
artlcle to be pubhshed shortly o e

s3 .
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The final processes in the manufacture of cycle dynamos are the running
in, the adjustment of the driving wheel (reducing the axial play to the
minimum) and the mechanical and electrical testing.

A number of dynamos, e.g. 24, are run in simultaneously. These are
secured to a large disc that can be turned into various positions. They are
all driven by a single wheel with a rubber tire of the same diameter as an
ordinary bicycle wheel and rotated at a peripheral speed corresponding
to the speed of a bicycle of about 15 km per hour. When the dynamo is
taken off the disc to be adjusted, another is put in its place, while at the
same time the disc is turned to the next position. In this way every
dynamo is run in for about 20 minutes, the adjustment taking only
about 1 minute.




1) the so-called selective 'fading ,and
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A ]NSTALLATIONS FOR IMPROVED BROADCAST RECEPTION

by P. CORNELIUS and J. van SLOOTEN
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Broadcast reception is often made unsatisfactory. through various-causes, the'most\ ‘im-
portant of which are: selective fading-effect and interférence from transmitters
on ne1ghbour1ng wavelengths, Thanks to the fact that fading-effect seldom occurs BT
at different places simultaneously, ; its unpleasant consequences can be successfully counter-

. acted by setting up receivers some distance apart (d1versrty recept1on) and connect-

: 1ng to the loudspeaker(s) only that one where the Teceptron happens to be best at the X

. moment An apparatus has ‘been worked out which brings this about automat1cally 7

- In practice it appears that three Teceiving stations about 1 km apart are sufficient, Inter- = *

- " .ferences from other transmltters can be counteracted by. applying dire ctronal\ SR
" reception with the aid of a frame aerial, preferably in combination with a normal antenna, - - . .

\ -
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' . . .‘ Thanks to the freedom from disturbances thereby attainable, the bandwidth of the re- - ""_ - .
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Introductlon

~ For, the. reception of the transmlssmn from a_
broadcastmg -station to be such that the - repro-
* duction of the music and the spoken word satisfies’
‘reasoniable demands, it is’ necessary that the field

of the transm1tter has a certain minimum intensity.

. This minimum field strength is determined theoretic-
“ally by the noise voltages !) present in . every
receiver and by the atmospheric and local dis-
turbances that almost invariably.occur. - . -

Anyone who regularly listens in, or tries to do 50,,

to the programmes, of stations ‘a great distance
' away may find that i in practice there are several
factors which often make a reasonably satlsfactory
' reception 1mposs1ble, even though the field strength

" is greater than the minimum ]ust mentmned The ,

causes of this are: . -
-2) interferences from other transmitter‘s:‘
" In the following pages it will be explained how
the effect from both these causes can be eliminated
by employing special methods of reception. Un-

fortunately these methods are still too compl*lcated‘
and too expensive to be applied on'a large scale

* by individual listeners. ‘On the ‘other hand they
are sufficiently simple and reliable to be used
wherever one is prepared to go to some expense
" to. get good reception of remote stations, as may

~ be the case in large establishments, such as hospit-

als for instance, where it is desired to distribute the

broadcasting programmes to.a large number of

listeners.
. We will now d1scuss separately the two above-
: mentloned causes of unsatrsfactory reception and

‘1) Regarding noise in receivers see e. g Phrhps Techn R
3, 189, 1938.° | ,

ceiving set can read11y be mcreased thus i improving the quality of the sound. -Diversity )
" . reception and directional receptlon can \easﬂy be combined, The former, however, can ~ e r
‘ only’be consrdered for installations servmg a large number of listeners. . - P

.
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1ndlcate how they can. be rendered harmlecs
Although these methods differ for the two ‘causés,
it will be seen that there is in pnnmple no ob]ectmn »
against their being comhlned Ainto’ one system of
receptlon U TS e :

Selectwe fadmg and 1ts counteractlon -

It.s a well known phenomenon fthat after n1ght- -
fall several distant broadcasting stations-can be
rece1ved which durmg daytime can hardly be heard at-
all. This is connected with the fact that the propaga-
tion of rad10 waves, particularly over long dlstances,
depends a great deal upon the state of the 1on o-’

"in the atmosphere where, owing to the. mﬂuence of

the ultra-violet radiation from the sun, lomsatlon
‘takes place and one or more electncally conductmg

layers are formed ?). When radio waves- of a suf-

ﬁcrently large wavelength strike this‘layer at a
favourable angle of incidence ‘they are diffracted ~

back to, earth. In thé course of a period of 24

hours the condrtlon of the ionosphere shows a
periodical change owmg to variation in the radiation
from the sun. As a consequence in the evenmg
conditions-are favourable for brldgmg long distances,
particularly by means of the wavelengths of 200-600 -
metres. - .

Besides these diurnal vanatlons (and others of
longer periods) there are much more rapid and less
regular changes in the state of ionisation. These
changes affect the phenomena of, interference
arising from the fact that the waves from a trans-
mitter may reach a receiving aerial in two ways,

5 A comprehenswe article on the radio mvestrgatron of the

- sphere. Thejonosphere is a region at a great a altitude -

1onosphere appeared in Philips Techn. R. 8, 111, 1946. )
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s part1cularly s6 when the field strength of the carrier -- £
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‘either one way via the earth’s surface and one via’

"the 1onosphere, or both via the 1onosphere Owing
" to the irregular changes just mentioned.in the ionic
densrty of the 1onosphere the maxima and minima
of mterference are continously changing, and this’
mamfests 1tself in a receiver as a’' continuous
~variation of the field strength. This is what is
known as “fading”; ‘the phenomenon occurs on
wavelengths of 200-600 metres only at night and
,during twilight, because it is only ‘then that the

' ionosphere aﬁ'ects reception. v

As long as the paths along which the waves reach
the aerial show differences in length only of the °
“order of the carrier wavelength the fadmg effect
oceurs. simultaneously for the carrier wave and for
‘the side bands. As a consequence of the automatic
volume control usually present in a radio receiver
this -is little noticed. It becomes a- more serious:
matter when the said dlﬂ'erences in the paths
assume magmtudes of the order of wavelength

correspondmg to the -audio frequenc1es of the

- modulatlon Then, the’ fadmg is highly select1ve,

N

that is to say it depends to a high degree upon’the . -

modulatlon frequency. Consequently for the com-
. ponents’ of the frequency spectrum emitted by a*
broadcasting station the transition at a certain
moment may be greatly different. This is apt to
lead to serious distortion of the s1gnal and

- _wave is too low’ compared with. that of the side

bands, resulting. in so- -called over- modulat1on
This is the cause of speech 50 often hecommg

quite unmtelhglble Jeg
, This undesirable phenomenon of select1ve fadlng

s canin pr1nc1ple be reduced in two ‘ways. One method

- ‘apprec1ahly improved. . P
The second method, wluch is slmpler and- also

. cons1sts in art1ﬁc1ally amphfylng the carrier wave '

in the receiver; but, apart from the fact that this -

_ is technically rather complicated  and expensive,

it ‘has proved to be inadequate, though undoubtedly
the average quahty of reception can- therehy be

-~

“more satisfactory, is based on the fact that the -
fading varies considérably not only with time but -
also locally; it is fourid that receivers set up some -
distance apart and tuned in to the same transmitting
station are- seldom troubled with selective fading .
at the same time. The prmc1ple ‘of this method,
. therefore, lies in a 'mutual ¢ comparison of the signals -

~in two or more  such receivers and an automat1c

selectron ‘of the best s1gnal Tlus 1; known as
diversity’ receptlon B -
Expenments carried out in Phlhps Lahoratory

.in 1939 demonstrated tnter alia, that by a combm-

"w . .
"’., 4 ~ S A b
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ation of two receivers about 800 metres’ apart the

_ receptlon of a transmitting station greatly subject

to selective fadmg (wavelength 450 m) was so
much 1mproved that little trouble remained.
When the number of receiving ‘stations was extended

" to three, at a greater distance apart (about 2-km),

selective fading Was scarcely noticeable at all. The
quality of reception was thereby improved from
“very badly disturbed” to ‘‘very good”.

Although a combination of diversity receptlon'
with the aforementloned carrier wave amplification
is poss1hle and theoretlcally may yield still further .

‘ 1mprovement in our. experiments the1e was little

evidence that such is desirable, a sat1sfactory

- 1mprovement being already posslhle .without any

such techmcally objectionable comphcatlon o,
After these general remarks we will now describe _
briefly how the method of diversity reception was
carried out technically. In each of the three rece1v1ng
stations (I, II and III in fig. 1) there were two -

[t
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F1g 1. Block dlagrnm of a recelvmg system practlcnlly free
from selective fading. I, II and III are separate receiving -
stations (at distances of. the ‘order of 1 km apart), each ‘with
two receiving sets, 4 and'B, the outputs of which are connected ,
‘via -transmission  lines with a* ‘switching  apparatus C at a-
central point. The receiverssA- are high quality sets. At D
a loudspeakef or L.f. amplifier is connected. Of the three sets 4,

. the one where. the greatest field strength of the desired trans-’

mitting station is réceived is connected to D hy means of C.
This field strength is measuréd by the simple receivers 'B,’,
whlch supply ‘the result to C in the form of a dlrect voltage.

receivers, a spec1al hroadcastlng receiver (A) of
high quality and y1eld1ng a Lf.. signal of ahout
.1 volt, and a simple broadcasting receiver (B)
" from which a rectified voltage”was drawn to serve’
as measure for the local signal strength (Of course *
-both voltages could - also be taken from a single -
-receiver specially deslgned for the purpose.) The
. two voltages — the 1.f. s1gnal and the reétified vol-' _
tage — were carried through conductors of the local o
telephone "network ’ to a- central rece1v1ng pomt W

. N . .
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o
'was set up, connectmg to the output terminals
whichever Lf. signal corresponded ‘with the highest
rectlﬁed Voltage, thus -the one coming’ from the_

FORN

of this switching unit is _given in ﬁg 2.

.
v

rece1v1ng station where the field strength happened
< to be greatest at the moment. A schematic dlagram
Brleﬂy this switching system works as follows:

. Three triodes (or pentodes), Ty, T, and Tj, edch contam

] 57
where a’ SWItChmg unit (C) prov1ded with relays - of, the valves have a’high anode current and one a low

_~in the anode circuit:the coil of a relay (Rel, Re;,” Reg) and an
anode’ resistance (Rqy, Ryy, Rag)s the triodes are fed via a com-
-~

~

current, There can only be stability in a condition where one

anode- current has the full value and the other two are as
good as nil 3). Which valve receives anode current is deter-

anode
mined by the voltages which the receivers B (fig. 1) pass to the
terminals By, By, By and which increase with the local field

at a certain moment the field strength is greatest at station I,

The voltage on terminals By is thus higher than that on

+Bj and +Byyy, and via the diode D, it passes almost entirely

also across the resistance Ry, thereby preyenting any.current

across the diodes D, and Dy from the lower voltages By and Byy;.

Therefore +Bjr has apprommately the- potential 0 with

strength of the transmitting station required. Suppose that
mon cathode resistance Rk from a voltage gource the poles of + respect to —b; +BI and +BHI, however, have negatlve

"Dy

Rd

___L—rU'lJ"

0

are connected-to the receiving sets B

”~

~

Fig. 2, Dmgram of the sw1tchmg apparatus C of ﬁg 1. The lines from the recelvers A
which are --b and —b. Between the anodes there.are three

(ﬁg 1) are connected to the pairs of terminals A, 47, Ajry, one of which can be connected
poles .of the anode voltage source.

equal, centre-tapped, delta connected resistances (RI,RZ,RS),

hl N
via the contacts of relays Re,, Re, or Re, to the output terminals D, Which pair of terminals ~
is connected to D depends upon the direct voltages on the terminals B 1. B1r, BHJ, which
grid bias of the triodes T, Ty, Ty; Ry, Ry, Rgs = current ad]ustmg remstors, +b, —b
, the grids are connected to the middle of the “opposite sides”.

Assummg for the moment-that the pairs of terminals B I BH,
‘Byyr are short-clrculted then the grids are at the same time

N
) t
~b
.. eass
4 ) - ‘I
(fig. 1). R = cathode resistor for automatic negative PR
3 . .
potentmls As a consequence T2 will carry anode current,
while T, and Tj are dead. Thus Re, connects the receiver A
of post IT with D, , while the receivers 4 of posts I and IIT
remain out of circuit. If later on post IIT should have the greats
est field strength then the anode current_passes from Tz to
connected to —b via the equal resistances Ryf, Rgz, Ry and Ty and Aqgp is connected with D by means of Re,,
the resistance Rj. Consulenng the symmetry of the circuit,
one would | expect the three anode currents (ays tags laa) to be
.equal, This situation, however; is unstable, as may readily
be understéod when supposing, for instance, that i,, exceeds
. somewhat i,, and i,y in R, and the coil of Re, there will
- then be a greater wvoltage loss than in Raz, etc, the anode ‘of
T, gets a lower potential than the.anodés of T, and T, the
- centres of the resistances R, and Ry (to which the grids of
Tz and T, are connected) likewise drop in potential, so that
laz and i,4 will decrease, thus i mcreasmg the initial asymmetry,
and so on. In a similar manner it may be seen that it is not
. -

possible either for a situation, to continue to exist where two

It might be feared that the brief interruptions

(a fraction of a second) during the relay action
and the inevitable small variations in the sound
perceptlble at all.

volume would be troublesome, but in our practical

-experiments it appeared that this was hardly

see also Elect.romcs 12, 14 Aug. 1939

3), A similar circuit but for only two valves has been given

by Eccles and Jordan, Radio Review, 1, 143, 1919;
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Counteracting interferences from other transmiitters

_Nature of the znterferences

Another source of drsturbances often’ making
reception very unsatisfactory lies in the transmitting
stations working on- frequencies in the neighbour-

hood " of the frequency of the station. -wanted.-

" These interferences can be d1st1ngu15hed as 1) a

. - whistling or, at times, a humming note, 2) the so-

called cross-talk, and 3) side-band interference.

. Whistling arises when the carrier wave signal ’

from the interfering transmitter -is msufﬁcrently‘

suppressed by the- ‘tuning circuits of the receiver;
the frequency of that note equals the difference in
frequencies of the station required and that causing
the disturbance. Cross- talk occurs, for instance,
when the carrier wave and the modulation of the
_disturbing ' station reach the detector in strength;
the speech or thé music from that station is then --
. heard coming through the programme to which

ference is understood ' the mterference with a
frequency lying between the frequency of - the

': one is tuned in. Fmally by side-band inter-’

disturbing side-band and the carrier-wave frequency -.

half this interval with their modulatron frequency
T (eg- to 10000 c/s),- and’ consequently at Pplaces
where their ﬁeld strength is hrgh they are apt.to

_in to a station on an adjacent wavelength

“In ordei to reduce these disturbances one often
"has- recourse to a diminution of the bandwidth -
passed through, in the high’ and medrum frequency

parts of the receiver with the a1d of tumng circuits

or band-filters, and in the low frequency part with
.a tone-filtér, both of these means being ad]ustable

within certain limits. Obviously this- 1mphes ‘that.

. the high notes in the programme from the desired

—

stat10n are suppressed or attenuated
In good .radio sets the ‘sound reproductlon is

umform up- to frequencies’ of max: 5000-6 000 cfs. .

(a compromise between .quahty of reproductron

~ and the number of broadcastmg ‘stations workmg
o srmultaneously in a certain range). “Most hsteners,

: a) The szngle frame aerial ~

however, .adjust’ by ear their bandwidth and tone -

controls in such a way that frequencres above say
1500 c/s are already considerably attenuated. The
music then sounds muﬁ'led and speech is not- clear,

,’A - . i -
4
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., cause s1de-l)and interference in. receiving sets tuned-

. 1947
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80 that they then try to remedy this by mcreasmg
the volume, sometimes to the annoyance of others.
The less the frequency, drﬁ'erence between the
station desired and the mterfenng station, the more .
serious these " troubles become o .

Recewzng antenna with dzrectwnal e_ﬂ'ect

Interferences arising from other stations than the -
one desired can be reduced much more eﬁ"ectlvely'
— and, moreover, without, sacrificing quality . of .
sound — by employing directed reception. For
‘this purpose antennaé or combinations of antennae
are used which have “directional effect”, that, is to
say-those which are more sensitive to signals from -
certain directions than to those from other directions.
'The :antenna system is mounted or adjusted in
such a way that its “sensitivity” is great for signals
coming from the direction of the station desired
and small for those coming from the direction -of
the mterfermg station. This method only fails in the
rare casewhereboth stations lie in the same. direction.

- Preferably one would like to. use an aerial system -
that receives signals from. one d1rectlon only,. or’
‘at least from directions at small angles from each.

«

- of the desired station; this results in an unpleasant » other in the honzontal plane. Such antennae with
‘ unmtelhglble, hissing noise, called “51de-band splash” :
) ¢ monkey-chatter .
Intervals of 9000 ¢/s_are prescnbed for the -
,4,\ carrier’ wave frequencies. of broadcastmg ‘stations »
.” on the medium and long wave ranges. For the sake -

_.of sourid quahty many.stations go much higher than’ ‘

“sharp d1rect10nal effect” are possible, but their -
"dimeénsions are greater than the wavelength to be.
received, so that generally they can only be used ~
“on the ultra-short wave range. For the ordmary.\
broadcasting wavelength (200- 2000 m) the dimen- .
sions and cost would be proh1b1t1ve, the more so '
_if it should be necessary to turn the aer1al system
in "the directions “of “the _ vanous transtttmg
“statioms. , e’ <N :

.For the broadcastmg range in questlon, therefore, )
" antenna systems for directed reception must be
.used which are of small dimensions compared with -
the wavelength This means that oné has to be
satisfied with antenna systems ' having such a ‘"
directional effect that little or nothmg is prcked up
“of transmissions coming: from one or'two directions
(according- the system employed),.and for. that -
direction (or directions). one.chooses. _that of the -
interfering station(s). Such systems are: a) the frame ¢
.aerial, and b) the frame aerial in combination with
an ordinary antenna. We will now consider these
two methods’ of d.u'ectronal receptron more closely

e

q i

Y . : v’ -
- The magnetlc field strength of an electromagnetlc
wave (of not too small wavelength) propagated

- along the earth’s surface is directed horizontally -

and perpendlcular to the direction of propagation «
of the wave. A frame aenal responds only to that

\.
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component of the magnet1c f1eld that is perpen- - “Here we w1ll bneﬂy ment1on what is referred to °
‘dicular to the plane of the frame This component, ° as night effect (so cal.led becalise it comc1des

. therefore, disappears ‘when that plane is’ perpen-  with fading effect, which occurs “mostly at mght)
dicular to the direction of the transm1ttmg station. - This manifests itself in the phenomenon that in -,

-, If'the frame.is rotated- around a” vertical axis «moments of fadJng the” signals from a transmitter
.~ (other axes are not to be cons1dered at’ all here), -sometimes appear to comé from directions deviating
then we get for. the amphtude Va of the voltage . more or less from the actual direction of the'station.
" excited by the magnet1c field the honzontal direc- Even if the recept1on ‘has been cleared of d1sturb1ng

" tional dJagram represented in fig. 3, wh1ch can be s1gnals by tummg the frame aerial the nght way

~

expressed by the equatlon e in the absence of fading, those s1gnals may come . . -
A Vv, = Y, cosa‘: “,‘ :' . (1) Ehrough again_as soon as fadmg effect ocdurs.
o . onsidering the great irregularity in the occurrence -
- V'in which a is the angle+of the plane of the frame of fading effect there is little sense in trying to -
" aerial to the direction” of the transmrtter, 1f it.is correct the pos1t1on of the frame. Tdken on an - %’
e turned m ‘that direction .(a = = 0) one gets the average,’ the d1sturbance-free pos1t1on, determmed
-max1mum amphtude V0 ‘_ S whlle fadlng is al)sent is best." ,' ‘ e B s

.- S P .
- N N B ’

T b) Combmanon of frame aenal and an ordznary
. antenna, cardiodal and cycloidal recepnon oo

’

] ~ . When_ the station des1red and. the mterfenng
.2 . station lie"in approx1mately opposite directions
- . . with respect to the receiving station, a frame aerial °
' alone will not sufﬁce, but now a combination_of a ;
R - frame-aerial and an ordinary antenna can be used R
) : eerr > S j ~ as will be explamed in the following.” = . - ’
. FI‘flgdS Horizontal directional dmgram of a frame aerial (R). Let us suppose -that a fransmitter - -may again-
/ enotes the voltage,excited in the aerial by a transmitter - .
whose direction is at an angle a with the plane of the frame. excite a_ Voltage with amPhtUde V in the frame *
This voltage becomes ¥, when a = 0. The circle marked + . gerial _turned in its direction. A circuit connected -,
is for waves coming from the right, that marked — for those .-
commg from the left , .. ..., . toan ordlnary antenna “likewise mstalled is adJusted
ey . : - -7 .in such a way that the transmittef excites a voltage
e From ﬁg 3 1t is to be seen that when turnmg the - "V} also in that antenna The two voltages can be ...
. frame 360°. there are two sharp minima in the added together so as to give an amplitude 2V,.
strength of reception. Tt is to be supposed, ‘therefore, Upon the frame then being turned 180° the’ phase o
that by employing a frame aerial one could elim- - of the voltage is reversed, so that the frame aerial .
‘inate entirely the mterferences from an outside voltage -and the ‘antenna voltage neutralise<each ~
. station, prov1ded the dJrectmn of that station = other and no signals of the tranmitter in question -
‘- makes an angle with the direction of the’station - remain.\ Receptmn from -other -directions is still
desued which does not differ too much from 90°. possrhle, the equation for the combined voltage :

. <

Th1s, however, is only correct if steps have been Vres is: " - 7. N Ll -
‘taken to attenuate sufﬁclently the'so-called antenna . ) ' Vleg — 'V ‘(1 + eos' ‘a). . f (2) -
+effect of ‘the frame ‘); some of these measures will .
" be mentloned later on. - T ~ . This equatlon is" represented by the heart-shaped
. R .77 s 7 curve 'of fig. 4, from which the term card1odal

By~ antenna effect is understood the phenomenon that receptlon is denved

unless the said measures are applied the frame aerial may I the forégoing it has ‘been tac1tly Supposed
. funetion smultaneously also as an ordinary or capacitive

.”*antenna That is to say, also the electric component of an .that the voltage of the fl‘ameo aenal a;nd that ‘of -
electromagnetlc wave may exclte a voltage in the-frame - the ordmary antenna differ 0° or 180 m phase
".. regardless’ of the direction of the frame. In the dmgram Actually, however, there is between these two a.
this finds expression, i.a. in the fact that the minima phase dlﬁ'erence of 4+:or —90° Tt is therefore .
" become less deep (thus no- longer nil), so that a certain amount necessary to mtro duce a device that changes the -
“of 51gnal “of an mterfenng station always remains. In the h f th 1 £ 90°.
artxcles referred to in”footnote 4) it is mdxcated how this - PRase ‘oi the antenna Voltage .1or mstance
_antenna effect is best avoided. . - - " This device can be combined with an amplitude
. 4_) M Ziogler,  Philips Techn, R. 2 216, 1937, and P. control by means - of .which, the .antenna voltage ‘
Cornehus, Plnhps Techn. R. 7, 65, 1942. , output can be adjusted to “the “right value. An

e
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_ .example of how this can be doné will be given
.. farther on, c- o
As may be seén from fig. 4, the directional
diagram for the method described has one zero
direction. By a slight modification, however, it is
possible to get two such directions making any |

-

w8418

Fig. ‘4, Directional diagram for a combination of a frame

aerial R (circles + and — with diameter ¥, cf. fig: 3) and

_an ordinary antenna without directional effect (large circle, |
. radius V). If ¥, is made equal to ¥, and steps are taken to
', ensure that ¥, and ¥, are in phase or in counter-phase as the ,

PHILIPS TECHNICAL REVIEW .=~ .
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Va/ Vo = —cos a. Supposing that this condition is
always satisfied, it can be ascertained what value
of a yields the strongest signal of the station desired.
For that purpose the plane of the frame must

'be perpendicular to the line bisecting the angle

1947 -

between the directions of the two transmitters, as.

_ demonstrated by thé/ foﬂowing calculation.

Infig. 5 ~qulenotes the angle between the directions

of the desired station (I) and the interfering station™ *

(II)..,‘The" frame is set in an_arbitrary position . '

where its plane’ forms an angle a with the direction
II. Tt is required to ascertain the optimum valve of

a, that is to say'‘the value which combines complete

.

suppression of thqril‘lterferences from II with the

strongest signal from I. .
. If we use V'’ for the amplitude of
excited by the interfering station IT in the frame -
aerial in the position given, and -V, for that

amplitude when the frame was directed to II, then

according to equation (1) we get

Al N
Vo' = Vg cos a. o

[ “ -
,

case may be, then we get the heart-shaped diagram (cardioidal * WT'he O}diliary an-ténna‘xy"ield's av Oltége V,:" aefive d

reception): A signal ¥, + ¥, = ¥, (1 + cos a) is obtained
from dixecticfn L nothing. is received from t}irection' II. \
desired angle, simply by making the amplitude
" 7. of ‘the antenna ‘voltagg Vs smaller than that of
- .the maximum voltage V, in the frame aerial. The .
Y directional diagram then obtained is an extended
s epicyc.lo.id,‘ and for that- reason this -system is
- referred. to. as cycloidal reception (the eardiod "
is a special casg of the epicycl'oid)i The directions
from which noihing comes through, + amin, then
i« follow from : BRI R

e N

T Va + V, 9ps”al}ﬁn =0...

- @)

Y

angle between the directjons of two interfering
. - statioms, it is in this way theoretically possible to.
- - suppress the interferences from both of them.

In practice it-is’ not quite K so simple : to suppress

two interfering signals. As already stated, one must have a

_ device for derivig from the antenna voltage a voltage shifted

< 90° The phase displacement obtained, however, is more or
Tess depeﬂdept\ upon the frequency, and as a rule the two .
interfering stations will not be working on the same frequency.
We cannot here enter upon the complications arising if one
nevertheless tries to make’ the phase displacement 90° for
each of .the stations, as is mecessary for reception free from _
interference. : . : :
’ oL P N

) . . ) Lo \
.. Reverting to the case of one interfering station,

", .we may add thataccording to equation (3) the inter- o
. fering signals can be reduced to zero also for any -

» " arbitrary position a of the frame, by making

s -

h

-

By turning the frame so that its plane l_)isects"the oo

from IT and adjustable in size and phase. We
assume that V"' is always adjusted in counter-phase

the voltage ‘

to V.. The condition necessary for eliminating -
. . N Lk s

.

interferences from IT is then .

N . ) . VVa

" -

/,

Now in order to find the vélue‘of o ;Vhi_ch not only-f ‘

V=V cosa .. : . 4) .+

satisfies_(4) but also" yields the_ strongest signal |

(S, X )

<.

\ S
\g vear9

pd .
Fig. 5. The directions of the desired transmitter (I) and ‘the
interfering transmitter (II) make an angle @; the plane of the
frame aerial forms an angle a with the direction II. The
optimum reception, with a combination of the frame aerial
and an ordinary antenna, is obtained when the plane of the

“frame is perpendicular to the _bisectrix of the angle ~¢@

(a = 90°—7; ).

~

.

from ‘the station I we make use of the fact that

AN

N

in an electromagnetic wave — i.e. in a field of |

_irradiation at a sufficiently great distance (e.g..

more than 10 wavelengths) from the transmitting
antenna — there is a fixed relation between the
electric and the magnetic field strength 5). Since

rationalised units are used with abselute volts and amperes,
~and the said field strengths are therefore expressed in
V/m and A/m respectively. .

) In a travelling wave ‘the ratio of the electric to the magnetic -
field strength is -equal to 120 = s 377, if Giorgi's
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“the ordmary antenna ‘responds to the electr1c
component of the wave and the frame aerial to

" the magnetic component, there is therefore the

same relation between the voltages set up by

IMPROVED BROADCAST RECEPTION R

o6l

. In ﬁg 6 we have plotted the results of (6) (7) and
(8) — omitting the factor 2V occurring in all - -
three’ — as functions of the angle ¢ between the

d1rect10ns of the two stations. As will be seen, the -

. different transmitters in ‘the ordinary antenna and card101dal reception is- better than that v\<1th the

. N " . ] V/ Vo”' ‘ ()

-

‘maximally in the frame aerial. By introducing for
* the voltages derived from the desired station I
. the symbols V', ¥V, and Va, with the same’
s1gmﬁcat10ns as previously grven, then- we \Bet:

. ' N

-

Further, havmg regard to (1)
V,z = V’cos 3180°—(a+ P)t = ——V cos (a+ q))
Makmg use of (5) we may write for' (4)

; V" Yy cosa

“
=

The resultant voltage ‘of the desued statlon I
is therefore. .

Vr’es—V +V Vo’%—cos(a+q))+cosa$
. —2V sml/zq)sm(a—{-]/z(p) .

ThlS express1on reaches its maximum value for
Ca= 90° —, 2 viz: e
.: ) resmax_ 2 Vo sin 1/2‘7" . ( )
The condltlon a= 90° 1/ @ can also be expressed
as follows: in order. to get the maximum ‘signal
strength from the station I without. recelvmg any
d1sturbmg 31gnals from station II, using cyc101dal
receptlon, the frame has to be turned.in such a way" :
that it takes a position perpendicular to the line
(einfig. 5) bisecting the angle between the drrectlons
of Iand II. TN : " )
- On' the other hand with cardlodal receptlon
(frame turned in the direction of the interfering
station Il : a = 0) the magmtude of the resulting.
voltage from the des1red statlon T would amount to

res card = Vo (1 — cos ‘P) = 2 Vy' sin?/,0, (7)

which is smaller by a factor sin 1/2 @ compared w1th
the value (6). Therefore the two methods dre only ,
* equivalent’ when @ = 180°.

For the sake of completeness v we will now consider -

" the case where exclusively a frame aerial i§ used.
To make the reception free of interferences a must
be made equal to 90° (fig. 5), so that the plane

. of the frame forms an_ angle @ —90° with the
. direction of the desired station I. The latter thus
excites in the frame aerial a voltage Vo's given by:

< Va—V’cos(tp 90°)—
= V' sin ¢ = 2 ¥V}’ cos Y, sin ;0.

)

\ . . ! -

<

- ". © 1 . N -
- : k 5/7"'5-(9/,' . ST
e B T e R
e siq’i’-'fp )
o = 3 . -
. - ( Sin.¢

Q25— i
0 o‘- ‘o = Caan ot — 5 of . ‘ h . =
0. 30 9Q0° . 120° 150 180° . X .

. P vsa20

Flg 6. The resulting 51gnal of the desired station (omlttmg

the factor 2 V') is plotted as a function of the angle p between

the dlrecuons of the desired station and the interfering

statrons, for three methods of reception. The disturbing .

signal is in every case entirely suppressed: The curve 1/, sin g . -

(= sin !/, @ cos Y/, @) applies for a frame aerial alone, the )

curve sin® 1/, ¢ for cardioidal reception, the curve sin 1/, @

for cyclmdal reception, where, among others, the condmon.
90° —1/2 @ (qf fig. 5) is satlsﬁed : T

~ 1 T
framie aerial alone when the dlﬂ'ere'ncfe in direction
_@ is more than 90°% if it is smaller the reverse is the -

- case. The cyc101dal ‘method, where the frame is

perpendlcular to the bisectrix of ¢ (a = 90° —1/,9),

+is in every case better than the other two methods .
From fig. 6 it is to be. concluded that where there is
.only a small directional dlﬂ'erence @, there is little -
advantage in_the cyclo1dal method compared with -~
‘what can be obtamed with a single frame aerial.” -
It is: not to be forgotten, however, that with the ;. -
latter method any small anterina effect remaining -

* will make it impossible to suppress the interferences
entxrely Such is indeed possible with the former
"method, as als¢ with cardiodal reception, ‘which, .
however, accordmg to fig.-6 gives a cons1derably’
smaller 31gnal strength when ¢ is small. " - v

Description - of an apparatus for unproved broad-
castmg reception - e
The receiving ‘set and the. aerial couphngs

-

Philips have de51gned a special receiving set for -
“the methods’ of reception described . (type 4578,
fig. 7 ) This set is “characterised by a highly uniform
amplification in"a bandwidth adjustable in four” -
stages and extending to a maximum of 2 X 10 000
¢/s (thus much farther than is the case with normal .
‘broadcasting-receivers, where it would be of little
use owing to the interferences).

"There are some variations in des1gn of this model
design 4578/03 is specially constructed for cycloidal
‘and cardiodal reception. Fig. 8 shows how the first

- . - AN
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Fig. 7. Receiving set (type 4578/03) for cycloidal and cardioidal reception. On either
side of the station dial is a knob with which the signal from the ordinary antenna is given
the right amplitude and phase with respect to the signal from the frame aerial. Below
these knobs there is on the left the mains switch and on the right a knob which in the
position “0” switches off the ordinary aerial and in the positions “1” and “2” switches
it on; when changing over from “1” to “2" the aerial coupling coil is commuted, so that
the frame aerial need never be turned more than 180°. At the bottom, from left to right:
a meter indicating the position of the frame (scale 0-180°); two buttons for the motor
turning the frame (two directions of rotation); a double knob, the outer one operating
the switch for “medium wave” and “long wave’ and the inner one regulating the band-
width in four stages (to max. 2 X 10 000 c/s); on the extreme right the tuning knob.

h.f. circuit is connected with the ordinary antenna
and with the frame aerial; it is described in further
detail in the text underneath the diagram.

The frame aerial and its connection to the set

In order to reduce the “antenna effect” of the
frame aerial (see note %) two measures have been
devised: the frame (see fig. 9) consists of only one
winding, and the primary coil of the transformer T
(ig. 8) is earthed in its middle. This transformer is
necessary to step up the voltage excited in the frame
aerial and thus adapt the self-inductance of the frame
(which is relatively very low with a single winding)
to the capacity of the normal tuning condenser.
The coupling of the coils of this transformer has to
be very close. For that reason a ferromagnetic core
is used; “Ferroxcube” 8) is a very suitable material
for this.

As to the setting up of the frame, it should
preferably be located at some distance from the
receiving set, because of the local interferences
often transmitted by the mains to which the set
is connected 7). It is desirable, however, that the
condenser tuning the frame circuit should be left
in the set for the sake of single-knob tuming. This

6) Philips Techn. R. 8, 353, 1946.
7) Philips Techn. R. 3, 235, 1938 and 6, 302, 1941.

means that a transmission line has to connect the
set with the frame aerial.

This transmission line should have an excep-
tionally low resistance, because owing to the very
close transformer coupling this resistance, multi-
plied by the square of the transformer ratio, appears
in the tuning circuit as a loss resistance. In the

aNy/

N

73822

%

Fig. 8. The frame aerial R is connected via a transmission
line L of 12 m length to a transformer T and to the variable
condenser C, and forms the first tuned circuit of the receiving
set. Across the small coupling condenser C, the signals from
the ordinary antenna A are led in at the same time. These
signals can be adjusted in amplitude by means of the resistance
r and in phase by means of the condenser Cy. The circuit of
which C; forms a part has to be approximately tuned to the
wavelength of the interfering station.
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\second place, cons1denng its divided self-mductan(,e
and capacity, together with the frame, it should
behave app_ro:glmate_ly like a coil with constant ~

aerial. (one winding of copper tubing; diameter at least 1 m).
M = motor turning the frame. L= transmlssron line connect-

mg to the-receiver. -

1 > - N

o~

~ self-inductance and constant’ self-capacity’ in the
¢ whole of the frequency range to be covered; it forms
_part of the ﬁrst h.f. c1rcu1t which, for the sake

I_M?ROVEp‘BROADcAsT RECEPTION -~ . - °

" chosen on these arguments was 12 meters
: transmrss1on line itself consists of two parallel copper
" gtrips 25 mm w1de, placed 5 mm apart and ‘mainly

) Fig..9. Slettmg up the frame aerial on a huxldmg ‘R = frame ,

_ 63
of single‘l{nob tuning, it is’ desired to keep tuned
together with the other h. f. circuits by means of a
multiple variable condenser This implies that the

, transformed self-inductance of the fraime and of the ° '
" line — bearing in mind 'the ﬁmte self-1nductance
‘and leakage of the transformer —, must beé equal
.to .the self-inductance in thé other hf. circuits.

In the third place the’ self-mductance of the line -
should be small compared w1th that of the aerial,

'so that the aerial’ voltage may ‘be conducted to the '

-

transformer with the least loss.
These requirements are partly contradrctory, huti

-.a satlsfactory solution has been found; firstly by’

making the line of such a length that, while on the

one hand the-frame aerial is far enough’ removed'

from the ma1ns 1nterferences, on the other hand,

- - the longest characteristic: wave of ‘the line togethier
" with the frame aerial is sufficiently smaller than the -
_shortest- wave to be received (ie. 200 m);. and

further by choosing the self-mductance of the line
at such’'a value that it is only a fract1on of the
self-inductance of the frame aerial. The length
The

separated by air. The losses prove to be  small

" enough; the self-inductance is -about one-third of -

that of the frame aerial. Compared with a concentnc

line this solution has the advantage that it is,
. symmetrical with respect to the surroundings and

consequently does not produce any antenna effect.

~

Diversity receptwnt T T

In the beginning of 1940 an mstallatmn was set"

- up at Rotterdam on the prmclples of fig. 1, but no

frame "was ‘used. As regards reduction: of selective

fadmg effect - the ‘results .were most sat1sfactory»

Owing to the war the development of this method ‘
of reception.was temporarily suspended It is to
be expected, however, that in the near future more .
interest will be shown in this method, the more so
since now, thanks to the development of directional
reception, the main sources of interferences can be -
successfully counteracted by a combmat1on of the
two systems : . SR




64 o ' PHILIPS TECHNICAL REVIEW ~

‘1947 -

ABSTRACTS OF RECENT SCIENTIFIC PUBLICATIONS OF THE
N V. PHILIPS’ GLOEILAMPENFABRIEKEN

Reprints of the majority of “these papers can be obtamed on apphcatmn to the
- Administration of the Research Laboratory, Kastanjelaan, Eindhoven, Netherlands. Those

papers of which no reprints are available in sufficient number are marked with an nstensk

P C. van der W1ll1gen Contact arc wel-
ding. (The Welding Journal Research
Supplement, May 1946).

© 1708:

Th1s paper describes the properties and the advan--

tages of a new type of welding electrode (developed
by Philips), which combines the properties of
touch welding, self-starting and’reignition while
also some other advantages are obtained (for full
particulars see Philips Technical Review 8, 161-167,
304-309, 1946). v

1709: N. G. de Bruyn: On the Zeros of a polyno-,

mial and.its derivative (Proc. Kon. Ned.
Akad. Wet. Amsterdam 49, 1037-1044 1946).

It is proved that the sum of the absolute values °

of the imaginary parts of the roots of {’ () is equal
to’ or less than (1—1/n) times the corresponding

~ sum for f (z) in-which f (z) is a real polynomial of
. . degree n in z and f () its derivative. This theorem
is extended and a few spec1ahzat1ons aré considered.’

‘ At is unknown whether the inequality ‘holds for
‘polynomials w1th complex coefficients. ‘It does if
all the roots are assumed to lie on the 1magmary

_axis. . st 0 -

. 1710: H. B. G. Casimir and D. Polder: Influ,

ence of retardatmn on the London -van der Waals

forces (Nature 158, 787, 1946). -

“In the course of work on the stability of colloidal

/

solutions,- O verbeek arrived at the conclusion that”
. P . ' - .

hd . )

in order to obtain agreem_ent between theory and
experiment it is necessary to assume that the
London-van der Waals energy decreases more

“rapidly than R™%. He pointed out that the retar-

dation of the electrostatlc forced might be respon-

. sible for such an effect and that deviations from the

R¢ law should become effective 4t a distance com-
parable to the wavelength A corresponding to the -

- excitation energies of the interacting atoms. Cal-

culations with the aid of quantum electrodynamics

- prove “that this suggeshon holds. true; the energy

being propruonal to R rather then to R™° for

. R» A. Details of the quantum-mechamcal calcu-

lation will. be puhhshed in the Phys1cal Review. '

1711 P J Bouma: D1e Grassmannschen Ge- ‘
setze der Farbmischung (Physica.12, 545- -
552 1946) (Grassmann’s laws of additive
colour mixing). . . o7

The author proposes a formulatlon of Grass-
mann’s laws of additive colour m.1xmg,hwh1ch is-
axmmatlcally as pure as posslble and which does
not contain more than is necessary for the construc-
tion of elementary colorimetry. The correctness of
the formulation is proved by working out- this .

- construction. m rough lines ﬁnally the questions

of contmulty, arlsmg in connexion hérewith; are
dealt with and are reduced to the existence of thres-

holds

40 ) -

7
’

R27:

‘R28: T. Jurriaanse:
- the normal cathode fall'of a gas discharge in-rare gases.
R29: J. W. L. Kéhler and C. G. Koops
- R30:
- R3I:

tric constants of the earth’s. surface.

v

The last issue. of thhps Research Reports (Nr 6 of volume 1, Decemher '
1946) contains the following papers:

N. G. de Bruyn: A note on van der Pol’s equat1on _
The influence of gas density and temperature on -

A new alternating current

hrldge for precision measurements ’ ) RGN
M. Gevers: The relat1on between the power factor and the tempe-
rature coefficient of the dielectric constant of solid dielectrics, V. °
K. F. Niessen: A new method for the determination of the elec-

~

Readers interested i in one of the above mentioned articles may apply. fo -
the Admlmstratmn “of the Philips Physical Lahoratory, Kastanjelaan

Eindhoven, where a limited number of copies are available for dlstnbutlon

For a subscription to Ph.lhps Research Reports please write to the, pubhs- e

.hers of Pthps Techmcal Review." .

YN, . ~
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PROBLEMS IN PHOTOGRAPHIC REPRODUCTION

N PARTIG~ULAR; h
.. .OF SOUND-FILMS: R

(-4

hy C. J DIPPEL and K J KEUNING

..l."- -
i

718. 588 3'771 534 553

>,
Y

.. circle of diffusion formed by the grains of the film. Consequently in order to get sharp
o : p1ctures on the projectidn screen the images on the film must be of a certam minimum size.
o +.". " If the film carries a sound track and the speed of the projected film is fixed, then, in spite. . .
: ' of a so-called cancellation method bemg applied when recording and copying, this limited »- -
resolvmg power resultsin a loss in the amplitude of high frequencres In order to counteract : ’
the circle of diffusion it is desirable that the film should have a high gamma, of say 4 or 5.
v For picture reproductlon, however, Goldberg’s rule prescribes a gamma in the neigh-
. bourhood of 1 or 2. ‘The compromise that has to bé reached when-a picture film and a
sound track have to e cop1ed ona smgle ﬁlm by the usual methods makes its mﬂuence
e T felt throughout ‘the whole of the present- day technique of cmematography o
: ST A much simpler and less expensive solution of the problem of copying sound-films is offered
" by a new method of photographic reproduction that was developed in the Philips labora- --
tories during the war. This method is based on the use of a diazonium compound combined . - " -
: w1th a mercury salt. The most striking features of thxs method are the extremely high
- resolvmg power (1000 linés per millimetre) and the locally variable gamma (between,: T
. eg., 1 and 8). A more detailed description of this method and its possibilities of applic- l
ation will be | given in another article-to he published in this journal shortly.

L+ . ay N . B <. -

_ During the war a group of fesearch workers in
: the Philips Laboratories developed an ent1rely new

method of photographic reproductlon Besides other

. ,',apphcatlons to. be referred to later on; some of -
- which are quite new, they had in mind the makmg

of copies of sound-film. In one of the next numbers .

of this journal we hope to give a concise explanatlon
- of thisnew system of reproduction, its character1st1c
" features and the remarkable possibilities of its
application. We deemed it advisable to. deal first
with the main problems arising in photographic
reproductlon, in particular of sound-films. In fact
" in the last decades the photographrc methods com-
monly employed — most of them based on the use .
of silver halide -— have reached such a high state
of perfection’ that one ‘may wonder whether it is
not presumptuous and unnecessary to advance a
new method. We- hope, however, that what follows
“will make it clear that there are indeed drawbacks
attaching to the présent methods, drawhacks which

: .~ have led to th1s new development From_ ‘that it

will be seen what place it can take in photographlc
: reproductmn

The aspects from whrch a system of reproductlon

»lS to be Judged R

"By speaking of photograp]nc reproductlon
we have already given expression to‘the fact that it *

is not the xecording but the copying of sound o

film that forms the subject of this article. Even

though both ' recording - and copying are - done
_Photographically there are great differences be- '

tween the two. The exposure ‘time when récording

any length of exposure. For taking the picture.
(though it may be in colours) the colour sensitivity

. of the film material has to be about equal to that -
‘of the eye to translate the picture in the nght

shades of grey. For copying the black and ‘white .
p1cture the copying material may have any spectral ;-
sensitivity provided it is suitable for the. colour
of the light source employed whrch is hkewrse

_primarily arbitrary.

Here we have mentloned some propert1es that -
are a matter of mdlﬂ'erence in reproduct1 on mater1a1

" 1947 o

| The resolvmg power "of a film rhade by the usual photographxc methods is Iumted by the - S i .

“has 'to' be very short in order to get sufficient - ..
" definition of the variations of picture and sound,
"whereas copying can be doné, in prmc1ple,.w1th




“half-tones.
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" What are, indeed, of lmportance are mamly the

[y

following pomts . .
In the first place there is_the quality of

reproduction. A good quahty picture must be

- sufficiently sharp and properly graduated in the

’r1ght amplitudes of the high frequencies, which in
‘most systems of reproductlon are apt to be sacrificed;
there _should be no drstortlon, and the pitch of

~each note should be- ‘absolutely constant (no

as heard with gramophone records).

Another condition for the. copying of films is-
that the cost of the copying matenal and of the '
processing must. be- kept low, for in many cases
this is done in mass productlon, as opposed to the
takmg of the film, where the cost of the film material
is as nothmg compared with the cost of the acting, -

scenery, staging, etc. T]ns requu'ement w1ll be
) particularly applicable when it comes to usmg the

'combmed picture and sound film for other purposes
outside the c1nema . Sl

"ﬁ,\ . Further reqmrements are that the il copy must
~be durable and, preferably, not easily-liable to :-

damage Safety film is also to be recommended
— hence the prefe1ence shown in some cases for the

* made exclusively of safety material — though itis

' not regarded as a cond1t10n sinc qua non. o

Finally we.have to mention’ some propertles
_which need not be specrﬁcally deianded of a
sound track én-a film because they~ aré already

‘ 5 inherent in 4 ﬁlm These D properties are of i importance

-rwhen comparmg the ‘sound recording on a film

~" 27 with that on gramophone records. They are: greater

’

.
.

A

L

“length of unmterrupted playmg ona smgle standard
" reel; ‘ease of transport and storage .of ‘the cop1es
(there is little drﬁ'erence in volume of what is re-
corded for the same playing time, on gramophone
records and on normal film reels) further the auto-
matic synchronlsatlon of pictures and sound when
both are side by side on one film. To fully apprecrate
what this synchromsatron means it is necessary |
to recall that .in the beginning of. the history of .
talking films, when the sound was reproduced from
gramophone Tecords, it was very difficult while
projecting a film "to match the sound exactly to-

" the picture on’ the screen. Modern' developments

" have solved .this problem and synchronisation is

" now done as part of the copying process, having
- .regard to the quality of the sound it has been found -

impracticable to record sound and picture simul--
‘taneously on the film, so that ‘usually the sound
is recorded separately, the p1cture film and sound

5 track then bemg cop1ed side by srde .on one ﬁlm,

i A

= - . . . . ; .

‘In sound it is desired to retain the .

1947

takmg care that the tivo are properly synchromsed .

The aspects of a system of reproduction brought
forward here are not all independent of each other

« For instance, we have seen that the sensitivity: of .

the copymg material is not of pr1mary importance
‘because one is not essentially bound to making short
exposures, but considered from the point -of view
of .the cost- of the copymg process sensitivity - is
- indeed of some account, because the copy1ng process

should not take too long. Of stlll more importance
is” the relation between the cost factors and the
quahty of reproduction, as w1ll be seen from what’ "

follows , . : -

The resolvmg power of the ﬁlm« ) C.

The cost of material for a film ¢ copy will be all
the less according as the size of picture is chosen

smaller.and the film speed is lower; these are factors -
‘allowing of a longer playing time to be compressed -

into“a shorter length of film. L \
Since, as a rule, it is desired to prOJect a ﬁlm

. at the rate of 24 frames per second, the speed of a”

picture film is fixed by choosing the suitable size

. of picture (height of frame). In ‘the case of a film

" carrying only a sound track — as for mstance where - .
"8 and 16 mm’ suh standard. ‘films, as’ these .are » the Philips-Miller recordmg system is' applied - .-
-in ‘broadcasting studios !) — there is more freedom .

_in the cholce of the recordmg and the pro]ectlng

speed A -

", The ‘smaller,’ however, the frame he1ght and the

lower the film speed, the more difficult it becomes” -

to satlsfy the requu'ements for -
- with the picture and then in regard to the sound

The first drfﬁculty encountered in the case of a-
very small p1ctu1e is to concentrate on it the. high

. light flux required to produce a sufficient 1nten51ty -

on the screen. Among other': reqmrements is a very
. high hnlhancy of the light source?). A second .

good quahty o
: reproductlon This we will explam first in connection -,

e

dlfﬁculty, however, is one inherent i in the film itself, -

its capahlllty of giving a sufﬁclently sharp p1cture

" on the screen. It is a cominonly known-fact that_
it is pomtless to go beyond a certain ‘llmlt in

enlarglng a photographic" picture hecause Cif one
goes heyond that the enlargement is blurred and
no new detdils are shown This limit is usually set

by the resolv1ng ‘power: of the film. To get a =

very small frame size without sacr1ﬁc1ng sharpness
of the scréen picture the ﬁlm must possess. a very

B

h1gh resolving power.. - e

¥

Since this brings us-to a- cardinal pomt in photo-
graphrc .reproductlon, 1t is _necessary to g1ve closer

1) Philips Techn. Rev. 5, 1, 1080, -~ : '
%) See. cg Phrhps Techn Rev 4, 2 1939 and 8 72, 1946

|
- ~ [ L
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consideration to what we mean by resolving power.
This may be defined in several ways. The most
commonly accepted conception is indicated by the
number of lines per millimetre that can be printed
on the film by copying a test object without their
becoming indistinguishable ( fig. 1). This, however,
is rather a subjective measure, depending also upon
various objective factors such as the illumination
of the test object, width and contrast of the light
and the dark parts, etec. This makes it difficult at
times to compare the measures given by various
investigators for the resolving power of films. The
resolving power of standard positive film as used
for making film copies is about 55 lines per mm.
That of the Kodak Panatomic film for ordinary
photography is somewhat higher, viz. 60 lines/mm
for normal and 70 lines/mm for so-called fine-grain
development; still better are the Kodak “High
Contrast Positive” films (100
“Microfile” (160 lines/mm).
Before dealing with the causes and effects of

lines/mm) and

this limited resolving power we will consider how
matters stand also in regard to the sound repro-
duction. We will confine our attention to variable

.. 5 ,

Fig. 1. The limited resolving power of a film. When a grating
is pictured on the film the lines flow into each other as soon
as the distance between the lines on the film becomes too
small. a) Grating recorded on a film with low resolving power.
b) The same grating recorded on a film with a much greater
resolving power. (Taken from W. Meidinger. Die theore-
tischen Grundlagen der photographischen Prozesse, J. Springer,
Vienna, 1937.)

area sound tracks ( fig. 2), though similar consider-
ations apply also to variable density tracks. It
will easily be realised that broadly speaking the
position with regard to sound is analogous to that
of the picture, since the recording of sound is again
a question of sharp reproduction of certain details.
The sound track of a frequency of say 9000 c/s
recorded at a film speed of 30 cm/sec. contains
30 sines on 1 mm. To record these 30 sines exactly
the film would have to have an exceptionnally high
resolving power, much higher than the normal
values. If the resolving power is inadequate then,
as we shall see farther on, the sines are distorted,
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so that, firstly, a number of harmonics of the
original frequency and — where composite sounds
are recorded — also sum and difference frequencies
arise (non-linear distortion), and, secondly, the
amplitude of the original frequencies is reduced.
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Fig. 2. Variable area sound track recorded on film. This track
is played by throwing onto it a narrow beam of light perpen-
dicular to the direction of the film; the light passing through
varies with the width of the track and these variations are
made audible by means of a photocell and amplifier.

These effects become all the more pronounced
according as higher notes are recorded and the speed
of the film is reduced. Consequently, for certain
admissible values of distortion and of amplitude
loss in the high frequencies, the film must have a
high resolving power if it is desired to reduce the
film speed.

Cause of limited resolving power

Obviously the limited resolving power of a film
is related to the grain of the film material. The
granular structure of the emulsion 3) is in itself so
fine that its irregularity would still allow of a
grating being resolved of much more than 50 or
70 lines per mm. The disturbing effect lies rather
in the diffusion of light (also called the circle of
confusion) produced when exposing the film and
caused by the scattering of light by the grains in
the emulsion. Owing to this diffusion there is light
playing in a turbid emulsion layer in places where
it ought not to be. As a result “image spread”
arises to a greater or lesser degree according to the
intensity (and also the wavelength) of the light.
With the gelatine emulsion commonly used this
phenomenon is, it is true, counteracted to a certain
extent by the so-called Ross effect, an “image
contraction” due to the slight shrinkage of the
gelatine where silver is separated. At a certain
density ?) there is a balance between the two effects.

%) The term “emulsion” is not really correct: we have here
a colloidal solution, not of liquid globules, but of solid
particles, the AgBr grains in the gelatine. It has, however,
become so common to speak of emulsion that we will not
depart from it here.

%) “Density” is defined as D = log I,/I, where I is the
quantity of the incident light I, that the bhlackened plate
allows to pass through.
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For practical purposes, however, this density is

. much too small (e.g. about 0.5), The normally

" required density is absolutely predominated by

' image spread, so that the adjacent lines of a too

fine grating or, in general, details at too short
‘distances "apart are caused to blur.
" The magnitude of the image spread ' can be
deduced by. experimenting with a circular image
~ of about 0.1 mm in diameter reproduced on a film
under different exposures E (intensity X exposure -
_time). Such experiments, first carried out by the
“astronomer Scheiner, have shown that with not

-< too small and not too large values of E the diameter

d of the photographic picture can be represented by
i _ B .

= blog —- 1)

| a+blog E, 1)

. where E, is the exposure under which the image
spread is just balanced by the Ross effect. Since
for E = E; the second term on the right disappears, -
the constant o equals.the true image size that
would be obtained in the absence of the phenomenon

“of i 1mage spread and contract1on Hence the image .

spread s may be written as:

- ‘ E N . i X
s=\blogf, . R . (2) ’
R 4 0 . . . T

_ in which b is ‘an empirically determined constant. -
Considering that in recording or in copymg a
' certam density is reckoned with, we éxpress the -
1mage spread as a function of the density D.
" The ratio of D to log E -for any photographlc nega- '

.. tive or pos1t1ve is"indicated by the H & D curve

as given in' fig. 3. This curve is usually character-
ized by the “gamma , i.e. the slope y of the linear

';‘ portion. If we define D, as the density correspondmg

to the exposure E; (thus where there is no 1mage

spread) then: - = : . e

D—D0 =7 (log E—log Eo) “(3)

From (2) and (3) we denve for the 1mage spread 5).

¢

. (D — Do) - @
~.The, conclusion of practical importance to" be
~drawn from this is that, other things being equal,
" a high gamma of the film (of course assuming that b
is not appreciably dependent on y) favourable
for ’restr1ctmg 1mage spread and, consequently,

is

5) Equntlon 3) only holds when the den51ty D (and: D) .
lies on the rectilinear part of the charactenstlc curve, -

. which it does not as a rule do, because D, is too small for
- ‘that. Still one can then write for s the formula (4), where |

only the constants b and D, (and in eq. (1) also a) are -

: dlﬂerent from those. determmed expenmentally

.,
o
-t
-

~

PHILIPS TECHNICAL REVIEW

- ’
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for increasing the resolvmg power. This is under-
standable also without - formulae. The  circle of
hght produced by diffusion dround an exposed
spot is strongest in the middle and gets weaker

towards the periphery. lf a film with high gamma

D v ; ? 7
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Flg 3. H & D curve for a photographlc negative or posmve
represented dlagrammatlcally D = density, E. = exposure
(= exposure intensity X exposure time), ¥ = slope of the *
rectilinear portion of the curve. The gamma depends upon °
the kind of film and the method of developing. a) The case
of a low gamma; b) the case of a high gamma.

is used’ (eé thdat of the curve in fig. 3b) and the
prescribed density D in the. exposed spot is aimed
at, then in the surrounding circle there will only

“be a perceptlble den51ty where the exposure is

not much less than in the spot itself; thus the -

'resultmg circle of dlffuslon is hm1ted to a fractlon ’
'of the aforementloned circle.

. In the case of a sound track (fig: 2) where there
is essentially only one density value to be reckoned .
with 9), it is indeed only right to aim at the h1ghest '
possible_gamma. For the reproduction of pictures,
however, this course cannot be followed, and th1s '

we will revert to agam later on. - . e "

Prgctlcal cqnsequences of the limited . resolvmg
power .

[N oY

As we. have seen, ow1ng to the hm1tatlon of the
resolving power the size of the picture in a film for
projection cannot be chosen below a certain limit.
This limit is easlly calculated. Reckoning with the -
" resolving power of 55 lines per mm given above
for positive films, then details of about 0.02 mm -
are still sufficiently . separated on the ﬁlm, smaller :
details run into each other..If the details do run

_into each other a httle it does not vmatter 80 long

“) This is not exactly true. The track is'recorded by photo-
graphing a slit varying in length. Owing to the finite width
of this slit one gets on the edge of the track a transitory -
zone with diminishing density. This implies that in order
to, avoid distortion it is necessary to apply the Goldberg .
condltron, to which we will refer farther on, as a result

"--of which one would no longer be free in the choice of the -
gamma. In practice, however, image spread appears to
be so much greater that the conclusion st111 holds that one ~
should aim at a high gamma.

(B3
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a5 the cmema\patrons “do not notice it. Normally
the human eye can only discern details and faults -
m their reproductlon when they are viewed under
a visual angle of about one minute (at least in the
_range of brightness with which we are concerned
) here). This corresponds to 0.1 mm at the distance .
of clear vision (25 cm) or 6 mm at a distance of
- 15 .metres, which may be taken as the average
_distance of the patrons from the screen. Therefore
* the film _picture can be pro]ected in a cinema’ with
a linear magnification of 6 : 0.02 300 times
w1thout the public noticing anythmg of the con-
sequences of the limited resolving power of the film,
except perhaps in the decidedly unfavourable seats
close in front of the screen. Reckonmg that in a

. . cinema the picture is projected over a width of need not be dec1dedly troublesome, for one has,' *
. so to speak, no time to: notice the lack of sharp
definition and the movement. itself already d1stracts v
" attention from the ‘observation of details. '

: With the 8 mm ﬁlm, however, even these attenu- -

'say 6 metres, the minimum width of the’ plcture

‘on the film will have to be 20 mm. This is in fact

5 approx1mately the plcture width on the 35 mm
standard film (the rest is reserved for sound track

" and perforatlons) : -

. ~Besides the 35 mm film, however, the 16 and 8 mm
-films have become very popular, with correspondmg

i 3 w1dths and helghts of the picture frames as indicated

_ in fig. 4. When projecting at the rate of 24 frames -
- per second +the speeds of these three sizes of films 7)
. are respectlvely 45.6 cm/sec.,. 18. 3 cm/sec and .
9 2 cm/sec

.32
- 44
35

48
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. Fig. 4. The three sizes of film commonly used 35, 16 and 8 mm
" wide. For each film the width and height of the photographed
picture frames are given, the slightly smaller width and height
of the film gate in-the projector (thus the dimensions of the
picture to be projected) and the width of the sound ‘track.

7) In the case of the 8 mm ﬁlm one usually projects at the
rate of only 16 frames per second, so that the speed be-
.comes 6.1 cm/sec. In this case 16 frames suffice, because
the small pictures are generally projected with a relatively
low brightness and the eye s then less sensitive to flickering.
The lower speed is not attended with the drawback of
sound quality because the usual 8 mm film does not carry -
any sound track; see below - .

A
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One can see at a glance how much more econom- ",

1ca1 the 16 mm film is than the 35 mm one. For a
“show of 1 hour 10.5 m? of the 16 mm ﬁlm is requlred
as against 57.5 m? of the 35 mm film. If however,
the 16 mm film ‘were to be projected under the

69

-

.same conditions as described ‘above then the Limit .

.of resolv1ng power of the positive would undoubtedly -
already be exceeded and the-screen picture would

- not be absolutely sharp. The fact that nevertheless -

-much use is made of the 16 mm ﬁlm is due partly
to the manner of pro]ectlon, the puhhc seeing the

picture on the screen at a smaller angle (less of -

the undesired properties but also less of the desired
.features are seen). It is also in part due to the fact -
. that a certain lack of sharpness in moving pictures

atlng circumstances are of no help. Although spec1al

film material is' used (“reversal’ film) with excep- -
tlonally fine grain, the picture projected from an’

8 mm film is never really sharp. It is therefore

practically impossible to reduce the already small " o
frame (4.8 - mm) to make room also for a sound °

track on this 'size of film. Moreover, the low speed.
necessary for a film with such a small frame height
does not allow, of proper sourid reproduction..
Th1s is why 8 mm films never have sound track

13

-and their use 1s hmlted to the home' kino and to f

amateurs -

h) Consequences for sound Ve

P

. Taking the film speed. as ﬁxed then accordlng
‘to the foregoing the limited resolv1ng -power sets

we ‘;Illl dlsregard a s1m1lar hmltatlon “due to the

finite width of the slit in recordlng and reproduc’

tion).

In sound film technique, in order to avoid this

restriction as far as possible, the method of can-~ -~ -

e

cellati on has been developed The picture spread -

occurring in the photographic recording, of a sound

“track causes the black-white limit to be sthted*

perpendicular to the edge of the sound track.
The magnitude of this displacement depends upon

the curvature of the original edge The resulting:

limitation is therefore by no means congruent with
. that which would occur without image spread.

_ Fig. 5b shows that a sine is distorted to a sugarloaf .
shape. the peaks are rounded off, the valleys be-
come ~pointed owing to - adjacent dehneat,mns'\

7z B ~

~

‘a limit to the highest frequencies that -can be .- .
recorded or copled with sufficient amphtude (here

.t




.‘~

">70,~‘-' Co L

AT

“ .

.

. . L.
. . .

N

.+, flowing into each other. The result is a non-linear
. _ _distortion of the recorded sound, particularly in
“"-" the high frequencies. However, when a positive
" - " copy is made of the distorted negative sound track

. there is again image spread, this time causing the

track edge to be displaced in the direction opposite
- to that in the original track. By a suitable choice
“of density and, maybe the gammas of the negative

~ and positive films it is possible to cause the two
. image spreads to compensate each other fairly -

well; see fig. 5¢. The non-linear distortion is then

. “practically eliminated,. but, as 4 comparison _of

" “figs. 5¢ and 5a shows, there still remains. a percep-

. - tible loss of amplitude in the high frequencies.

v

Regardless of the application of cancellation, in .

order to minimise this loss it is an advantage to
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sound film is.re‘placed by a mechanical method,
with the advantages that the film can be played

‘immediately after its recording (done by optical -- -
) xﬁeans,_ the same as ordinary sound films) and in

!:hé reproduction of the high frequencies" there is-
no trouble whatever froin the feared imajge §pfead;

- Thanks to the ideally sharp delineation of the track,

"rfrequen'ciés up to 8000 c/s can easily be recorded

© 1047

and reproduced, even at a film”speed of only 32 )

cm/sec. Thus oné gets a very high quality of séund .

_reproduction. This system has, ‘therefore, ‘already
-found favour in broadcasting studios for recording

commentaries and for other special purposes. For
its application in cinemas, however, the “Phili-

_mil” recording has to be copied. The same applies if

a system for sound reproduction in the home is to

LR
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- diagrammatically. .~

a) Negative track
- spread. e

»

to each other and
shape (a) is drawn in dotted lines. ~

b L
Fig..5. Cancellation of image spread when recording and copyinga sound track,

of a certain frequency ds it would be recorded

¢) When the distorted track (b), indicated here by dotted lines, is copied, imag§ spré.ad

| A
N 'Q 28082 -
represented |
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T c "+ b) Owing to the image spread- the .inner parts B’ of the sines run more orless closer © -
. T form sharp peaks, whilst, the outer parts A4’ are rounded off. The idenl Lot

‘again occurs, the peaks A” being widened and the rounded parts B” narrowed. In this
way a ptactically sinusoidal track can again be produced. It is seen at once, however,- .
that the amplitude of the sine modulation has become smaller than it was in (a): the track.

displacements at B’ and B” are large, those at' 4’ and A" only very slight.. 3

' -

rcdl}cé image ,spféatd by choosing a iligh ;éamma

*. .~ .for the negative and positive films, -
.. - . We will devote for a moment special attention

. to “the problems arising in the copying of sound.
- track recorded by the Philips-Miller system, .

>

- [ ) -~

_the principle of which is represented in fig. 6 8).

©" A celluloid film tape is coated first with a layer

of gelative and over that a thin opaque covering
layer. This “Philimil” tape is drawn through
- underneath a wedgq'-shaped cutter moving up and
down in rhythm with the sound vibrations and tl}us,
by removing the covering layer, cutting in the tape

“ a’transparent track of varying’ width. Here, then,
tl}e usual phothraphid -method ‘of }'ecording a.

~7..8) For the fundamental principles of this systein see Philips

* - Techn. Re\{.,, 1, 107, 1936. - . . s

T ] . . . ~

- quality is again partly lost. -

[ R .,

~

which the high frequencies are Treproduced only

- RSN o “ .
if there were no image SN

Vmoderétely well).' For the mass production of _

copies only a photographic piocess‘ can be_ consid-
ered: from the “Philimil” tape, on which the sound

ordinary photographic methods are applied, how-
ever, the phenomenon of image spread i$ again

ated in the mechanical re‘cording.lIn the two photo-
FTERE - .

graphic copying processes one could apply the .
principle of cancellation, but, then the gain in

v . _ el

‘ .'l_)e'Ji)ased‘ on the Philips-Miller ‘sy'stem, in"ordelj' . ‘
'to. get. a step ahead of the gramophone record (on .

‘

- track is. already positive; a negative has to be .. :
~printed and from this “intermediate negative™- -
*any number of positive copies can be made. If the -

" introduced, and it is just this that has been elimin- .~
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Now in the copymg ~of “Phlhmll" band a pecu.har more imperative. fncidentally, this solution of the )
phenomenon oceurs, the " so- -called ~ léns effect. . problem can only serve if the gamma is not already
. From fig. 6 it may be seen- that in the recordmg ﬁxed by the cance]latlon method ﬁrst descrlbed
B of the sound track the cutter makes in the trans-

. parent gelatine a ‘groove of varying depth and of ©) Combtnatwn Of pwture and sound

a triangular cross sectlon. This profile of the gelatlne In the case of a sound film sound and p1cture 0

surface acts as a series of lenses which in the copying . are placed side by side ‘on the same band. In
process break up the homogenelty of the ineident practice this makes it 1mposs1ble to counteract
- light and give rise to alternately very high and image spread | by a1m1ng at the highest possible.

, . . . to reproduce in the picture by analogous half-tone
R oL .  * .. - contrasts all the visual contrasts of " the ob_]ect

) IS | - ) photographed it is necessary to comply with -
\ R l‘ Goldberg s COIldlthIl. This condition . requires
' that the product of the gammas of .the positive -

L / * -" . and the negative must be about 1—1.2 ) ‘This leads .
L. T /T - o the’ compromlse of a picture negatlve w1th a "_ '
ST p © .. ~gamma of abt. 0.8 and a combined sound- p1cture "

S ‘ G'G " . positive with' a gamma of 1.8—2.5, although it .

‘ - i - S ' . would he much more convenient to pr1nt the sound

- o R : ’ . with a gamma of 4—6 and to choose for the ‘picture
T ~ - - 48983 - ..

Flg 6. Pl‘lnCIple of the Phlhps-Mlller system of sound recording. -

“The “Philimil” band consists of‘the celluloid support C with- - the choice of gamma also for the picture alone is a

a gelatine coating G and a very thin opaque covering layer D.  ¢ompromise, for a dlﬂ'erent amma may be de51red
" The' cutter s vibratidg perpendicularly to the band moving P i 5 }

in the direction of the arrow cuts out a transparent sound track for the negatl"e ﬁlm accordlng to the scene taken,

. e ' : -and then one would want to adJust the gamma of ..

parent part ‘of the track. The denslty dlﬂ'erences " the copy from scene to scene. Since the gamma of
i resulting from this in the negative copy can easily ‘a certain photographic’ film can only be mﬂuenced
be’ rendered harmless by, seeing. to it that in’ to any appreclable extent by, the developing tlmes, :
; the subsequent copying of the negative also the . dnd this can hardly be var1ed ‘every time for dlﬂ'erent
. rather large quantity of light passing through ‘the - " parts of the film, one must be satisfied w1th the
least _dense parts is kept below the threshold of - ‘choice of one particular mean gamma. . -~ .
sens1t1v1ty of the pos1t1ve film. The track on the : Reviewing the SltuathIl as a whole we may say
+ positive will then again be- umformly iransparent. that a high resolvmg power of the film is desirable

]
2

- parts of the weakest concentration of hght one of a combination of picture and sound the Gold-
cannot av01d a ‘much more intensive exposure " berg condition makes it necessary to arrive at a
- '— in practice up to 20 times as much — in the compromise in this respect. This compromise makes
" parts with the strongest concentration of light. its influence felt throughout the whole of the pres--
~ ‘This'results in a marked circle of diffusion and image. ent-day technique of cinematography. The new .
- spread on the track edge where these strong 'system of reproduction referred to in the beginning-
concentrations of light occur. -, of this article offers a hetter solutlon to thls problem.
TlllS phenomenon can be counteracted in various ) -
ways. ‘For instance, the track could be filled up
with a paste or a liquid having the same refractive ~ This 8Y ‘stem is based not on an emulsion of AgBr -
index as that of the gelatine layer. The easiest way . or AgCl in gelatine but on a combination of a light-~

of solving the ‘problem, however, is to choose for .semsitive diazonium compound with a mercury

S v . L. . . - -

‘the intermediate negative a film with such a high .
gamma that even with the very intensive hght

‘ - -

%) . Regarding the Goldberg “condition see, for instance,

". concentrations mentioned . above no trouble is - ° Philips Techn. Rev. 5, 51, 1940. Roughly" speaking, this -
condition expresses nothmg more than what is known to-_ _
" any photographer, that a “hard” positive paper must be

experlenced from i image spread. The desire for a hlgh
gamma "as all‘eady made manifest thus hecomes stlll - used for printing from a “soft” megative, and vice verse, ~

- . - - . . - ~
- .- . . . ST . > -
N -

a gamma much nearer to 1. As a matter of fact

The new reproducuon system ~ T

very low concentrations of light behind the trans- - - gamma, because the gamma is already deter-
’ T - - K T T
- o . ) .+ - 7 <+ mined by the plcturc reproductlon In order .

-The awkward part about this, however, is that in’ both for the p1cture and.-for the sound track; that' o
‘order to get a sufﬁclently negative dens1ty in the = a high gamma is favourable but that in the case ..~
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“salt. The ﬁlm base is saturated m a solutlon of

"this mixture. The system can -be applied with

different bases. A thin band of cellophane, for

~ instance, is highly suitable for the purpose. After

exposure the latent picture obtained is developed
by so-called physical development, metallic silver
from a solution of a silver salt being deposited

* on the exposed parts (in contrast to the normal

so-¢alled chemical developmg where a  silver
compound present in the film is reduced to metallic
silver in the exposed parts). In this way one obtains
a perfectly durable negative image consisting of
" silver. Compared ~with the usual photographic
negatlve material, the sensitivity of the new material
is low. There can therefore be no questron of its
competing with silver-bromide emulsion for the
taking of films, also because of its sensitivity being -
restricted to ultra-violet light. ‘For making copies,

v on the other hand, this mercury diazonium system
. possesses exce]lent properties. Since there is here.
' "no question of an emulsion but of a homogeneous

solution, there are no grains and- the film has a

.Tresolving power of 1000 lines per mm19). The

'gamma\ fer the dry »material is e?cceptibna]ly high,

10y The , question whether the ﬁlm is capable of resolvmg still

finer gratings could not be determined because the optical
system used for the necessarily reduced recordings cannot
itself resolve more than 1000 lines per mm.
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viz 6—8. A most ‘remarkable feature, however,
is that it can easily be adjusted within a wide-
range already during the exposure, it-being possﬂ)le'
to reduce it to a very low level. ,
Thanks to this very high resolving power and -
the possibility of having a very high gamma, the
system is ideal for the reproduction of sound
track and also for the photographic multiplication |
of printed matter and suchlike, where the extremely
low cost of the base and: of ‘the sensitized material
' may prove to be of importance. The specific prob-
lems arising in the copying of Philips-Miller film
are solved by the new system in the .simplest
" possible way. The fact that, if desired, the gamma
can be reduced to a low value makes it possible
" to get good reproductions also of half-tone pictures..
Furthermore, the adjustability of the gamma
during exposure creates the entirely new possibility
of printing picture ‘and sound on the same band
with a different gamma and . then developmg both
together. - - - S

This brief account of the sub]ect w1ll presumably .

give ‘rise to more questions than it answers. Our
intention here has been only to'aréuse the reader s -
interest. Further particulars will be found in one .
of the next issues of this journal, where we intend
“to go more closely into the new system of photo-
graplnc reproductlon _ .

K
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. N ’ The forms of osclllatron of ‘certain electromagnetic flat cavity resonators are dlscussed U
i.e. resonators which ‘may be considered as two-dimensional; namely the forms of osclllatron . A o
© s~ - .. of square plane cavity resonators and the non-rotation- -symmetrical forms of oscillation : s '

R ELECTROMAGNETIC CAVITY RESONATORS SRR
' LT "-~-‘bdeeVRIES ‘

o

v ° < of round plane cavity resonators. Further, the forms of oscillation of three-dimensional

- P~
>

As has already been explamed several times dn -
. this periodical 1)2)%), ordinary oscillation’ cu'cults‘

_consisting of concentrated self-inductions and capac-

ities are .not su1table for the region of very short

waves. The quality factor and the resonance resis- -

tance of such oscillation circuits are much too

small in that reglon “Recourse is therefore had ,

to the use of other electrlcal resonators not havmg v

_these ob]ectlons Very important among " these
resonators are Lecher systems, i.e. two parallel
* conductors “and

cav1ty resonators, i.e. empty spaces surrounded

close together or concentrlc,

" . by metal walls. Lecher systems have already

Ve

\"

. 48968
1. a) A round plane cav1ty resonator, b) a square plane
cav1ty resonator.
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“the propert1es of a certain group of cav1ty resona-
 tois ?), namely. of the cavity resonators which are

" in the form of sohds of revolutlon and in wh1ch '

" moreover, the dimension in the direction of the axis

" of revolution is smallrcompared with the dimensions
perpendlcular to it (fig. la). We have called this-
I, we shall do here.

kind of cavity resonators round flat cavity
resonators We were then concerned exclus1vely
W1th the rotatlon-symmetrlcal osclllatlons in which
-"the current and the voltage depend only on the
distance :to the axis of revolution.
In this article we shall go somewhat fart_her‘
. . We shall begin with the consideration of square
cavity resonators and especially of such which are

: not only flat, i.e. thin, but also plane,. i.e. have .’

everywhere the same thickness (ﬁg 1b). The forms -

b C G A. von-Lindern and G. de Vries, Resonance
circuits for very high frequencies, Philips Techn. Rev.’6
T 217, 1941

2) C. G. A. von Lindern and G. de Vries, Lecher
Systéms, Philips Techn. Rev. 6, 241, 1941.

<% C. G. A von Lindern and ‘G. de Vries,". Flat cav1ty-'

resonators as electrical resonntors, Phrhps Techn Rev. 8
149 1946.

" been discussed in detail in this. periodical 2). Re-

> cavity resonators are dealt with, The case is then discussed of two coupled cavity resonators, ’ S
e - the significanee of which in hlgh-frequcncy technology is analogous to that of coupled * . -
. o oscrllatron c1rcu1ts in the reglon of lower frequencles, namely to that of a band’filter. , - Sl

,

of osc1]latlon of _square plane cav1ty resonatOrs e

are naturally no longer rotatlon-symmetrlcal Wlth
our knowledge of square plane cavity -resonators -
‘we shall then be able to ascertain the character-
1st1cs of the non-rotation symmetncal forms of
soscillation of the round plane cavity resonators.
Moreover, this'knowledge will make it possible for »
us to find the form of oscillation of a ¢ube by an

- obvious - generahzatlon Thus beginning ‘with " a

practical two-d1mens1onal case (square plane cavity
resonator) we can arrive at conclusions about a
three-dimensional case (cube). After a few remarks
about the quality factor and the resonance resis- -

~

tance .of cavity resonators we shall in conclus1on

discuss coupled cav1ty resonators.

Forms of oscillation of square plane cavity resonators ’
k.

shall -first mention brleﬂy the result

Quahtatwe consuleratwns, P

.We

prev10usly obtamed (see footnote %) for the distri- --°

bution of current and voltage in the rotation-sym-

T " metrical forms of oscillation of a round plane
‘ cently a detai.led explanation was also 'given of

_cavity resonator. Such a cav1ty resonator has a’
“bottom” and a “cover” . We shall cons1der the <
voltage bctween a point of the cover and the
point on the bottom lying directly beneath it. The
current at two such points is equal in value and
opposite in direction. It is thus sufﬁclent ‘to speak
about’ the " current, for mstance, in the cover, as

- The centre of the coveris a pomt of h1gh voltage 4)
‘at the outer edge the voltage is zero, The current,
on the other hand, is zero at the centre; at all other '
pomts it 1s radlally dirécted and reaches a maximum .
at - the outer edge. Thé current: density is a
_maximum at a short distance from the edge and
then decreases slightly towards the edge, but not
very strongly, so that “the total current, which is -
equal t6 the product of current density and circum-
ference, continues to increase from that-point to*

- the edge Thrs holds for all rotatlon-symmetrlcal

4) In the prevmus nrtlcle (see footnote 3)) it was mamly a
question of flat cavity resonators with a circular hole i in
the centre of cover and bottom. Here, for the present,
~ we are dlscussmg cavity resonators with no hole, :

4

.
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" fundamental oscillation the current increases from

. . E - . .
LY - . . . - . . -~

Lt e -

' osc111at1ons whrch further differ from each other in
“the number “of current maxima and zero pomts

along the radius between the centre of the cavity .
resonator and its .outer edge. In the case of the

- 48969 *
" Fig. 2. Representanon of the fundamental oscillation (a) and
"of a higher characteristic oscillation (b) of a round plane
cavity resonator. A few current lines have been drawn whose
width is proportional to the current density. Due to the rota-
- tional symmet.ry all the “lmes” are congruent

the. centre towards the edge In ﬁg 2a. several current .

’

" lines are drawn for that_case, whereby the. width
‘ of the lines has been chosen proportional to.the-
» current ‘density. In fig. 2b the distribution of the
.current dens1ty is shown for the lowest but one
. rotatron-symmetrlcal ‘oscillation. * .- .

- When ‘we now attempt to sketch a current dens1ty

", distribution for the fundamental osc1llat10n of a_ ‘1- Lol A/ NN |-
" square plane cav1ty resonator it may be ‘assumed © / ' ‘
L that near the centre of the cover the s1tuat10n will .
* not be very d1ﬂ'erent from that in the case of round

plane cavity resonators. The form of the current lines
near the edgeis determmed by the condition that the

o current lines must be perpendicular to thie edge
~This condition, whose derivation we shall not grve '

-

- ; - -

N

7 : 45970 ;

’ Flg 3. Representanon of the fundnmental oscillation of a '

square plane cavity resonator. Only a few cirrent lines have

- been drawn whosé width is proportional to the current density..

The latter differs everywhere from zero except at the cent.re .
nnd at the four corners of the square Lot

‘PHILIPS TECHNICAL REVIEW, - -. ~ .

distribution is _obtalned which agrees very ‘well .
with that found by -calculation -(see fig. 3).

-Since over a- large part “of the square cavity.

resonator the current distribution does not differ

, from that of a round ‘cavity resonator, the charac-
. teristic frequency will also not deviate too much.
In the main the difference between the two kmds

of cavity resonator amounts to the fact that in

_ the case of the'square plane resonator “corners”

have been added Now close to the edge the voltage

-~

is low, so that 1t is not so much the ‘capacity” as

the ¢ self-mduct1on of thie corners that is decisive
for the ‘change in the value of the characteristic
frequency. In as far as it is.possible to define a
conception such as the “average self-induction” of
" the cavity resonator, such a quantity would become
larger by the addition of the corners and the wave-
length would thus also become.larger. The mathe-
matical theory, which will be discussed in the follow-

. LD . .o R Y

~ -

-

o T asen ~
Fig. 4 The occurrence of a hxgher characteristic oscillation: of
a square plane. cavity resonator. Thig may be conceived of as

- _ the result of placing fotir smaller squate resonators side by side, -
here, enables us to draw the current dist nbut1on ofa each of which executes the fandamental gscillation. The points
- Square plane cavity resonator in the ne1ghbourhood ‘

5 of the edge In th1s way a p1cture of the current

indicate the. spots where' the Lcurrent den51ty becomes equal

5

to zero . . . Y

1ng, conﬁrms th1s while the wavelength of the
fundamental frequency of a round cavity resonator *
is equal to 2-61a (a is the radius of the round cavrty :

* resonator), that of the square -one is equal to.”

2a ]/— = 2-82a (2a is the side of the square cavrty
resonator) L
“Now that ‘we have the ﬁgure of the current
d1str1but10n “corresponding ‘to” the -fundamental -
frequency of a square plane cavity resonator. we -

- can go farther. Let ,us, for example, . place four .
* square plane cavrty resonators (side 2a) side by

.side in such a way that they form a large square
(side 4a = 2b); see ﬁg 4. -

“If we then arrange matters in such a way, for ~

examplé, that the voltage at the centre of the cover
of the upper left-hand resonator is- pos1t1ve and

Y

_that of the upper r1ght-hand resonator negatlve, ‘

»
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the lower right: hand positive and the lower l.eft‘ hand )

' negat1ve, and that these voltagés are equal in

Cy

absolute value, the adjacent currents at a partition
* ‘are equal and in.the same “direction. We may

- therefore omit the partitions without changmg the

curfent distribution of the four cavity resonators
*. From this we ¢onclude that ‘the current dlStl’lbuthll

in fig. 4 corresponds to a higher form of oscillation -

RS

of the large square cavity resonator. ‘The longest

wavelength for this cdvity resonator would - be
equal to 2b V2; here, however, we are concerned

. with a form of oscillation to which the wavelengthf role of the coordmate of length «:

2 2a2 =b }/2 corresponds.

By again placing side by side four square cavity. " “the method of tréeatment sketched above.could'

" resonators, each of which is in the higher oscillation _-
" state just descnbed we would in’ a similar manner’.
"find 'the current d1str1but10n correspondmg to'a
°r wavelength four times as small as the- wavelength

:: ‘-Z of the fundamental osclllat1on LT e

It is clear that in this manner it would be poss1ble
to find the current distribution for a whole series
- of forms.of oscillation whose wavelength A would be
- given by the formula 2 = 4,/2" (n = 0, 1,2,.. ).
It must not, however, be thought that all the forms

" of oscillation of a square plane cavity resomator
‘would then have been found; from the mathemat-

1cal treatment,,to which ‘we- shall now pass on, .

it will be found that many other forms of oscillation
. are. Stlll poss1ble o X e ey

-

Mathematwal treatment .

-

The strict theory of electromagnenc cavity : beneath 1t Further we introduce the current dens1ty - '
“which, at every pomt for instance, of the cover,a N

: resonators is based directly on Maxwell’s -equations.

*

It s often poss1ble, however, _1:0 deduce correct B
“results’ in a more elementary way, espec1ally for -

Vplane cavity resonators. . " .. .
. Thus, for example, in the article already referred
“to. (see footnoté 3)) we have ‘developed the mathe-

o " matical theory of round flat (not only plane!) cav1ty

-resonators ' beginning with ‘the ordinary “cable

s equatmns >applyingtoaLe. cher system consisting

-

“ ‘conductor and the point of the lower conductor

“+ of two parallel conductors (see ﬁo oa):

':ai_:"aV e .

»

self-induction, respectively,, per unit of “length; -
V. is the voltage between a point of the upper

d1rectly below it; i is the current in the upper
conductor that in. the’ lower conductor is then :

i finally « is the ‘coordinate in the direction of

. the conductors and ¢ is the time. By rotatmg such a

Lecher -system a round plane cav1ty resonator

- .
- -
~

o o -
N N .

-

w % w7 O

in thes¢ equations C and L are the capacity and the -

v rotat1on-symmetr1cal modes of oscillation of round-

Vol o, No.3. ¢ v .. CAVITY RESONATORS R UE P SRt Y TR
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(see fig. 5a) is obtained, and by rotdting a Lecher
‘system. of a general form, such’ as that. of fig. 5b,
‘a round - flat cavity’ resonator is obtained ‘which _
“isno longer plané and which, moreover, has a hole
at the_ centre. It is thus understandable that the -

.flat cav1ty resonators are also described by equation _
(1) on the understandmg that C and L are, respect- S
ively, the capacity and self-mductlon per ring i’
of 1 cm width, and that.in general it wlll -be -

functions_of the radius r which here take over the i

In the case of a square;plane. ‘cavity : resonator

also be used. We shall indicate briefly . how tlllS R
~'should be done, although it 1snotof great1mportance g

- Fig. 5. The formatron of a round flat cavity resonator by
the-rotation of a Lecher system short-circuited at one end: *
a) plane cavxty resonator, b) resonator of 4 more general form."

. since the ngorous calculatlon d1rectly from Max- e
“well’s equat10ns is no- more labonous Agam we "7
mtroduce the voltage ¥ between a-'point on the ., | ‘-

“cover”- and the point on the “bottom” directly ~

Tof the square resonator has an x.and ay component o
iy and iy;.We assume at the same time that the
‘coordinate axes are parallel to the” sides of the
square.The current dens1ty components in thebottom
“will then be —iy and —1.3 Finally we mtroduce the -
capacity C and the self-mductmn L per- cm2 of
base plane. It" is then obv10us, analogous to.
equat1on (1), to wr1te the followmg equatlons

v - oo -

y a_x.__LaT RN
- a‘V ‘at . ) .
S0 ==L, D T
Yy &0t ’()A_
iy . azy' C@—K - .-

c 0x 0y ',__,,az'-
The value to be substituted here for Cis obv10us V
if k is the thickness of the cavity-resonator then C -
is the capacity of a condenser of 1 cm? area and'
with‘a plate distance h. On the otheér hand it is .
d1fﬁcult to assign to L a srmﬂar phys1cal slgmﬁcance.

s
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Further cons1deratlon “shows, however, that L.

.~ follows from the relation LC =" 1/¢?, in. wh1ch c
- is the velocity of light. » -
The conditions at the edge to be satisfied by the -

solutions of (2) have already been mentioned: at

[

.density must there be perpendicular totheedge. When
the side of the square cavity resonator has the length
2a and the origin of the x, y coordinates is situated
at the centre of the square, the second condition

- ‘_means that iy = Ofory = +-aand iy = 0forx = -+ a.

V= V,cos klx . cos ’kzy - Gos a)t, X
L Iy = — V sm kyx - cos kzy sin at, 3)
| ry =" ;I: cos kyx ‘sm-‘ Y _‘stln ot,
. ,’ ':Withk N ." . , 5 _‘ ‘r’ .
' ‘ k2+k2 — ' . .-,(4),

A
F N

“We shall not discuss here all the periodic solutions
of (10). As an example we glve the followmg
famlly of solutlons .

HE
oo 02

2w is here the frequency ‘of the oscﬂlatlons and V*

-an arbltrary constant. In order to sat1sfy the boun-»

dary cond1tlons the followmg must hold:

'a'k =mf,'ak2=nzi(m,n—1 35 )
- ) 2 ) 2

ponds to m = .1. Since the wavelength 1 is

"t equal to 270c/w, w1th the help of (4) and (5) it is .
| easy to confirm the statement we made about th1s' :

mode of. oscillation, namely that in this case
A-="2072 = 2:82 a:

On the other hand: .the \ mode of osclllatlonl‘
represented in fig. 4 is an example of a solution
,not given by a formula "of the form, (3). This mode -

of oscillaton corresponds to the followmg famlly of

3

solutlons

. T ) ’ ’ Y .
T V V0 sin klr sin kzy cos wt,
. - 0 . . .
Iy = —L—cosjkx°smk - sin wt ~
% oL S0P IR B IIRAS A (6)
. “Vo . ! T, . N
"ty = — — sin kx ¢ cos kyy - sin wt
. Y . Cl)L i ‘1 ) 2_')' _;a
with - N . :
oo . w?.- ..
: s . -'kl2 +‘k2.=§' .
and - 2 ,'4 . R
. ak, = mz, ak—nn«( ma=0,1,2...)

o Form =n= 1 we obtain the modé of osclllatron

o=

in questlon The wavelength is now 2
= 141 a. '

PHILIPS)TECHNIC‘AL REVIEW Ty

all points on the edge ¥’ must equal 0 and the current '

6

The mode of OSCIl.latIOIl sketched in ﬁg 3 corres- |

1947 -
Non-rotatxon-symmetrxcal form of oscrllatxon of a .-’
round plane cav1ty resonator

The mode of osc111atron of . a square cavity
resonatorrepresented in fig. 4 could not be derived
dJrectly from a rotation-symmetrical form of oscil-
lation of a round- cavity resonator. Conversely, .

- however, from this higher mode of oscillation of a
square resonator we may now derive a non-rotation-
_symmetrlcal form of oscillation of a round plane

: cav1ty resonator. It is not difficult to make a sketch
on the basis of fig. 4 of the current distribution
‘in a round resonator for the mode of oscillation in .-
question. "In the main this current distribution will
present the same picture as in the case of the square ™
resonator, but near the edge we must alfer the
‘current lines somewhat so that they are perpendlc- .
ular to it and thus radial in direction. This leads- " -

o fig. 6b; The application of a more rigorous
' mathematlcal theéry fully conﬁrms the correctness .

. of this ﬁgure T ~

It is useless to attempt to force the theory for
the non-rotatlon-symmetrlcal forms of oscillation
of round resonators into the mould of the cable -
equations. The self-induction per ¢m? was already
Ta rather artificial - -conception; it would be 'still ©
more unnatural to speak of the self-induction of a”
surface element r-dr-dp. We shall “thus’ give
directly the results produced by the theory based on. |, -
‘Maxwell’s equations. We ‘introduce the polar |
coordmates r and ‘¢ on the plane of the cover of -
the round cav1ty resonator The: voltage Vis then o
given by .. - .- I

,,(7). ;

)

V Vo Jm (kr) cos m(p cos wt, (m = 0, 1,2)..

) where J m(x) represents the Bess elfunctlon of the
. order m and o ‘

X WE
RV

b _

s wom -
Fig. 6. Dmgram ofa non-rotntron symmetncal form of oséil: L
lation of a round plane cavity resonator. Only a few current ‘
lmes are drawi here. a) The mode of oscillation where the .
current density near the edge of the resonator is propdrtional -

~_to cos p. b) The mode of oscillation where the current density

.7 - mear the edge of the resonator is propmtlonal to cos 2p.
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. where h is the thickness of the cav1ty resonator

o

- Vel 9, N

T (R)=0 (m

Slnce the Bessel functlon Jm( x) has an 1nﬁn1te '

Candp =1, 2, 3,
. and have already been d1scussed in detail in a = . . _ J -
©  where 2a.is the length of the side of the square, °

LR - 7

"""... - ‘/
»

Z and w are the wavelength and the angular fre- .

. quency respectlvely .
Attheedgeofthe cav1ty resonator the voltage must

_ become equal to zero. When the radius of the reso-

" nator 1s R the followmg COndlthIl must be satlsﬁed

_012 )\ (8)

‘number of roots for every value of m, ‘with a given

 value of m we obta1n an infinite number of values
* of k satisfying équatiod (8). With a given value
“of m we may arrange thesé roots according to
- _increasing size and assign“an order number p
(1, 2, 3, etc.) to each root. Since m itself may also -

have an infinite number of values, we thus obtam
‘a doubly infinite series of characteristic oscillations.
Values of kR = - 27tR/2 which correspond to several

" of the lowest characterlstlc frequencies, i.¢: to several

- of the smallest values ofm and p, are glvenmtable I
“For m = 0 the- voltage dJstrlbutlon is Totation-

i symmetncal for m = 1 the voltage is proportlonal
, to ,cos ¢r, for m =

2 proport10nal to cos 2¢, etc.

Table 1. o
Several valucs of 2zRjA for which Jm(2:tR/7 = O m is the

- order_of, the Bessel function Jm, p the order of the zero

. point “of J,,, . . , .

>

/

5.520 |-~ 8.654

0 2405 V| 11.792
1 1 -3.832 [ 7.016 | 10173 13.323
20| (5185 | 84l7 |- 11.620 14.796 .

-
-

~ o ~

. The formulae for the components i, and lq, of

“the current, density are as follows N e
iy = _I—Z—Jm,(kr) cos m<p° sin wt, . (9a).
. P [ R
. Vo ¢ Jmlk R
ey = ¢ m( ") m-sinm<p°sinwl.; (9b)

h4«n kr

and c¢ the velocity of light (if i and ¥, are expressed

- in amperes and volts respectively, the lengths in cm,

then 1ljc = 30 ohms); the derivative of Jm is Jm'.
The current distribution in fig. 6 corresponds

D tom=2 "and p =1 (c.f. table I). It may therefore =
be seen that this form of oscillation is not the ﬁrstg

" following . the . rotation-symmetrical fundamental
oscillation (m =0,p= 1). The current distribution

- correspondmg tom=1,p=1is represented in

"fig. 6a. The forms of oscillation for which m = 0
. are all rotation-symmetrical -

. previous. artlcle (see footnote 8. S

N-lﬁiz'_‘s' e

.om \

_ Three-dlmensmnal cav1ty resomators - © - -
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. resonator, i.e.

From (9a) it then follows that the current density

close to the edge is proportlonal to cos’ me. If:
inside the cavity resonator we introduce along its -

edge a number of loops whose plane contains the

;' axis of revolution of the cavity resonator, currents .
‘will be induced in . those loops whose intensity is .
. also proportional to cos mge. This. can easily be’ -
. demonstrated by connectmg small lamps to such -
“loops. For the rotatlon-symmetncal form of oscil- .
lation all the lamps will burn (fig. 7, left); for the . .

c_os @ mode of oscillation two groups will burn:
at ¢ = 0'and at ¢ = x (fig. 7 middle); for the cos 2¢

oscillation four groups willburn: at ¢ = 0, p = n/2 -
"9 = mand ¢ = 372 (ﬁg 7, right). The form of .
oscillation ‘prevailing depends upon the ‘frequency,.;_'

N

applied to the cavity resonator.

Because of (8) lq, = 0 at the edge of the cav1ty' :
the current density is radially .°
directed in agreement with the condrtlon formulated '

in the treatment  of square, cav1ty resonators L

With the above the most important facts about -

.cavity resonators have been stated. The practlcal
SIgmﬁcance of the ‘higher forms’ of osclllatlon of
cavity resonators in general w1ll be explained
-presently w1th reference to an example.
‘however, we shall examine the appearance of the

forms of osc1]lat1onmthe case of “three- dlmensmnal”
cav1ty resonators, i.e. cavity resonators which can .

‘no longer be cons1dered flat. -

-

We shall begm with cavity resonators in the form
"of a cube. We have seen (see footnote 3)) that the
oscillations of a Lecher system of length a and -
open. at one end could be descrlbed by the formulae )

V =V, cos_kxcoscq_t, .
i ,=iosin,kxsincot,,
‘ © k=ofe, S, (10)
ek =m= (m=1,3,5..).) = 7.

Fora s(iuare flat cavity resonator we found above 7
(see equations (3) and (4)) formulae of the form .

V. = V, cos kyx cos k,y cos wt,

ix _=i0 sin k% cos kypy sin wt,

iy =1 oy cosklxs1nk2y sin wt, a1’
I'cz—l-k"‘—-o”/c2 Poe ‘ o
ak,=m —g, akz—n% (m, n=1,3, ),

e

First, -

_-the forms of oscillation of square and round flat -

[
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Fig. 7. Left: A round plane cavity resonator which executes the fundamental oscillation (c.f. fig. 2).
This form of oscillation is rotation-symmetrical, as is demonstrated by the fact that the lamps along the
edge all burn at the same intensity. These lamps are connected with loops inside the cavity resonator.
The cavity resonator is excited with the help of a loop (it projects from the slot in the side wall of
the resonator), which is connected with an oscillator (on the right in the figure).

Centre: A round plane cavity resonator in a non-rotation-symmetrical state of oscillation in which the
current density near the edge is proportional to cos ¢ {c¢f. fig. 6a). Only two groups of lamps burn:
those at @ = 0 and those at ¢ = n. The oscillation takes place in such a way that the loop exciting
it is situated at a position of maximum current density on the edge.

Right: A round plane cavity resonator in a state of oscillation where the current density near the edge

is proportional to cos 2¢ (cf. fig. 6b). Four groups of lamps are lighted, those at ¢ -

7 and ¢ = 37/2.

This was the case for “one-dimensional” and
“two-dimensional” systems. It is now reasonable
to assume that for a cube, whose sides are also
squares, analogous formulae will be applicable.
We thus assign to each wall a current density
distribution corresponding to equation (11). If the
%, ¥, z axes are parallel to the edges (length 2a)
of the cube and if the origin of the coordinates
is at the centre of the cube, the following formulae
should apply (we omit the factor sin wt): for the
walls which are parallel to the x, y plane (the x,
y walls)

iy =i sinkxcosk,y, |

iy = I, cos kyx sin kyy;
for y, z walls

iy = iz sin kyy cos kyz,

ty = i, €08 kyy sin kyz;

for z, x walls

;:z - i.5 sin kqz £0s kyx, . 12)
iy = ig cos kyz sin k,x;
and the following equations must
thereby be satisfied:
ky? + ko? - ky? = w?/c?
and
ak, = mn/2, ak, = nn/2, ak, = pn/2
(s, pies 15358 50)
The current density has the same distribution,

except for the sign, in two parallel walls of the cube
as in the case of a flat square cavity resonator.

0,9p=m/2, ¢

Are the formulae (12) now indeed correct?
Before we answer this question we would call
attention to the fact that among the equations (12)
we have given no formula for the voltage V.
This was not done without reason. While the current
density in the walls of the cavity resonator remains
a physical quantity in our somewhat daring
generalization from two to three dimensions, it is
difficult to picture directly what is to be understood
by voltage in the case of a cubic cavity resonator.
This brings us to a fundamental question, namely
to what extent it is possible to speak of a voltage,
i.e. of a potential difference, outside the field of
electrostatics and direct currents. We must consider
that question for a moment.

The voltage V, i.e. the potential difference between
two points (for instance A and B), can be deflined
unambiguously in electrostatics due to the fact

A
that the value of the integral f E; dg, in which E;
B

is the component of the electrical field tangential
to the path of integration, is independent of the
path of integration. The voltage between 4 and B
is then by definition

B
V= { E¢ds
P

along any given path. This definition can still be
used in the same form outside the field of electro-
statics as long as one is only concerned with direct
currents. As soon, however, as alternating
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i, order of magnltude

'['currents are cons1dered certain. new convent10ns

= Let us-consider for example the srmple case of a.

“Vol. 9. No'.~'3 EES

L

“: } ’ I_ - .V - . . ) B —.: “
. CAVITY I{ESONATORS AP

path from A to B and the voltage measured for, .

must be adopted in order to be able to contmue . <instance -along the dotted line 1I may~be propor- .. -

to use the concept of * voltage

conductor -in - the form represented by fig. 8; for
- the sake of 51mphc1ty we shall disregard thic ‘Tesis- -

tance > of the conductor When an alternatmg current =
: "B

- 'ﬂows Jin the conductor the, value of f Es ds will'

'~certa1nly ‘be_ dlﬁ'erent along the various§ dotted

“paths. Accordmg to the mductlon law the 1ntegral
_[ E; ds along'a closed path — - for instance from
"B tod along one path and back from .4 to B.
_along another — is- proportlonal to the derivative -
with respect to time of the magnetic flux through

N ‘thc area enclosed by this path ‘And this derivative

w1th respect to time is certamly not equal to zero,
since the magnetic field of an’ altematmg current .
- changes with ‘the time. The * ‘voltage’ . between
| and B measured along different paths should

. .‘ . » u ~\ R
: . N A -t
. P f -
-
- : o 1"
N s M/ // : -
\ ) N
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LY - IB ’*.
Y 48973

* I‘lg 8 The voltage between two pomts A and B of a conductor .

.in which an.alternating current flows is not unambiguously .
defined: the voltage measured ‘along different paths (dotted
*h.nes I, II and III) is dlﬁ'erent R B

"the'n' actually, be _diﬂ'ere‘nt. Nevertheless, ‘one mav '

3 'usually still continu‘e to speak of voltagc: if it is -
B

agreed that one means the integral _[ Es dsalong the

[

- shortest path l)etween A and B This agreement

is not merely formal l)ut usually also practlcally
]ustlﬁed because it need ‘not by any means be
exactly the shortest path. Aslong as the derivative
‘with respect to time of the magnetic flux enclosed
.- by the shortest path from 4 'to B (dotted line I
_in fig. 8) and a slightly deviating path (for instance

dotted line IT or III) is - small compared w1th
‘B

| “Es ds along the shortest path ‘the dlﬁ"ercncc '
4

between the voltages measured along these two_
paths will remain relatively "small; One will then -
. indeed' continue to speak of the voltage. If the-

" wavelength is- -approximately equal to the distance

AB or smaller, the ‘magnetic-field strength will in
.~ general change very much _for distances of this
As’a result the dlﬁ"erence
l)etween the voltage measured’ along the shortest

- B -

: value of [ Eg ds along the shortest path l)etween

_resonator remains a reasonable idea:
: s1gmﬁcance of the:current density induced by the.

- value of the integral, so that this deﬁmtlon would only

'-tlonately large. But in many cases (by no means ‘_ K
/in all), also in the region of very high frequencles
(it s poss1ble to speak of the voltage, in thé'sense’

of our .convention,: when systems: are- cons1dered

- whose dnnens1ons are much smaller in one du'ectlon .

than in the -other. -
"Such a case is now ‘met with in the, case of flat

cav1ty resonators. Since the thickness . of a, ﬂat

cavity resonator is much smaller ‘than the wave-

,{.»':_. - : -

" length - which cor1esponds “to mot call too high -

character1st1c frequencles, ‘the. result is that the

“l)ottom ‘ and ‘the “cover”. differs relat1vely

httle from the’ value -of the integral along a shghtly - =

dlﬂ'erent path Therefore it was, poss1ble to speak

of ‘the voltage between a point of the “cover”

of a flat cav1ty resonator and the point in the *\A
, “l)ottom” directly under it. Because, however,: i ln
the case-of a cubic’ cavity resonator the d1stance_ o ol
' l)etween two such points is not small compared

w1th the other dimensions, it is hardly reasonable o

" to speak of a voltage in that case 5). This. is true, ’
of course, not only for a cubic cavity r resonator but _ -,

also for other’ “three-dlmenslonal” cavity 1esonators

_ The oscillations must then be described with the
help of the electrical and- magnetlc field. strength
-The current den51ty in~ the walls of the cav1ty

it has the

‘'variable magnetic field. The above formulde (12)
actually correspond to certain forms of v1.bratlon of
“ the cubic cavity resonator and | give us an'idea of

fthe d1str1hutlon of current density. in its. ~walls,
It is found that there are relat1ons l)etween the <7

N h
.o
~

constants 1.1, iy, U . . . ig Which we shall not go into _
here. Tn fig. 9 the dlstrll)utlon of the current dens1ty

_is sketched for. two modes of oscillation l)oth of *
. which correspond to m»— n= p
-(12), but to different values of the?’s.” © " - .- o

1 in equatl on

- For . cylindrical cavity resonators w1th c1rcular
‘cross section formulae are obtainéd for the current

density in the walls which are again a generahzatlon .-
‘of equation (9) for round flat cav1ty resonators.
"Further at the cost of much calculatlon the current

o

l5) For ‘certain forms of osclllatlon of a cube, namely - when
- the electric field is.everywhere perpendicular to a side
wall of the cube, the voltage could be defined in a fairly -

would then, however, result in an appreciably different -

,have a formal 51gmﬁcance.

y o
k4

- natural manner as the integral [ E, ds along the line of , I -
force. A slight deviation from this path of integration ~ =

‘\

A -

.
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distribution can be studied for spheres, ellipsoids
and elliptical cylinders, without enriching the
qualitative picture already formed of the possible
modes of oscillation of a cube. Rather than enter
into these mathematically fairly difficult questions,
we shall at the end of this article tell something

[ =
‘\

b
49076

Iig. 9. Diagram of the distribution of current density in the
walls of a cubic cavity resonator. The width of the “lines”
is drawn proportional to the current density. The forms of
oscillation a) and b) both correspond to m n 1 in
equation (12); the amplitudes (i}, . .. ig), however, are different
in the two cases.

about a case which in a different respect is more
complicated than those considered until now and
which does indeed widen our field of vision some-
what.

The practical significance of the higher forms of
oscillation of the cavity resonators is illustrated by
fig. 10. In this figure a so-called induction-tube
oscillator may be seen, the principle of which has
already been discussed in a previous article (see foot-
note 3)). The cavity resonator here has the function
of an oscillator circuit in which the oscillations are
excited by the induction tube mentioned. The latter
is situated in a hole in the cavity resonator at the

1947

position of a voltage maximum. If it is now desired
to obtain an oscillator with a high power, two
induction tubes could be placed side by side in the
hole. Such an arrangement, however, meets with
all kinds of objections. Use is therefore made of the
fact that with higher forms of oscillation a cavity
resonator has more than one voltage maximum.
Holes are made at the positions of these maxima
and each induction tube is placed in a separate
hole.

We shall now discuss the quality factor and the
resonance resistance of cavity resonators in general.
In practice these two quantities often determine
which cavity resonators are to be considered for
a given technical purpose. Whether one or another
cavity resonator is chosen among those having a
suitable quality factor and resonance resistance
usually depends chiefly upon the structural require-
ments which the apparatus involves.

Quality factor and resonance resistance of cavity
resonators

The quality factor of a cavity resonator can be
considered as a measure of the sharpness of reso-
nance, i.e. of the selectivity of a cavity resonator.
The larger the quality factor the greater the sclec-
tivity.

Fig. 10. An induction-tube oscillator of high power. The two
induction tubes are mounted in the cavity resonator at the
point of voltage maxima. In this way use is made of the fact
that at higher forms of oscillation a cavity resonator has more
than one voltage maximum.
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-If only one charactenstlc osclllatlon is e*cclted -
the quality factor Q can l)e deﬁned hy the: followmg

U Ny ‘ ’ .
—=, ER R ¢ £
Lo 05 "WT ( )

in whmh U is the average ﬁeld energy and WT
"_the heat developed during one'perlod Definition (13) ' : .
s very generally vahd not only for’ ordlnary
osclllatlon circuits (i.e. with concentrated L and C)
" but “also for cavity resonators. If a number of

N Characteristic oscillations are exclted s1multaneously

) *the quality factor for each characterlstlc oscillation
7. is.also given by (13), provided two character- -

istic oscillations are never so close to each other that .

“the peaks of the resonance curve coalesce Equatlon

+ (13) does not, for example, - hold in the case of a

. “cylinder with an inner partltlon (see ﬁg 14) to be

: . discussed later.

" The s1gmﬁcance of deﬁmtlon (13) becomes clearer
when it is borne in ‘mind that the average’ field

" energy of a free oscillation with frequency w
.decreases owing to losses in the course of the tlme t
. accordmg to the formulae . o N

o U(t)

A |

Ue_c‘ - ’ 7 . ”

.

) " where a .is the damplng constant. If ais small *
~ the energy lost dur1ng one period is glven by

o s R
@ R

gy e T g
W= U(O)—,— U(—”) U _—u-zml_"f] ~aZ UL

’A By comparison of this result with (13) we find that,

"The quahty factor thus actually becomes larger
& accordrng as the resonance of the cavity resonator

[ . c e . S

»

3
.

-T\T .

is sharper, because the sharpness of resonance of

‘an arbitrarily oscillating system increases when the
~ damping constant decreases. A

In order to be able to calculate the quahty factor,

one must accordrng to (13), know the average
field energy and the energy d1551pated durmg one

pel"od
If 4 is the magnetlc ﬁeld strength, the field -

- energy is proportional to the. integral of H? over the
" whole volume of the cavity resonator. The energy .

. dissipated is given by the Joule heat of the

currents induced by H in the walls of the cav1ty

‘resonator (we assume here that the radiation losses

may be disregarded). Now the density of the

" induced current at every point of the wall is
‘proportlonal to the magnetic field strength at that

pomt and the resistance of the wall is proportlonal

o

. = CAVITY RESONATORS .
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L. ‘ L '/;

to the depth of penetratlon (5 due to the skm eﬂ'ect 8)
The energy dissipated is therefore finally - propor-, -

tional to ¢ and ‘to the mtegral of H? gver the whole -~ . ’

‘surface of the cavity. resonator. The calculatlon Sl
gives mdeed R § . '
SRR 1 JfszdT PN
N Q= 5 . (14-), -
i R} ”H do’ e

when dz and do are volume and surface elements P :
of the cavity. resonator respectively. In many cases »
"the order of magmtude of Q is g1ven in sufﬁclent -
approx1matlon by R ‘

—
.

2 volume of the cavity resonator" DI

(5 surface of the cav1ty resonator

F rom (15) it follows’ immediately that for “three-

-d1mens1onal” cavity resonators Q will in general

be larger than for flat cavity resonators. For the
latter we have in mind espemally the.square plane

cavity resonators — it may be concluded from (15), - .

that for higher forms of oscillation Q. has about .,
the same value as for the fundamental osclllatlon

if A, and consequently d, which is proportlonal to
VA, are kept constant, v.e. when cavity resonators

of different, sultal)ly chosen dimensions are com-
pared with each other. Such higher. forms of oscil-
lation -were indeed ohtamed by placing the cavity .

. resonators side by “side and then removing the” -
part1tlons between them; and for really thin cavity - _

resonators” the heat development in the side walls
amounts; to almost nothing- compared w1th that of °
bottom and cover. . - )

- For the cube Q is equal to 2 a/36 where 2a is the» o
length of an edge. Since the wayelength 1 of the
fundamental oscillation is equal to 2a V2 ‘and.the

) depth of penetratlon for copper is equal to 4-10~° - L
Vi (4 in cm), one ﬁnally obtaing for the quahty R,

factor Q of a copper cube oscillating on the longest
wavelength Q"= 99000 Vo (@ in cm). = - .-

We must now consider briefly the resonance

" resistance of a cav'ity resonator. We define here the

resonance resistance for flat cavity resonators only,
because it is then still possible to speak of a voltage D
V, as explained above. The resonancé resistance -
is a quantity Z such that the heat development W :
in the. cavity resonator per unit of time is glven

by W = vyz. - .

- Since the voltage for flat cav1ty resonators is a _'
functlon of pos1tlon, the resohance res1stance will.

8) If g is the speclﬁc resistance of the material of the wnll
- of the eavity resonator, the resistance of the layer in which
- ‘an appreciable current flows is proportional to 9/6 Itnow . -
" follows from the theory of the skin effect that § is propor-
tional to vp. The resistance ‘of the layer in questlon is
therefore mdeed proportional to 4. . g
, .
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,,1n general also depend upon position. Usually hy

resonance -resistance - without any indication of ’
posrtlon is meant the resonance resistance at the

" -voltage maximum. - ;
We shall now examine how the resonance resis- -

tance for higher forms- of oscillation, behaves com-

. pared w1th that for the fundamental oscillation in’

" the case of square plane cav1ty resonators, again
‘at constant 1. When n similar square cavity

S resonators, each of which exeéutes the fundamental

%+ oscillation, are placed side by side; it is clear that n

S
N

-4

. times as much heat is developed as when only one

of them i is osclllatlng If we now remove the inter-.

mediate Pal'tlthIlS, as described above, and consider
" the whole as d smgle cavity resonator in a Iugher

state of oscillation, its resonance resistance is thus
n times as small as that of the elementary cavity-
resonator of -which it was built up (we again

- disregard the heat development in the partitions).
< The advantage of the use of the concept “reson- -

ance res1stance” for cavity resonators is often
mamfested in the fact that in many arrangements
the Voltage which -will act on a cavity resonator

canbe calculated as‘soon as the resonance res1stance ’

P 1s “kmown, .t 0 o T

" We sha]l not however, go mto that here

CO“Pled cav1ty resonators s : I

- We “shall now dlscuss the lowest character1st1c
. osclllatlons of a ‘cylindrical cavity T resonator divided

mto two by a(transverse partition midway along -

" its length the partition is prov1ded with a c1rcu1ar
~‘hole exactly in the centre. * - :

‘Such a cav1ty resonator may he consldered in
" two ways: .on the oni€ hand as the lmutrng case of a
cyhnder with constr1ct10n in’ the middle ( fig. 11a),
"and on the other hand as two separate resonators

L
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F1g 11. A cylmdncal cav1ty resonator divided into two by.a
:' transverse partition midway along its length. _There is a-
-" small round hole at the centre of the partition. Such a cavity
resonator may be considered: ¢) as a single cylindrical cavity
resonator with a constriction at the middle; b) as two separate
o cav1ty resonntors coupled by the ‘hole. :

- N . "
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present if there were no hole in the partmon .7

.

;1947

o T <,
céupled by a small hole.in the partition forming

“thé “cover” of one and the “bottom” of the other*
(fig. 11b). As long as the partition is entirely closed .
there may be quite mdependent oscillations, with
any arhltrary phase difference, on either side of the..
partition. When there is a hole thatisno longer true,
for instead of the~ character1st1c frequency of the '
fundamental oscillation there are now two charac-*
teristic frequencles, at one of which the osclllatlons

- Lo . N

\ . .-

v P - -

- e -

9027

’ -1F1g 12. The course_ (dmgrammntlc) of the- electric lines of

force for the two lowest charagteristic freqitencies of the cavity .-
resonator of fig. 11. (The forms of oscillation here having axial -
symmetry, it is‘thus sufficient to show a single cross-section. y
These characteristic frequencies are both formed from the
characteristic (fundamental) oscillation which would be .

.‘~,,

_' to the left and rlght are in the same phase and at \
the other in_opposite phases. -. ' ‘

In the first case, that of the same phase, thus
w1th the electr1c field similarly directed on the left~
and right — for the fundamental oscillation the
electric field in a cylinder closed at both ends is

» everywhere parallel to the ‘axis — the situation is

‘always the same with or without partition, with or
‘wrthout a hole in it. Thus when a hole is made in
the partition there is ‘no- difference in the case of
this characteristic oscillation, the "characteristic

frequency ‘w, of “the cavity_resonator remaining

unchanged and -also the course of the lines of- force

(fig. 12a). i

. Itis dlﬂ'erent in the second case where the oscll-

' latlons to the left and nght of the partition are in-

opposite phase Lmes of force can indeed end on a’
conductor, but not somewhere in free space.,
Thus difficulties are encountered’ at the hole and -

' we must find out what happens_ then. Actually :

the linies of force will curvé in the vicinity of the

. I o~ . . .
= - . p - ~ N
. e e s .
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hole, so that they end on the partition or at least
near the edge of the hole (fig. 12b). The course
of the lines of force is thus slightly different from
that in the case with no hole in the partition. This
is not without consequences for the value of the
characteristic frequency. It would take us too far
afield to explain how, after having obtained a
picture of the variation of the field by means of
the above reasoning, by means of a relatively
simple calculation a formula can be found giving
the frequency correction, at least for a very small
hole. The formula in question is as follows:

0" = w, ;l -+ 0.788 (%)3}7{ é; w5 4(16)

where o’ is the frequency caused by the presence
of the hole, w, the “undisturbed” frequency, R and
2l are respectively the radius and the total length of
the cylinder and p the radius of the hole.

Thus when the hole is bored in the partition the
characteristic frequency w, of the cavity resonator
is split into two: w’ = w,, and w (given by equation
(16)). For a very small hole o’ and o’ lie very

.CAVITY RESONATORS 83

close together, so that the peaks of the resonance
curve corresponding to w’ and '’ partially coalesce,
exactly as in the case of two coupled circuits with
concentrated L and C. And just as in the case of
two such coupled circuits, the familiar resonance

Fig. 13. Resonance curve of coupled cavity resonators recorded
with the apparatus of fig. 14. The frequency is here “plotted”
in the horizontal direction. The deviation in the vertical
direction is a measure of the intensity of the oscillation excited
in the cavity resonators.

curve with two “shoulders” will occur here as soon as
there is any damping in the cavity resonator. In
Jig. 13 a photograph is shown of such a resonance
curve for a cavity resonator with partition; this

Fig. 14. Apparatus for the recording of the resonance curve of cavity resonators. The
resonator visible here on the upper right is divided into two by a partition with a hole
in it (the partition is vertical and perpendicular to the plane of the figure), i.e. in this case
it is actually a question of two coupled cavity resonators. The oscillations are excited
with the help of the loop, part of which may be seen protruding from the slot on the left
of the cavity resonator, which loop is connected with the oscillator on the left in the figure,
whose frequency can be varied. The high-frequency alternating current excited in the loop
situated in the other slot is applied to the vertical plates of the oscillograph after rectifi-
cation. A separate arrangement provides that the horizontal deflection of the electron
beam in the oscillograph will be proportional to the variation of frequency.
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resonance curve was recorded with the apparatus
shown in fig. 14. (In the case in question the cavity

" resonator was square, which of course does not.

alter the qualitative aspect of the phenomena.)

It is thus understandable that the “composite”
. cavity resonator considered here has an analogous *
-function in high-freq{iency technology to thatof
_coupled circuits in the region of lower frequencies,
in particular to that of a band filter. '

-~ Equation (16) was valid for a very small hole (¢ £ R).
What will the frequency correction be when the hole is no
longer very' $mall? It is very difficult to answer this question
satisfaétorily. One thing is certain, however: when the hole
is so large that there is no partition left at all, i.e. when
¢ = R, the two-characteristic frequencies w’ and o” must
clearly he characteristic frequcﬁcies of an undivided cylindery
of radius R and length 2l The theory of the characteristic
frequencies of such a cylindrical cavity resonator shows that
the course of the lines of force for the lowest (rotation-sym-
* metrical) characteristicoscillations is as represented in figs. I5a.

7

A

L * o : . .« . 48975
- Fig. 15 The (diagrammatic) course of the electric lines of
foree for the lowest characteristic frequencies of a cylindrical
cavity resonator; the -forms of oscillation in question are
axial symmetrical: a) corresponds to the fundamental oscilla-
: tion; b) and ¢) to the two succeeding characteristic oscillations.

|
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" frequency for the forms of

" We shall now guess at the rest by drawing the dotted part °

" by the g/R axis?).

N . . - )
- we shall not, however, discuss in this article.

11947

Ve ‘
N

: Ay - B
b and c. We compare these-figures with fig. 12a, b drawn for -
the case of a small hole. Since the course of the lines of force 1
varies continuously with “the size of the hole, fig. 12¢ must * -
correspond to fig. 15 and fig. 12b to fig. 15b. It should there-

fore -be possible to obtain the frequency corresponding to

0~

o
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(l)/ Wo

1,16
R/l=1 '

I

A
02

04 10

0, 08
i er -

- - 48976 s
Fig. 16. The lowest but one characteristic frequency w’’ .’
plotted vertically of the cavity resonators coupled by a hole .

--as a function of the-ratio g/R (plotted horizontally), of the

radius g of the hole and the radius R of the cylinder. The ~
dotted part of the curve is not_well known theoretically:

hg. 15b from the frequency corresponding to ﬁg. 12b when b
isﬁ?creas’ed continuously. The value of the characteristic
oscillation in fig. 15b is familiar -
from the. theory: . ‘ < R s
. .” S —
WpmR = w |/ 1+ 0.426-17 SRS

’

_.Of the curve which gives w” as a.fun.ct'ion of g/ R we now have
a séction at thé beginning, given by. equation (16), and at -
the end point (g/R = 1), given by equation (17) — see fig. 16.

of the curve in a reasonable manner. The frequency corres-

. ponding to,ﬁ'gs;' 12a and 15¢ is independent of g and l,namely

in both cases cqual to w;

, i.e. it will be represented in fig..16

. We may not é¢onclude without drawing attention .
to the analogy which exists between the electro-
magnetic oscillations in Lecher systems, flat 'and
general cavity resonators on the one hand and on -
the other the acoustic viBrétiox;s' of strings, mem-
branes and Helmholtz resonators. This analogy
is no identity; there are certain differences between :

~ the twp groups of phenomena. But the expectation, -

which is perhaps natural, that ‘there must exist
an electromagnetic cougtqrpart of ﬂ\thé’speaking-‘tul‘)e
apd the horn is actually “Gonfirmed by thé electro- .-
‘magnetic “wave guides” and “horn aerials”, Which '

’) Gf. H. A. Béthe, Phys. Rev. 66, 163, 1944, * -

~
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Bt THE PRACTICAL CONSTRUCTION oF VIBRATION-FREE MOUNTING

R . WITH AUXILIARY MASS

T S byJ A. HARINGX

In order to reduce the amplitudes of the forced vibrations of an instrument due to the

" same time is provided with a certain damping in connection with the decay of the free
vibrations. In a previous article the advantages were shown of introducing the damping
between the apparatus and an auxiliary mas{ attached to it with springs. The features

" of this system were discussed for the one-dimensional case. In the present article the case

" of multl-dunensmnnl wbratlons is examined (translatlons parallel to and rotations about

) ¢ various axes) For such a case the mounting should preferably satisfy certain conditions ’
" .-° - ‘of symmetry. For the resilient support practically only helical steel springs can be cons:d-_
Y ered, use being made not only of their axial rlgldlty but alsg of their ngldltv with respect:

to lateral deflection. Further consideration is nlso gwen to, the prachcal manner of intro-

[ . motion of its surroundings it is usudlly mounted on a resilient constructlon which at the -

621-752

[N

L s ducmg the dampmrr . T

s T : . . ’ o .
- ~

The use of sensitive mstruments such as balances, ~
galvanometers» and . mlcroscopes'ls often made
- difficult or even 1mposs1hle by ‘vibrations of the"

. surroundmgs. In order to reduce the amplitudes of

. the forced vibrations of such an instrument due to
“the vibrations of the surroundlngs it is placed upon

- vsufﬁc1ent1y weak springs. It is then necessary,

v

«

- however, to introduce a damplng to ensure that
»the decay of the free v1bratlons of the system
_caused by slight 1mpu1ses or 1n1t1al d1splacements

~ . 1s rapid enough. In a previous article !) we showed

.the advantages of introducing this damplng between
the apparatus and an auxiliary mass “attached to it
- with springs. The features of this system.wers
. discussed, but only for the case of a one-dlmensmnal
‘movement. T ‘ '

- 'When it comes to puttlng these ideas into practlce ,
- we are immediately faced with the problem that
the foundatlons of an apparatus -are, in general
apt to execute Vlhratlons in and around various
_"directions. Since: in-moét cases an mstrument is”
sensrtlve to several of these vibrations, the system N
of mounting must provide for resiliency in several ~
directions. This cannot be done, however, in an -
‘arbitrary marner -as regards the choice of the
centres of -the elastic forces and their dire’ctions’,

.

- for then it is quite likely that once the apparatus

i 1) J. Al Harlngx, Vlbratlon-free mountmgs with auXIhary

~ begins to vibrate it will show hlghly comphcated
~and absolutely indeterminable oscillations. It would
“then be impossible to determine what measures
have to'be taken to restrict the forced.vibration
.and to stop as quickly as possible the free vibrations’
of “the system after an impulse or an initial dis-
_ placement. We shall now explain very hrleﬁy how
. this problem has to be dealt with."

mass, Phlhps Techii. Rev. 9, 16, 1947
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A r1g1d body suspended in space hy aset of Springs
possesses six degrees of freedom, viz: translation ,~

in three mutually- perpendrcular directions and
rotation about three mutually perpendicular axes.
These degrees of freedom are as a'rule coupled, -
that is to say a force acting in one of the directions

(for mstance the reaction of the sprmgs or the ..

‘inertia of the mass) results not only in.a translatlon
in this direction but also in other translatlons and"
rotatlons. ‘This .is the reason why the’ behavmur
of the vibrating system is so comphcated Under -

certain conditions however the coupling hetween

‘ the different degrees of freédom’ may dlsappear,

namely when the spring mounting possesses a-
so-called centre of elasticity. with -three per-
pendlcular pr1nc1pal main axes of elast1c1ty
passing through this centre and commdmg with the
- principal axes of inertia of the suspended body
(the centre’of grav1ty then automatically coincides’
‘with the centre of elasticity). A pnncrpal axis of

. elast1c1ty is' defined in such‘a way that a force

acting in its direction causes a translation in this -

(hrectlon only, whilst a couple about” such an ’

“axis likewise causes-a rotation only about that
- axis, so that under the condltlons ‘mentioned .there -
are in fact six mutuallv non-coupled degrees
of freedom. Any arbitrary combination of elastic

attachments will not as a rule possess a centre of -

elasticity, Such’ will be the case, 'however, if for
mstance the mounting is’ symmetrical with respect
to two mutually perpendicular planeé, like those
in figs. la-c, and if at the same time the elastic

elements. are of equal r1g1d1ty in the dlrectlons -

perpendicular to these planes. For reasons «of
symmetry the mtersectmg line of these two planes,

i.e. the z axis, must be one of ‘the principal axes of |
elasticity and the two other principal axes must be.

. ‘ v N
. -, N
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parallel to the x and y axes. The helght of the centre
of elasticity on the z axis can be calculated from
the rigidity of the springs, an example of thch
_will be glven below.

. "I, now, in our vibration-free mountmg the springs,
are fitted in this two-fold symmetrical manner and

’ care is taken that the principal axes of inertia of the

mountmg combined with the 1nstrument placed
. on it coincide with the principal axes of elast1c1ty,
i.e. the x, y and z axes, then the vibration of the .
System following the six ‘degrees of freedom are
approx1mately 2) mdependent of each other and
‘ can_be treated as six separate - one- d1mens10nal
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of the disturbances is to set in motion the floors, .”
* walls and tables in the hulldmg, which then executé

‘their natural vibrations.
tems’
which preferentially transmits the vibrations in the
neighbourhood of the resonant frequencies. We shall

The “vibration sys-

more closely with the aid of a vibration pick-up.

It has been found that the lowest of the natural

frequencies mentioned usually lie hetween 15 and

* of floors, tables, etc. act as a kind of filter, .

" thus need to analyse the d1sturh1ng vibrations '

20 ¢/s. If, by means of a vibration-free mounting, ’

the amplitudes of an apparatus are to be reduced,

_for example, toa few percent of those of the foun-, :

to two perpcndlcular verth'\l planes

e . ’ . \

s, . .-,',
T

‘problems Thi‘s also 'holds‘ when applying i the '

" principle of our “vibration-free mounting sketched

v to defs?).’ . . -
Such low resonant frequencles preclude the use -,'_-‘

" of “rubber cyhnders for the ~resilient'- elements
" of the mounting, because they are too r1g1d For

in fig. 4 of the prevmus article 1) by attaching an

_auxiliary mass to our apparatus by means of a
. _ number of elastic and damping elements This

attachment must also have three pnnclpal axes of

) elast1c1ty comcldmg with the same x, v and z axes,
" - the principal axes of inertia of the auxrhary mass

" likewise coinciding w1th these axes. .Moreover,’ the
dampmg elements must be mtroduced in such a way

forces ‘along and couples about the ‘same axes.”

When these- conditions are satisfied — in prac- .

t1ce this can be done with sufficient accuracy —
“we ‘can apply the results of our previous study of

‘the choice of the parameters to" each degree of .
freedom’ separately and thus endeavour to keep

the system free of "all: dlsturhmg v1hratlons e

The deszgn of the springs - -

N

The mechanlcal disturbances- apt to give trouble
in a building may be caused by the regular throbbing

of a machine; but they may also be due to all kinds - -

of 1rregular shocks such as footsteps, the slammmg
of doors, etc. Consequently any frequencles, even

- the very lowest, may be represented in [ the Fourier.

spectrum of the. drsturhances The pr1mary eﬁ'ect

3), “Approxrmate]y” because the force of grav1ty exerclses
oa drsturbmv mﬁuence . .

. .s w LA IS - . -

L " Fig.1. Three different arrangements for making an npparntus vxbrntlon-free where multi- -
" dimensional disturbing vibrations exist. The mountings are all symmetrlcal w1th respect . -
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datlon, then under these conditions we must glve - the
~ mounting the very low resonant frequency of 2

,the’ resonant. frequency o of a v1bratmg system
~we may-write """ L

“the compression of the res111ent element caused by :
the weight of the mass.. In -order to obtain, for .~
example, a resonant frequency of- w27 = 3 cfs; ™
- f must therefore be 2:8 cm. If rubber cyhnders
were to be used as spnng ‘elements their length I

would have to be at least 10 cm to permit-such a .

~ large compression. Moreover, to prevent them from - .
hucklmg, the digmeter- D would have to be of the
" same order of magmtude, s0 that the force necessary

for the compresslon. Lot s
% N ! P
- ; ¢, P=aD% E f/l Ay
.
- in the case of the weakest var1ety of rubber w1th a”

8) This result is obtamed by reqmrmg, in formuln (8) of the

a
article referred to in footnote 1), that for mstance l —
N 2

a7

.

V ', - N . ,\ - : O—Vf . ‘, ‘-_*:f:-“-;ﬁ: '/)»'.-\
_' . that in case of translations parallel to or rotations = S
. about the three said axes the dampmg results in - where g is the acceleratlon due to grav1ty and f

004 and setting equal to 0-5, so that w/wo =7 (=,

" given- disturbing frequency, ‘@
) .'be chosen) .

< Lo - - e

N - L RS

resonant frequency to
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j modulus of elast1c1ty E

N TNt

10 kg/cm2 would be(
.of the order of 1000 kg. A mounting with four such

- cyhnders should thus have a weight of 4 tons! ~

. mended for our purpose. -

Obwously such heavy constructions cannot; gener-
cally be used as‘a support for a balance or a micro-
- scope. “A reasoniable total weight would be’ say 50 to
100 kg Such a weight could be more closely ap- .
proached if sponge, rubber were used, but as this -
material is not very durable 1t is not to be recom-

e

- Asresilient elements for a wbratlon-free mountlng
hellcal steel springs are’ much ‘more smtable
" These’ can" easily be made 50 as to take up the
des,lred compression ‘of about 3 cm under a;force

. VIBRATION-FREE 'MooNTING-' ‘

. sketched in ﬁg 2 wlnch may “serve as a prototype ‘,;,;7. )

.. in the vertlcal chrectmn and. i in the two horlzontal oot

for many practical apphcatlons A flat- plate’ B,
on which is placed the balance or other instrument '
“to be rendered free of v1bratlon, is supported by
four helical springs.. The ,auxiliary -mass, a second ' -
plate P, is supported by the first plate in a similar -
“manner. In both cases the four springs simultane-
ously perform the function of a resilient attachment

~-

d1rect10ns . : ST
The questmn arises as to how the springs must - -
be des1gned in order to get a certain lateral ng1d1ty

in’ addition to a given axial rigidity. This axial. -2 7+
ng1d1ty, i e the force requlred per umt of ax1al ’

-
/

R

-~

vewne

Flg 2 Model of the practlcal constructlon of a v1brat10n-free mount.mg ‘with aux:lmry

. mass. The plate p supported by the helical springs ¢ and carrying- the instrument represents
_ the main'mass, the plate P connected below with the helical springs C is the auxlhary mass.
Between these two plates the dampmg ‘k has been prowded - o

L i
.
’ RN
] oL [
s ~ ; 2 - > ‘ N
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of about 10 kg Hehcal steel spnngs possess a large compresslon, can bP calculated w1th the . help of

number of d1stmct natural frequencles-, with' the .' the formula AP -
résult that the vibrations havmg correspondmg - o Am’ ¥ EI : -
c = —— . -
frequencies are_ transmltted to the instrument.. 2 T mlm D“ SR
. This fact is in contradiction to the statements : : -
prewously given and is often considered as a (B= modulus of elast1c1ty., I = moment of inertia ’

by turning this lateral ng1d1ty ‘to account (see’
' ﬁgs le and Ic). :

. buﬁ"ers, spring balances, etc. But, in addition to

" serious objection, but fortunately - these natural
frequenc_les usually lie so high that — at least in -
our case — they do not cause any trouble at all.-

- As a rule it is only the -axial rigidity of .
such ‘'springs that is utilised; take for instance .

' this axial rigidity, springs also possess a lateral
rigidity, provided their ends. are not both hinged. ~
Therefore, since we have to- do w1th a three-dimen- .

‘\slonal mounting hav1ng six degrees of freedom it:

s obvious that the construction Gan be s1mphﬁed

\v

~ -

. Let us conslder for example the arrangement '

R

"of the circular cross section ‘of the w1re, n= number

- springs had first to be worked out in more detail 4),

v“) J. A, Harlngx On the bucklmg and the lateral ngldlty

of turns, D — coil diameter, m = lateral contrac-
- tion or Poisson’s ratio;. for. steel, m 10/3)
‘For the calculatlon of the lateral rigidity, however, . Lo
the theory of the lateral deﬂectlon -of helical -

and at the same- t1me the danger of buckling could
also be studied.’ Here we can give the most im-'
“portant . results. only very brleﬂy e

A slender helical spring will buckle s soon ds
the compress1on load, and thus also the relatlve

N -

of helical compression springs. Proc. Kon. Ac. v. Wet
<Amsterdam 45, 533- 539 and 650-654, 1942.

r
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- compression E, has reached a certain value The

-~ !critical compression & is found to depend — at -
least in a first approximation %) — only on the'ratio

_ of the length I, of the unloaded spring” and, its

7 " diameter D, the so-called ratio of slenderness
" of the spring. The relation found for the case where
both ends ofthe spring remain parallel after

deﬂectlon (as in fig. 2) is shown in ﬁg 3. Itis seen -

-

0
o
as
04

02

a 0 s w1y s PRI
0. 2. 4 6 8 1o/p.
. Fig. 3. A loaded hehcal Spnng w1thout axial gmdance will
buckle under a certain force corresponding to’ a’ certain
(cntlcal) compression &1.. & is found to depend only on the.
ratio of slenderness /D of the spring. From' the relation
shown here, which holds for a spring with its ends both

hinged or‘remaining parallel, it may be seen that with a ratio © -

of slenderness l,/D <C 2-5 buckling can never occur. When

T < both’ ends of the spring are’ fixed l0 is to bc takcn as half’

the ]ength of the sprmg -

. that when l < 2 6-D the spring can never buckle
This condition must thérefore be taken into. account

¢, when demgmng the ' springs. o

" Further, the lateral deflection ¥ of the free end
of»an ax1ally compressed. spring under the s1mul-
. taneous influence of a- lateral force L and a couple
M ( ﬁg 4) is glven by the equatlons : '

L

L = aqy—ay,

s _W%} L

"+ where 9 is the rbtation of the upper end and ¢1s

. w

LG and ¢, are the coefficients of rigidity. These -
coefﬁclents are related to the axial rigidity ¢

accordmg to the followmg equations:

v
N

c m. o am41 V ;
o2 (m—l—l)‘[‘l T+ 3m_ ('ﬁ)} e - (23)
Gl L @)
o 2o T .
o csl_ mD? | "1«(2171—.';—'1) 1)\ B a
Z'_.E:H-l) [1+ Im (5) J - (20)

5) A more preclse calculatlon ‘shows that the pltch ‘and the _
-". wire diameter exercise a certain, although' slight, influence.
. -This calculation will be published elsewhere in'a paper
" in which other problems discussed in this arucle are also
worked out in more detall o . ’,
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Here | is the length of the spnng when loaded and
&1, &, &5 are correction factors depending upon the
relative  axial compression & and the ratio ‘of

. slenderness 1,/ D. These three factors are represented

graphically in figs. 5a-c. :

- By applymg the results described to the mountmg
in fig. 2 we can first of all calculate the height b~
of the centre of elast1c1ty above the base plane of
‘the springs. |- o

_ A horizontal force L through this centré — accord-
ing to the definitions already given — will cause -
"only a lateral displacement y of the . plate; the
plate remains horizontal, thus » = 0. It follows
from (1) that in th1s case the couple M caused by L.
‘must be. : - . oo

M= _ 2.1,

. - ¢

\ .
[=—(1—h)- L

By ehmmatlng M /L from these two equatlons and~

‘makmg use of (2b) we obtain:

h=1 1— 1/2 &)

The centre oil grav1ty of the movable-mass of the

941 -

while “on the other hand this couple is given by .

mounting must therefore lie at this helght Further,

under this condition, w

we have L = ¢y, so that .

equatlon (2a) gives us directly the rigidity - of - “

the spring 'c; required to. make our . mountlng
 vibration-free as regards transverse v1brat10ns
It w1ll often be desired “to have the mounting -

behave in the same way in thev vertical as-in the
horizontal, direction. When " vertical springs ‘alone ...
_are used ‘c; must then be equal to c. This establishes

a relation between & and J,/D which can be derived -

vires J o

L 77

,Flg 4. When a transversally dlrected force L and a couple M
“act on the free end of a helical spring' whose other end is "

clamped .and_which is compressed axially by a weight P,
a lateral deﬂectlon 3 and a rotation 4 occur at that free end.

R ~ . N -

2

v
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- from' equation (24) and fig. 5a. This relation is
represented graphically in fig. 6. Wlth the aid of .
this graph and the prescribed loaded and charac-
teristic frequencies it is possible to derive all the

- conditions that have to be satisfied by the para-
“meters of the spnng (length dlameter, number of
turns, etec.). Lo

-Also the l‘lgldlty of the mounting with Tespect
,to a couple about one of the principal axes of

, ela§t1c1ty can be expressed in the quantities ¢, ¢,
€y Cg3 in this case the contributions of the rigidities
€1» €3 and c¢; can often be disregarded. For counter-

~ acting the rotation vibrations connected with this

_ couple ‘the same considerations’ are valid as were .
given, for translation vibrations, except that the

N

_various moments of inertia’take the place of- the -

masses. There is nothmg new of any- 1mportance_
" in th15, so that we shall not go deeper into it here :

The practwal applwatwn of the dampmg

" The damping can best be realised by means of

- four cups k filled with oil of a certain viscosity and

-+ affixed to the auxiliary mass (plate P in fig. 2),

in which cups four others affixed to the main mass

(plate p) can move freely in all du'ectlons with a
clearance of some millimeters.

When it is desired that the damping coefficient

* k should be the same in the horizontal and in the

vertical directions the damping cups.must be
" square and, as calculation has shown, they must be
filled to a height H ~ 1.45 B, where B is the side
of the basal plane of the inner cup. The damping

- coefficient in that case is approximately equal to .~

-nB*

k~18 7

- d
B’

(1 +25

S

Flg 5. The correctlon factors 1 e‘, 83 occurrmg in formulae (2) as functmns of the ratlo ‘
‘ of slendemess lo/D with the compressmn & as parameter :

" viscosity; but there is really no very great semsiti-
"die out quickly enough and the forced vibrations"

-of the system due to the motion of its surroundings-

“of the oil — and thus its ‘"damping power — depends -

-one of the plates m ﬁg 2 w1th a shght pressm'e

e

: -
5 .

where d is the dlstance between the walls of the».""
two cups and 7 the viscosity of the hquld

‘Eventually the optimum damping’ can be’ ad-'
]usted experimentally by using oils of a different .

vity in such’an adjustment, as we have seen in the
article already referred to 1). Even if the adjustment -
is not correct the free vibrations after an impulse

are scarcely affected at all. It is. really fortunate
that this adjustment is not critical, for the wscomty .

closely upon the temperature, so that we can obtain .
the ‘optimum behaviour only at one temperature T

Instead of the liquid damping that we have’ 50,
far assumed to be applied, a frictional damplng- -
can also serve to dissipate the Kinetic energy -
imparted to the mounting by ah impulse; for -
instance a set of flexible strips can be attached to

10
o8
61

et - -

0 ) I-l‘.l ! (T § L
R A7) 7,2 14 16 18 20 lp

¥510

Flg 6. The relation between the compression £ and the

ratio of slenderness I,/D which follows from the condition®

that the spring must have the same axial and lateral rigidity. .

-~
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Fig. 7. Practical construction of a vibration-free mounting. The dimensions of this appara-
tus are 60 X 60 X 15 em; its weight is 110 kg. The two plates a and b together form the main
mass. They are eonnected with twelve rods c. This main mass rests upon four helical
springs d. The auxiliary mass e is coupled to the main mass with eight springs f-The cup g

is one of the four damping elements.

against the other plate and rubbing over it as soon
as a relative displacement takes place. When the
amplitudes are sufficiently large it is possible with
this very simple construction to obtain a fairly
rapid dissipation of the kinetic energy. When,
however, the amplitudes are less than a certain
small value a more or less unexpected phenomenon
occurs; the frictional forces causec one mass to
follow the movements of the other. Thus, as soon as
the frictional damping has caused the amplitude
to drop to this small value it ceases to act and for
some time the instrument will continue to vibrate
at this amplitude. If, as is usual, the resonant
frequency is low, this may not eventually constitute
any objection for some instruments, such as

dial gauges, microscopes and not too sensitive
balances, but for galvanometers and other highly
sensitive instruments it will be necessary to use
liquid damping.

In fig. 7 a vibration-free mounting is shown
which is in use in this laboratory and which was
designed according to the theory developed here.
This apparatus, weighing 110 kg, can be used as a
mounting for instruments up to 35 kg. The resonant
frequency (with rigidly coupled main and auxiliary
masses) lies at about 3 c/sec. This arrangement
fully answers expectations both as regards the decay
of the free vibrations and as regards the amplitudes
of the forced vibrations due to the motion of the
surroundings.
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of this and other propertres is glven, viewed from the same aspect A few exceptrons to
N the above rule are descnbed and explamed whlle some practrcal conclusmns are drawn.

In electr‘otechnics
' ch1eﬂy in . two ways, namely' o o
* 1) for the insulated: attachment and leadlng in of

- supply leads, and - ; - C s ,-

2) as media in condensers B

: For these purposes many dlﬂ'erent materials are -
_ used which may be divided into the followmg groups: ..
accordmg to thelr structure and chem1cal compos- B

ition: - - . .
a) natural d1electr1cs, such as amber, m1ca, quartz,

h) inorganic materlals such as glass, quartz glass,”

. porcelain, steatite (Mg-silicate), ¢ordierite (MgAl
silicates), rutile_ (TiO z) and related products,
Mg titanates;, =~ ~ .

c) organic materials such as condensatlon products
“(phenol-formaldehyde  resin),
products (polystyrene), rubber and

" The properties which - are - required of these

dlelectr1cs depend upon the partlcular use to whlch-

-they, are put. In every case* more or less good

“insulation is required. In case 2) a High value -
of the d1electr1c constant & is usually also

‘,..\‘ - '

desu'ed - ' '
“*Another requu'ement usually made when such
mater1als are used in’ connection with alternatmg
_current technics is that the dielectric should have
“$mall dielectric lossés. In case 1) the reason-

- ableness of this regun‘ement is obvious, since losses
lead to undesired - temperature increase and ﬁnally ,

.to breakdown and destruction of the matérial. But
also in case 2) low dielectric losses are usually desired,
namely when the circuit in which the dielectric

is used between the electrodes of a condenser has‘

to'have a high selectivity. In a previous article 1),
‘in which dielectric after-effect phenomena
- -were drscussed it was already pointed out that losses
" have an unfavourable effect on selectivity. This
_becomes clear when it is kept in mind that the in-
fluence of these losses corresponds to the mclus1on
.of a resistance in the LC-circuit:
- In mapy cases a second requrrement must ‘also

11) 3. L. Snoek and’ F K. du Pré Philips Techn. Rev.
CosT 1046 - B

Lt A REMARKABLE PROPERTY OF TECHNICAL SOLID DIELECTRICS
l)y M GEVERS and F K. du PRE

sohd d1electr1cs are used\

polymerlzatlon '
ebonite.

Dleleclnc losses

537.226.3:537. 226 8.

e

In this article a remarkable property of technical sohd d1electr1cs is dlscussed The- ratio :
* .~ " between the temperature cofficient of the dlelectrrc constant & and the quantity tan 6§ - -
SRV - (6 = loss angle) is practically constant for most matermls Expressed in a formula this i 1s o -

. (e = A tan &, where OO4<A < 0-09 and usually A~
- aT

- . Lot

o -, ’ Lo LN

R - i T , . - T
~ be made of an oscillation circuit, namely that the
frequency of the circuit shall be more or less inde-*

pendent of the temperature of the surroundmgs
In this case, therefore, it ‘will be requlred of the

- medium that the temperature coefficient. of
the dielectric constant shall be small. . ;

- From the ahove it is evident that for. various
techmcal _purposes it is of 1mportance to measure
not only the. losses (determmed by the so- called

loss angle §) but also the. temperature coefficient _

of the dielectric constant (for the sake of brev1ty

‘ called fromnowon slmply temperature coefﬁclent")

Smce in many respects the data from literature were
1ncomplete, spécial attention has been devated in”

two properties with the greatest possible accuracy )

A remarkable relation between the two quantities
"-has thereby been brought to. light, namely that,

apart from a few exceptrons to be mentioned later,
the ' substances wh1ch have a hlgh temperature

coefﬁc1ent have at the same time a large loss angle, p‘ o
.whlle the. ratio l)etween the two quant1t1es is’ -

practically constant. .-
- This can be understood theoret1cally when bearlng
in ‘mind that the losses as ‘well as the temperature

~ coefficient * are aﬁ"ected by so-called after-eﬁ"ect

phenomena.x ,
- In this article some numer1cal data on the prop-
ertles in question will be given. Further, begmmng

~w1th certain conceptions about the cause of the
after-effect (mamely d1poles ‘which are orientated ,
~ with a timhe lag in a field) expressions will be .

derived for the loss angle and ‘the temperature

. ’coefﬁclent, in which the proportlonahty mentioned

" appears, while the value of the proportronahty__p
- factor proves to correspond to’the value found -
exp erimentally. ‘

Let us suppose that a d1electr1c is s1tuated ina . :

‘constant electric ﬁeld E. Under the mﬂuence of

i

-2) Cf. M. Gevers, Phlhps Res Reports, 1 197 279, 361

447, 1946. -

005 An explanatlon ol I

“the Philips laborator}’ to the determmatlon of these N




" that ﬁeld a d1eleetr1e dlsplaeement D occurs where

. D_sE I N €]

. bemg the dielectric constant

“If the dielectric is not situated in a constant but
ina penodleally varying electric field E = E; cos o,

: . there flows through the condenser an A.C. which

'is proportional to dD/dt. When the d1electr1c is

D= sE cos wt = Dy cos wt .

D = Dy cos (wt — 6‘), Ce e
where § is called the loss angle. The amplitude D,

will in general differ from that in the ideal case (1), -

" loss- free, the relation between D and E 1s here-
given by (1), 80 that

. while both D, and ¢ may also still depend upon

the frequency

Ifa re51stance RP is connected in parallel with' a condenser i

(capaclty C), a phase difference §. occurs between current

" “and voltage and » o~

) 1
tan d= CRP

From this it may be-seen that the occurrence of a phnse shrft
is eqmvalent to the presence of a resistance in the cifcuit.,

As-a result there is heat development in the dielectric, which

is-given per ‘unit volume and per second by

.

W =1, EOD,,wsmé ~ /.,EoDow tnn6

since usually d < 0.01 and thus the difference between d,
tan 0 and sin § can be disregarded..

CL@)

This heat, development may sometimes lead to drsturbmg

rises in temperature.

, - - i

Con51der1ng the 1mportance in eleetroteehnlcs

[

" of. having at one’s disposal dielectrics which exhibit-

not only small dielectric losses but also a small
. temperature coefficient, it is understandable that

these quantities have- been measured for many.

‘substances. The results," as “far as the losses are
concerned, are usually characterized by giving the
value of tan ¢, in which ¢ is the phase shift from

*formula (3), while for the efféctive dielectric constant

the quotient Dy/E, = ¢ can be chosen 3).

Results of the measurements

' ,_PHILIP_S, TECHNICAL REVIEW
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the results of the measurements. It was found that ~
many of the technical solid dielectrics mvestlgated

possess the following properties: ’
1) tan J is praetleally independent of the frequeney

_in a wide region and entirely independent of the *
amplitude of the measuring field. ~.© = -

2) The . dielectric- constant & a) is praetieally‘

independent of the frequency,and b) usually

has a positive temperature coefficient. '

AN

. 3) Between tan ¢ and the temperature coefficient
L@
I, however; the insulator exhibits losses the fol-

lowing holds: * ) ' o

‘of the dielectric constant 'sither_e exists the -
.relation . g '

-]ég—sT-— Atané,. e
in which 4 depends only slightly on the nature
“of the substance and on the frequency and is
inversely proportional to the absolute témper--
ature T. At room temperature 4 ~ 0-05.
In- the table below several examples are given.

)

' The measurements were taken at room temperature

and at a frequency of 1-5 X 10% ¢/sec. It'may be
seen that, in spite_of the fact that the values of
tan & are very varied, the value of 4 x 102 varies
only between 4+4 and 9, and usually amounts to -
about 5

Material tan6-108 | = L300 | 40102
. - ¢ dT ~ |

Quartz glass 1.0° 9.0 - 9 -
- Mica -, 1.1 5.5 S50,
* Kersima * 8.1 51.0 . 6.3
Boron glass* - ~ 1341 - 107 -8.2 .
Cu-Zn-ferrite * . 32 o141 44
Mycalex - . . © 38 190 ° 50 O
G 40 glass * 40" T 240 6.0 ¢
Ebonite ’ . 81 460 |- .57 -
Rontgen glass * = | - 100- 580 T 58 -
“Pliofilm” 300 1440 4.8 -
Celluloid 450 - . 2600 58 -
““Pertinax”” 550 /| 3020 '5.5
“Novdtext” ’ 850» ' 4760 ,56

After these preliminaries we may now formulate

' 3) E = E, cos wt and the quantity D of formula (3) could

. _also be written as complex quantities. The quotient D/E=¢

"+ formed by analogy with (1

complex number, of which |¢] = Dy/E, would’ represent

" the absolute value. In the notation of [¢f for the quotient

"~ DyJE, we have omitted the ]mesy for the sake of simpli-

. fication. Cf. also .M. Gevers, Philips Res. Reports 1,
197, 1946, especmlly p. 197 p 198 B

would then also become a -

*) Products of Phlhps “Kersima”

is a ceramic product :
mainly Mg-silicate; G 40 is a NaK- borosﬂlcate glass;
Rontgen glass a NaCa-silicate glass

The remarkable point about the materlals havmg
these properties is that they usually possess . an -
irregular internal structure, i.e. the substances are -
in a vitreous state or at least exhibit a strong

- irregular disturbance of the singlercrystal state.

It must be stated here that properties.(1) and (2)
had already been known for a long time. Alreadyin
1914 Wagner had proposed a theory of the dielec- -
tric losses and especially of their variation ‘with ’
the frequeney, from wh1ch the eonclusmn could be -

- R
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drawn that under special circumstances tan o mlght

be 1ndependent of the frequency in a wide region.

. Property (3), however, had not yet been observed,

-and _in our. opinion it is the most remarkable
one. It also has 1mp01tant practical consequences.
Search is often made for substances with a low’
temperature coefficient of the dielectric constant.
The property in question here provides the evidence
that in general such a search must not be conducted .
“among the substances possessmg a brgh value of the
loss angle 4. :

- Tt is now our intention to show how not only the
“first but also the other properties can be made
understandable * by. cons1derat10ns ~which are in
. part very analogous’ to those ‘of Wag gner.

- We assume, as is customary, that the dielectric
‘losses in solid msulatmg substances .such" as the .
above are due to one of the followmg causes: '

.a) ‘the’ presence of dlpoles, which are only able to )

follow the altemat1ons of an external ﬁeld w1th

a’certain time lag, o !

'b)- the presence of separate sem1-conduct1ng reglons

in . the substance,” whereby the transport of -

charge to one side' or other of the reglon exh1b1ts

~ lan appreciable retardation ; :

c)- the presence'of free ions.

A combination of a), b) and c) can of course also
occur. It has been found that each of the causes
separately can bring about the occurrence of the
properties found experlmentally For. the present,
however, we shall conﬁne ‘our cons1derat10ns ‘to
the first case. : o

v

Explananon of the results of - the measurements

. The above- mentloned causes a), b) and  c) have
thi§ in’ common, that they lead to after-eﬂ'ect
phenomena

0y

- In the article already referred to ther influence of after- )

‘effect on the phenomena in a dielectric was discussed. It was
‘found that if a constant field E = , was suddenly (¢t = - 0) .
applied (fig. 1), the dielectric dlsplacement behaves accordmg

, to the formula:

'-) o D= E.,(el+ezf<t». Co
f(t)—l——e“'fort>0 f(t)-Ofort<0

The quantity ¢is determined by the polanzablhty of the atoms, -
thus all atoms of the substance contributé more or less to £.
The quantity &, is due to the’ mobile dipoles, so that usually
82 « &. The quantlty T is called the relaxation time.
- If, instead of a constant field, at the moment ¢ = 0 a variable
' field E E, cos wt is applied the expression for D becomes

" D= Kcoswt-i—Lsmwt-i—Me—'lf v v v (Ta)

where _ L
' —Egy, .

:K E (81+1+ > 2),L E0821+ T M= .1+T?Zﬁ'(7b)

PROPERTY o’F SOLID DIELECTRICS

- . _ m—234 , ,

may confine oneself to the first term in the expression for K.

) Flg "1, The variation of the d)splacement D with the time ~ * S
- on dnd causes the displacement & E. The contribution caused : { o K
“to sE. . ol o L

- to liquid dielectrics. Tt is hereby assumed that in -

. ical, which are carriers of a dipole. In the first
“instance we suppose all molecules to be allke, let

(6)

The third term in (7a) dles out qulckly ‘and for t >) T it .
may be 1gnored so that (7a) is reduced to N

). (8)

which exptcssmn is of the form (3). Here ¢ — VK2 + LE, :_'f '
is thus the dielectric constant, whlle tan § = LJK. .

If different relaxatlon times 7y, 73, ... are present simul- - ., -
taneously, then . - : R LT

Em Tm W R N
Rltmaa 0 O

D =Kecoswt + L sinwt = VK® - L8 + I3 cos (a:t—arc tan —

K= Eo(sl-i—Z' = 2) and L — EOZ

_|_
- ' - -~ .i' "

Since the values ¢, are usnally,very small compared with =’ )
&1, L is negligible ‘compared with K, and in many cases one Lo

__>t

a3 - S
t, when at time t = 0 an electric field E is suddenly switched -

by the adjustment of the dlpolcs increases gradually from zero.

For the explanat10n of the after-eﬂ'ects accordmg _
to assumption (a) we now make use of consider- ST

ations which were originally applied by Debije: » e

an msulatmg, viscous. (thickly ﬁowmg) liquid there ; ’ L
are a number of molecules, considered to be spher- T

the number of them per cm?® equal n. - - R
" The formula which Deb ije arrives at and wb1cb s

. of course shows great s1m11ar1ty to the prevmusly 1)
: derlved expresslons, is as follows

D= E( +1+ 2—2) coswt;i—_'._'\-_ K
+F ln—: Tw sln wt, ‘ (10) ’

where 7 is the relaxatlon time and a the maximum
possible contribution per particle to the dielectric
constant.' One_thus finds in approximation for the .

'd1electr1c constant and the phase angle o .
' ) A . na t ) ! oo .
;\. I 8_ 81+1 + ’5'2602’ s l. .A': . (lla) .
tan § == e (11b)-

--811-]— 12002 - ‘
R .
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Asa fllllCthD. of w equatlon (11b) has a maximum

Tatw = 1/7 (fig. 2). -~ o
The formulae, which were orlgmally derived for

- ‘a model of a liquid dielectric, are now also ‘applied
to the solid substance, although in this case we -

cannot form such a clear picture of the fr1ctlonal
forces ‘opposing the orientation of the dipoles.
-"Tt may be assumed that the dipoles present in the
solid substance are bound to a number of plefer-
b ent1al positions and that as a result, upon the
‘transition from a glven orientation to another, a

. number of “potential peaks” lying between the

~

s

tgd

1

T ~
_ __, w - 45441

' %

Flg 2 The continuous lme curve represents the variation

+ of the tanvent ‘of the loss angle & with the angular frequencyw -

accordmg to Debije. T is the time of adjustment (relaxation
_* time). The dotted line curve relates to the case where different
, groups of d1poles are present with drﬂ'erent values of T.

. preferentlal pos1t1ons must be exceeded at the

_expense of a certain energy g (“activation energy .
It is important for our argument that 7 .is

N Very closely dependent on the temperature
From the Lmetlc theory of heat it follows that

- =1, T .

where 7 has the s1gn1ﬁcance of a materlal constant
Further q/k, where k is the Boltzmann constant,

. lis of the ‘order of magmtude 10 000 °K.

k4

~

" _ Theory as well as experigient show that 7, is a..

" ‘maximum of 107* sec but may also be considerably
" 1ess, for instance 1072 sec. :

oy - After these prehmmanes on the calculatrons of
.Debije and the relaxation time t-—both of which

. related to insulators with- a Very fegular internal -

‘structure (all dipoles alike) — we now return to the

"technical dielectrics. - .

The special - assumption from - whrch the three
above-mentloned properties follow .is that in, the
“technical solid dielectrics 1nvest1gated which all -
possess an-irregular internal structure, there’

v is_a wide scattering in" the values-of the .
act1vatlon energy ¢. ~This means, therefore,

"< 'that not all the dlpoles possess the same relaxation

t1me and that the d1ﬁ'erences whlch occur are

‘caused by drﬁ"erences in the values of g¢. All Values )

- L.

* of ¢ may occur_in a certa1n mterval

o0 L 7. . PHILIPS ’I“ECH'NICA'L‘REV_IEW.'» o
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/ were unable to move.

" now find

T1947

-

c6nstant A thereby occurring, Theory‘ based on’
the special assumption - just mentloned glves the
followmg formula:- .

N

5

“ AI‘=Eln‘tow' -
5 Y xz T

(12) -

We shall here show briefly how the three properties (1),.
(2) and (3) follow from the fundamental assumption indicated
and how in particular the formula for the constant 4 is derived.
To this end we must first discuss the assumptlon in more detail. -
Let n be the total number of dipoles present per cm® We
then assume that.the part of this number which upon belng
placed in an electric field shows & value of q lying between
q and ¢ +dg can be represented by .

i n-G(q)dg . (with [G(q) dg = 1), '~

where G(g) in 4 given region varies only slowly with q. We shall-
be -able to formulate this last condition more pretisely in the
course of our further considerations. The variation of G(q)
may, however, differ considerably between one substanee ~
and another. Thus per cm® we encounter in the substance:
- n. - G(g)dq dipoles all possessing the relaxation time 7 = 74ed/kT,
For the sake of simplification we assume that 7, and a °
. do not depend upon g¢. It is, however, casy to ascertain that |
the method of calculation to be followed also remains valid*
when these quantltles do indeed depend upon q. but not very
c]osely N
. For the total dlelectnc constant and the phase angle we

4

: e--e,

;(q)dqf-. : _(‘1?8)7'

1
[ 1+1:2w2.

.and ’tan}s =" T Glg)dg, s . . . ‘(13b)

f1+,2 G(q)dq,

where 7 = 7ToetkT, whlle &, represents the ordmary d1electr1c '
constant which the substance would cxhrblt 1f the’ dlpoles .

\
LS

From these-exgressions, which: are nothing but a oenerahzatlon
of formulae (}a) and (1) of ‘Debije, the three propernes -

- in question now follow. -~ i

We sha]l however, first reduce these formulae somewhat
in order to make it easier to draw conclusmns from them
17‘01' ¢ one may write

L . Qm - .
~ T e=¢ + na j' G (q) dq,f' . 14a)
L 4 .
where Gm is the value of g for which tw = 13 namely Im _‘,

—kT ln Tow, wh11efor tan, 4 we may wnte 2

tan6 =5 G(qm) kT

.....

Formulae (14a) “and (14b) may be 1ntcrpreted as follows
" Only those dipoles contribute to & whose relaxation time is+
smaller than 1/o (the othiers are t0o “slow”); the losses are
caused by a group of dlpoles whose relaxation tlme amounts "
to about ljw. ° : ° : .

In the derrvatlon of (14a) and (14b) use has been made
“of the property that G(g) changes “slowly” with g. The .
requirement is that. G shall vary little in an interval for g

* in which ;1 + Tw? drffers appreciably from zero.

, From the expressions (14a) and (14b) for ¢ and. tan & the |
pecuharrtles found experimentally now follow, and we shall

We ‘are most mterested 111 property (3) and the - rexamine these successrvely for the propertles (1), (2) ‘and @3).-
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Propert;) (1) Lo . ~ '
‘ In order‘to understa’nd that tan 6 is prnctlcally 1ndependent
of w we note that gm = —kT ln 74 shows only slight varia- -
. tions with w. Becaiise, when 7, = 1014 sec, then * -

Jat w
_at w

= 216
=115

—In Ty,
vt —In Tw

10? rad/sec,
10° rad/sec.

: ; ot - .
" The change in g, is.thus only by a factor 2-5 upon the

little on qm» in a suitable reglon tan ¢ will depend little on w.
- The “suitable region™ need thus occupy at the most a factor
*2-5 in the values of g in the vicinity of gm.

CA dependence of tan  on the amphtude E, does not occur
nt all.

RN S

T

’ Propom.es (2n) and (Zh) o \ _'v.'

e In order to ‘prove the property (2a) 1t niust he recnlled that

’ ¢
bw »

be ~ dqm

B T e
an d(.l) :

In the frequency reglon where tan 6 is practrcnlly independent
of w, therefore, as may be found by integration of the above
" formula, the followmg is. valld .,

-

2.
3 e—e(wo)—-——-—t ln6—' -
LI W o

. For ‘the sake of example we choose wy = 102 rad/sec and w =
=10° rad/sec, while for instance we let tan § = 10-2 at s = (¢y."
", ‘Then ¢ = &(w,) —2¢,/n tan § In 107, Since tan & = -10-2,

" we obtain-e = &(w,) * (1—0- 1) Upon a change in frequency
. from 102 to"10° rad/sec therefore & changes, only by 109%,.

] Fl'Om (14a) it follows that s RSN
de . 0g ) flﬂl' 6 - -
+ 4m oqm ar—asr ™ G(qm) Fla . (15)

R aT 3T,

In general it is found that 651, bT caused by the expansmn

E pared with the ‘second term. ' . ..
“ At the values of 7 and w oceurring in practice the second
tefm is always positive. We therefore find that the temperatiire
coefficient’ is_ positive, while in a good approx.lmatlon the

follow1ng is wvalid: z e =T o ey
S C e - RN T
- , ﬁ——na‘G (_qm)klnrow R ¢ 1))
.. ; v - - . ‘. . ," \. Q -
: Propcrt3 (3) - " : D

In order to derive the remarkable property (1/¢) ba/bT—f
" A'tan d we note that formula (16), just found by making use
-+ of the expressron for tan’ §, can be written as follows: -~

- O¢ _-_ 2£1tan6 n T, ) : R

. .oT =T °' o
s that - RN )

- L3, - 2hrw .

Py i tan J—Atand (17)

Thus S R =

Yo 2ln o 4
S i SEREREEE 12)

B where wy is the begmmng of the frequency region in question. -

PROPERTY OF SOLID- DIELECTRICS

. enormous change in w by a factor 107, At smaller values .
of 7 the variation is still smaller. Now because -G depends.. .

of the substance upon rise in temperature, is neghglble com-

L

‘
-

l ’ ol

_very little on the frequency‘, because if we cho‘ose

10 14 sec, we ﬁnd

(T =300° K, at 7,

. A= 0 058 at W= 102 rad/sec and
A A=0.024 at w'=10° rad/sec,. . e
_ ~—‘while at 7y = 10‘,20 sec
‘ . A=0. 088 at w= 102 rad/sec, - - L
-l A= 0 054 atw= 109 rad/sec.-’

From thJS it follows that,” although the values
of 7, for the different substances differ. by many .
times a factor of 10, at room temperature we shall .,
always find only slightly dlﬂerlng values of 4 for .
measurements in thé customary frequency region:

The calculated value of 4 agrees reasonably well =,
" with the measuled values which lie in the v1cm1ty IR
of 005. . . R

. Until now we have speclahzed on the case (a)
~where the losses' are’ supposed to be caused l)y
d1poles "We may now give an entirely similar line -

“of reasoning for cases (b) and (c) in which semi- - "-’ o

_-conducting regions or frée ions are -the cause.-
It would lead us too far to treat this posslblhty in as™
‘great detail as has been done for case (a). The fact
that the properties found can be derivéd not only; -
from cause (a) but also from (b) and (c) however,

also 1mp11es that for a given substance it is difficult - .

to ascertain whether the losses are caused by (a), by.--,
(b) or by (c) or by more than one of these together

A}

Exceptlons o ! - ~

In the above explanatlon of property (3) it was
assumed that 06,/0T is ~small enough to be 1gnored
In most cases this is true, but there ate a few
exceptions. Theory shows (see footnotez) that for
-the part g of the dielectric. constant & whlch is¥
independent - of . the . after-eﬁ"ect the followmg

, equatlon holds.r S R
1 0g (‘—1)(81+2)
- = = 18
- aTﬁ . %tin = ‘?1 ( )\

v 1

where ~«;, represents the linear coefﬁcient of

~_expansion. Fronrthis it follows that Oz, /0T is neg-

ative and in absolute value larger accordmg as
a;, and g, are larger . <
Now while on the ‘one hand the coefficient of
expansion seldom assumes abnormally large values,
_high values of & (and thus also of &) do on the other
hand certainly occur. In contrast to most substances
having a value of & between 1 and 10, for the sub-

* stance rutile (TlOg), for example, e~ 100. For such.
_ substances de,/dT" can no longer be ignored, as was

<
. L -,

- ~

v
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-
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assumed in the derivation' of the formula for 4
(formula (16)). As a result properties (2b) and (3)
do not hold for these substances. Under the

*_ -influence of the term ‘0g,/OT they have a lower

positive” temperature coefficient than would be
expected according to formula (5), and in some
cases, especially when tan § is'small, they even have
a negatlve temperature coefficient.

* In cases where 4 substance is needed with a very

. small temperature. coefficient of the dielectric

PHILIPS TECHNICAL REVIEW - S
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constant a ch01ce can thus be made in two ways
If it is* desired to use substances: with normal
values of ¢, for which property (3) holds, as was -
_stated at the beginning, the search must be made
among the substances possessing a. low value of .
the loss angle d. The other possibility is that one
should use substances with a high value of & for
which property , (3) *does not hold. With these
.substances it -is’ .possible, if desired, to obtam
‘negative temperature coefﬁc1ents ;

-7
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contams the followmg papers.

AR Number 1 of Volume 2 (February, 11947) of thhps Research Reports T

i

~

.

>

. R 33:

R32 B D. “H. Tellegen Coupled cu'cults o o .:‘ e

W..Elenbaas: On the excitation temperature, the gas temperature,
, and the electron temperature in the hlgh pressure mercury dlscharge
R 34: H. B. G. Casimir: On the * theory of eddy currents in ferro-
' magnetic materials. - - :

RN

R35:H.C.H amaker: Radlatlon and heat conduction in hlgh-scattelmg

material. = : e ‘ .

R 36: H. A. Klasens: The hght emission from ﬂuorescent screens - o
‘ 1rrad1ated by X-rays. - . : o

Readers interested in any of ‘the above ment10ned articles may apply

to the Administration of the Philips Physical Laboratory, Kastanjelaan,

Eifidhoven, where:a limited number of copies are available for distribution.

" Fora subscr1pt10n to Philips Research Reports please write to the pubhshers el

‘ of Phlhps Techmcal Rev1ew
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F UNDAMENTALS FOR THE DEVELOPMENT OF THE PH]LIPS AIR ENGINE o

T B hy H de BREY H. RINIA and F L. van WEENEN
' The hot-air engines which were in use in the last century had a low efficiency and a large
plston displacement per horse-power Systematic investigation in the Philips Laboratories
. has shown that nowadays an air engine with much more favourable characteristics can -
Be constructed. The.employment of the heat-resisting steel alloys now available has madeit -
o possible to reach a mean effective pressure of 14 atmospheres- (ma‘ximum pressuré 50 atmos-
: pheres) and to increase the temperature of the hot chamber 1o 650° (centlgrade) A suitable
. + . construction of heater, cooler and regenerator, baseéd upon new insight into the compromise
P ' _ which must be made; in the «case of these elements between heat transfer, flow resistance
- . and-dead volume, has made it possrble to work with speeds of 3000 r.p.m. or more, and at
. e the same time to ensure that the temperature of the work medium:i in the hot space will -
~ K .+ beonly shghtly lower than that of the heater, and in the cold chamber (80°%) only slightly
' higher than that of the cooler. The high pressures and speeds have caused an improvement
in the specific power by a factor of more than 100 compared with the old air
. °  engines, so that it is iow of the same order as in mtemal combustion engines. The great .
“ temperature difference between the hot and cold spaces makes the theoretical efficiency
high (like that of the Carnot process). Thanks to a radical improvement of the regen-
erator, increase in the mechamcal efficiency, employment of a suitably constructed pre-
heater and the natural restriction of radiation and other losses due to the small dimensions
. and the compact construction, the overall efficiency of the Philips air engine is also
high; it is now comparable to that of internal combustion- engines. Compared with the “a. . .
latter and with other sources of power, however, the mr engme possesses a numher of g ;> .
fundamental advantages . - . v L . !'. )

~

-

.
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-
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. In-an article in the May, 1946, number of thlS

. engine were discussed. It was then shown that the

g :theorencal efficiency of an air engine with regener-

-ator is equal to that of a Carnot process taking
place bhetween the same temperatures, and thus
equal to the maximum possible for a prime mover.
within those temperature hm1ts If .the absolute
temperature of the “hot space is Tp and that of
" the cold space T,, the theoretical efﬁclency of
the air engme is equal to
Th""Tc

7]=_7T

(ahout 80 °C) for example, 77 = 62%,.
 This differs very much from the overall efficiencies

N 1) The volume which,takes no part in the expansion and com-

pression and wlnch lowers the specrﬁc power- (see inI, fig. 5).

S - ’ ot

_{1)

_ For Th = 920 °K (ahout 650 °C) and T, = 350 K .

of the prevmusly constructed air engmes, w}nch

g perlodlcal 1) the theoretical principles of the air .were usually mot over 3%; this value was still
given for a 2 h.p. air engine in 1923 in the cata.logue ’

of a well-known firm. Moreover, the old models’
were very large and heavy; 800 kg was given as
the weight of the above mentioned engine.” .

In the article already referred to 2) it was stated
that in the Philips Laboratories during recent years -
extensive theoretical and experimental’ invest‘ig- ..

ations of the hot-air process have been carried out,

.
and ‘that it has been determined that this process - -

can be used with a much more favourahle result,
provided that in the construction of the engines .
modern knowledge about heat transfer, flow
resistance etc. is applied and modern materials are
used. In this way it has been found possible to,

 build &ir ‘engines whlch with the same total power -
©2) H. Rinia and 'F. K. du Pre,An'Engmes,PhlhpsTechn

Rev. 8, 120-136, May: 19456.
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and speed have an efﬁclency ]ust as h1gh as ordinary hot to the’ cold space and vice versa is accomphshed

internial - combustion engines and can develop a - by two pistons moving approx1mately sinusoidally,

still hlgher power than the latter per litre swept-
volume (or per kilogram weight of engine). -

-We shall now discuss in somewhat more deta11
several. facts which 1he investigations in question
brought to light, as well as several new’ principles

-~ of constructlon which have been deduced therefrom

and which form the fundamentals for the develop-

= > ‘ment of the Philips air engine. In the following,

when citing the aforementioned article we shall -

' refer to it as “I”. : . .

" We shall first review in a very general manner the

‘ prlnclple of the air engine. A certain quantity of air

(or some other working medium, such as hydrogen,

" ‘helium, argon or the like), which is at a high temp-
erature, is allowed to expand in a cylinder, the hot
-~ space, where by the movement of a piston it per-

. forms mechanical work. In another cylinder, the
.cold space, the expanded airis cooled and compressed
hy the action of a piston to the original volume.
"It is then heated to the original high temperature.
The cycle then begins anew. The compression of

. "the air requires mechanical work; since, however,

~this compression takes place at low_temperature
and thus at low pressure, the work required is less

~than that which the air performs upon expan-

sion at-high temperature andthus’ high: pressure.

*. The engine thus produces ‘an excess of work.

Flg 1. Diagrammatic rcprcsentatxon of the desrgn of an

Vi~ hot chamber, ¥} cold chamber, -with™ the
corresponding pistons Z, and Z;. B burner, H heater, R

- "Cyy C, fixed pivots. The pistons act on the crankshaft in such .
a way that the volume variations of the hot space‘are about
-90° in phase ahead of those in the cold spnce .

RN - . : -
~ . s
. . - Lot ~ - *

A possrble model of an 'air ‘engine, very ,rnuch '

"% simplified, is shown in fig. 1.-I may be seen that

the movement of the air to and fro, from the

N

whose motions are about 90° out of phase. Since the.
four different stages of the process:

separated, they partially overlap. In I it was shown -

that in spite of this the machine functions as an

engine, provided the condition is satisfied that the "

volume changes of the hot space are advanced

in phase with respect to those in the’ cold space.”
" Upon the phase angle depends the power and, to
a lesser extent, the efﬁclency Both exhibit an only
slightly pronounced maximum at a phase difference

‘of about 90° (see 1, fig. 5), while if the phase

angle is chosen negative, the engine then consumes
energy and acts as a refrlgelator . ,

In fig. 1 the so-called regemerator is shown
between the parts where the air is heated and where

it is cooled Its functiod is to store the heat whlch

the air gives off after the e‘{pansmn ~when passing

- to the cold space. When after compressron the air

is returned to the hot space, it again passes thlough
the regenerator and takes up: the heat stored thele
As shown in I and .as will be seen from what
follows, the regenerator fulfils an essential function.
Let us now turn to the investigations made for
the 1mprovement of the air engine, which is, “the -
sthect of this paper. " These investigations, as will .
be clear from the statement at the beginning of this
art1cle, had a two-fold object. The first ohJect was
to improve the efficiency, the second one to increase

 the specific power (i.e. the power delivered to the -

.

- regenerator, K cooler, S crankshaft; D * connectmg rods,j

'In order to glve a clear picture it is, dcs1rab1e ﬁrst

main shaft  divided - ‘by the ~swept volume)..
These tweo ohJects cannot” actually - be _strictly .
separated: the measures taken: in pursuance of
them™ affect each: other in” all kinds of ‘ways.

to conslder ‘the speclﬁc power B

AR

-

Incrcase of the speclﬁc power

. The power of an engine is equal to the product
of the engine speed and the work per revolutlon
The latter, ~which was investigated in detail in I~
for the air engine, is given by the area of the p- v
diagram or. mdlcator diagram, which is represented

for a certain case in fig. 2, curve H. This area is
\the same as that of the shaded rectangle abcd,-\

“ whose length is equal to the piston dlsplacement Va,
wh11e its height is mdlcated as the mean effective

LAY

p1essure Pm- \ !

The specific power, deﬁned as the power d1v1ded

by the piston d1splacement Ve, is thus equal to :2

thé.product of the, numher of revolitions and the,
mean eﬁ"ectlve pressure pm If one des1res 1o, mcrease

_expansion,’.
‘cooling, compression, - heating, cannot he entlrely

-

o~

P
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" the specific power, one must try to increase both

the factors above mentloned

The mean eﬁectwe pressure

In air engines in general a relat1vely small -

'expans1on ratio is used (see I), and the maximum
'’ pressure occurring is at most 2 to 2.5 times the
. minimum, The differencé between the two press- |
© _ures to which the mean effective pressure pp, is -

‘roughly proportional, can then only be increased

by increasing the whole pressure level in the p-V

-leagram Lo~ o

o

- or the pressure. -

All the old air engmes worked with a maMum

: vpressure of only a few atmospheres, .while the

lowest, pressure was -about.l atm. (Usually the

workmg medium was brought for a moment into

open contact with the external air at ‘the moment
of lowest pressure). Therefore, for those engines

- the mean effective pressure p, was usually not

higher than about 0.6 atm.
‘The fact that higher pressures -were’ not used

" was due mainly to the lack of suitable materials for
_ construction. The hot space of an air engine must

be permanently at a ]ngh temperature. During the

" ‘time when air engines were in vogue in the last
century, only cast iron 'or bronze was available for .
.".theheated parts The tensile strength of these metals
Cis only small at a high temperature and especially

" thé creep velocity at high temperature and pressure

is much-too high. It was therefore impossible to
raise very high either the temperature (to which
we shall return in connectlon with the efﬁmency)

It was . not until around 1920 -that materials -
became available which had a low.. creep velocity
at high temperatures. In recent years the technology
of heat-resisting metals (i.e. creep. and oxidization-
resisting) has: made rapid advances. Because of

" this it was not only possible to get a much better

construction of the air engine, but ‘the realization

_ of the gas turbine, the jet engine and similar engines”

‘is based upon these advances

Thanks to the employment of modern materlals
it has been possible to increase the max1mum
préssure in the air engines developed by. Phlhps

- to_ approximately the same level as in' internal

combustlon engmes, namely to about, 50 atm.

 The minimum pressure is then about 22 atm.,
--the expansion ratio 2.3, and the mean effective.

pressure pp, in that case is about 14 atm. This is
more than twice as high as in ordinary internal

. T'HE‘A'I‘I.{ ENGiNE T P

" combustion engines, in which, as a result of the less -

" favourable shape of the indicator diagram, a value

. of pm of the order “of 6 atm. is obtained. These

~ - MR N

SN

condltlons are dlagrammatlcally ‘rendered in ﬁg 2.

Tequires very comphcated auxiliaties such' as a

. compressor with high air yield %), posslbly combmed

with an exhaust-gas turbme

p(kg/cmz) T
A
“Pmo
¥
A - N ) . bl v .
- 0555555, P
a. . oy )
’ 48977

Flg 2. Companson of the indicator diagrams of an air engine »

(H) and a two-stroke Diesel engine (D). Forboth the maximum
pressure has been chosen equal to 50.atm., while the swept
_volume ¥, is,also assumed to be equal in both cases. (Owing
“to the dead volume of the air engine being much larger than
in the Diesel engine, the diagram for the former is actually

I-
_In the case of internal combustion engines somewhat - ..
hlgher values of pm can also be reached, but this *

shifted to the right with respect to the latter.) Tn the ﬁgure .

the mean effective pressures p,, are also indicated: p,, is the .

height”of the rectangle abcd whose base is equal to ¥, and
whose area corresponds to that of the curve H. In the same,
way pm’ is the height of the rectangle a’b’c’d’ whose area is
equal to that of curve D It is clear that Pm is consxderab]y

lurger than pg'.

Engzne speed .
The engine speed is hm1ted mamly by two factors.

In the first place the piston speed and thus the

inertia forces of the moving parts increase with the
engine speed. In the second place, with a “higher
speed the work medium must flow to and fro
between the hot and cold spaces more quickly,
thereby not only increasing the losses due to flow re-

. sistance, in the heater, the regenerator and the cooler,

but making it more difficult to obtain the reqmred
heat transfer m these three elements. These latter

3) The compressor for an air engine need only be small to
‘reach the abovementioned high minimum pressure of
22 atm. This will be explamed in a subsequent article,

' AY
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questions, which are connected with the efficiency,
~ will be discussed in more detail farther on; here we ~
~ would only mentlon that thanks to the new constriuc-
tion of the three elements as developed by. Phlhps,
the problems of flow resistance and heat transfer
-no longer constitute any obstacle in increasing the

. conslderably speed engine. As to the piston speeds,

they become smaller the higher the pressure of

- the air englne is raised; as e\:plamed in the foregoing
. section a given power can then be obtained with a

- smaller swept volume. As a result it is posslble
~ \to raise the speed to 3000 r.p.m. or higher, which-.
"again leads to a considerable i increase in the specific
power, S

N The magnitude of the 1mprovement achieved in.-

. -this way is made clear from a comparison w1th the
. example of the old 2 h.p. air engine already referred -
“to, which had a swept volume of 25 litres. The
Same power is now attainable with an engine of only
: about 200 cc- constructed “for the same,- very
_long life. The swept volume has thus been re-
duced to 1/125. The weight of the engine has also been
‘very much reduced; in the ¢ase of a 2 h. -p. engine

~ Ta reduct1on by a factor of 50 has been attamed 4. .

Improvement of the efﬁc1ency
- Favourable influence of an increased speczﬁc power

In the foregomg discussion, a point was indicated

-+ where the requirements for an increase of the specific

.power and for theimprovement of efficiency conflic-
_ted with each othef where it was a question of the flow -
o veloclty of the working medium. It is remarkable,
" liéwever, that in many other respects the require- -
“ments for the two objects run parallel. For example

Tt is clear that for a g1ven power in the case of a

small engine the losses. through heat rad1at1on
“will be smaller than in the case of a larger -engine.
Moreover, in the case of a small * engrne these .
~losses can moré easﬂy be reduced by heat insulation.

"« In the Philips air engines a still lngher efficiency
‘ is . obtamed by a. very compact constructlon,

as_will be shown from a later description. The.
conduct1on losses via the walls of the cylinders
are of course also smaller An a small engine than -
in a large one. This is especlally true where, as in_
the case of the large, old engines, -in order to_
obtam sufficient strength, the metal walls of the ot
chamber had to be made. very thick, a practice’

"~ 'no longer necessary with modern steel alloys.

. Another.point of importance is "that the earlier,
clumsy air engmes had to be equlpped w1th heavy ..

4) For each type of cngme the speclﬁc power canbe increased:
and the weight limited if a shorter” life” (or La lower
efficiency) is accepted

~
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- amounts to ‘more than 90%.

y - 1947

- .\ -

~

. moving parts which caused large fr1ct1on losses, -

3,
and the mechanical efﬁclencv, i.c. the ratio between - .

s

the power. delivered to the main shaft and the .

" indicated power, was very low. Since the new engines
"can*be built so much smaller, the frictional losses

have been appreciably reduced Thanks to a suitable
construction in the Phlhps air engine they have.
been kept particularly low. We “shall not go into
this point here, since the actual construction of -
thése engines will be dealt with in a separate
article in this perigdical. It can be stated however
that for the latest-model of the largest engines, for -
several hundred h. .p-, the.mechanical efﬁclency

)

The temperature of the workmg medr.um in the hot
ancl cold spaces

—_ - -

~

The losses which. we have so far been d1scussmg, .

.all of which formerly constituted an obstacle to.

" the attainment of a hlgh efficiency, are in the main:
not specific for the air’ engine. Their decredse is -

~indeed of great 1mportance, but the most important

advance in efficiency. is made possible by -the -
measures which improved the essential conditions"
for the hot-air process itself. In the old air
engines these cond1t1ons were unfavourable in" two
respects: in the first place the temperature (Th) of
the workmg medium in the hot space was relatively
low, in the cold space (TY) relatively high; because -
of -this, according ‘to - (1), even the’ theoretical
efficiency was bound to be low. In the second place
there was insufficient regeneration, or even mno.
regenerator at all. We shall consider, these two
points separately. - ~

One of the reasons for the relat1vely low tempera- -

*

tures formerly employed in the hot space we have -,

'already learned: the lack of materlals sufﬁclently~
resistant to oxidation and at the same time free -

from creep: Consequently the temperature of the
wall of the hot chamber — even at relat1vely low

. pressures — was hm1ted ‘Another reason was the

poor heat transfer to ‘the working medium. The
transfer of heat to the medium was usually allowed
to take place via the walls ‘of the hot space them-
selves Even at the low speeds of the large old.

engines this was quite inadequate and as a result’ '

the témperature of the air in the hot space —was
usually much lower - than' the already relat1vely
low wall temperature. The -air temperature was"
seldom higher than '300 °C. .

In order-to 1mprove upon this and thus, especlally
at high speed, to obtain a sat1sfactory heat transfer, -
a special heater was introduced, as alréady stated..

’

-

“in 1. This heater raises the air at the entrance ™ .

+
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: to the hot space to the desu'ed temperature, L.e. of the regenerator > - T e

about 650 °C in the Philips air engine. The construc--

. tion of the heater is simple in principle: a channel
. ~with"a large internal wall .surface, "obtained for
- ‘example by the introduction of a large number
- of internal fins of sufﬁclent length. The air is forced
o to flow through the narrow slits between the fins.
‘The “inclusion of such an element in’ the path of
" the working medium, however, has its disad\}antages
. in the first place the flow resistance experienced -*
".by_the working medium on its path between
: »the cold and the hot space is increased; in the
. second place -the dead volume increases. It is
~~ easy to understand that these d1sadvantages
Ce w1ll be all the greater, accordmg as ‘one tries to -
<~ improve more the heat transfer of the heater. If.
~the, channels through which the air flows into the *
» heater are made very long and narrow, it is always
= possrl)le to raise the temperature of the air at the
" end to the des1red level at the same tlme, however,
"“thére is the risk that the flow resistance will be so
-great at the desired high engme speed that much of
the gain.in efficiency will be qulte lost again through
" the- aerodynamlc losses If one tries on the ‘other
'hand to make the passages for the air as wide as
possll)le, so that the flow res1stance remams suf-
~ ficiently small, the dead volume agam becomes large.
A. compromise must therefore be sought, which’
necessitates very careful choice- of the dimensions >
of the heater. One of the most important tasks in the -.

-investigation carried out by Philips was to resolve .-
+ required temperature. The heat exchange with the. work

"“the opposing - -differences between héat. transfer,
flow resistance and dead.volume, which was not.
- sufﬁcientlY'understood before, and to- determine
_ - the optimum conditions. It was possll)le to profit
from the results of the numerous mvestlgatlons of
recent years in the field of heat transfer and theory
_of flow, supplemented in many respects by ‘the-
_results of our own research work. . . ‘

- Anticipating our discussion of the cooler and the
= Tegenerator, it may be stated here that the same
problem arises there and a favourable construction
‘has to be sought in a similaf manner. The total .
'aerodynami’c losses in the 'enéine'with the construc-
-tions finally ol)tamed ‘at a speed of -3000 r.p.m., .

" could be limited to only about 109, of the indicated -
horse-power, while the- heat transfer, which at
this high speed has to be brought -about in- less -
than 1100 sec., still fully satisfies the demands
Incldentally it may be noted that the decrease
in the efficiency attrlbutal)le to the aerodynamlc
losses aétually -amounts to considerably less than
10 /0, becaiise the: ‘flow losses are converted partly
1nto useful heat, name]y in the heater and i in part -

1 ~ -0 =
~ e .

-

The constructlon of the heater 1is. shown for a”
“tertain case in fig. 3, wheré the- large numl)er of :

channels formed l)y the mternal fins can be seen.

TR
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ig. 3. Cross section “of .the heater of a Ph].hps air engme, .
~a) vertical eross section, b) part of horizontal cross section

at height I-I. 4 bonnet of heat-resisting steel to withstand
the pressure of the work medium, B fins of aluminium bronze

for the heat cxchange with the work mediwm (see also at H .
in the horizontal cross section), C fins of aluminium bronzc *
for the heat exchange with the flame of the burner«(see G in~

L R
* »

horizontal cross section), D hot" space, E wall of .the hot -

space. The fuel is burnt-at K. The, flame is led through the_ .

slits between the fins G. These and, as a réesult of the good

heat conduction, also the fins H, are thus heated to the’

medium “takes .place in the slits between the fins H. The™
work medium can enter or leave the hot space only via the
paths indicated by the arrow F (the hot space is closed at .

~ the lower slde by a piston not shown here) o

- e . ~

" The outside of the heater is kept at the désired -

_ temperature by a ‘burner. In order to ‘ensure the
best possible heat exchange also the, outslde is
. provided with fins, which are in dJrect contact

I

with’ the ﬁame of the burner. The internal and .

conductlng material, for instance aluminium bronze._.

-external fins . are constructed ‘of 'a good heat-,

This, makes the’ temperature gradient in the ﬁns

small The wall to which the fins are attached must
be made-of heat- and creep-resisting steel in_ order
to withstand the high pressure. Since, however,
this wall is thin, the slight heat conduct1v1ty of
this steel has little effect.

We may briefly refer to the construction . of the

. cold space. The mechamcal requirements made of the
wallshere can more easily be met because of the lower

temperature. As far as the heat transferis concerned,
however, this situation is analogous to 'that of
- . . Y - N ‘ T’

- . . o 3
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. the hot space. In order to reach and maintain .

as low a temperature as.possible in the cold

“space (T, the .cooler 'is  introduced ‘at the

" entrance to the cold space. Its construction shows..

great similarity to that of the heater. Internally

it corresponds’ exactly to the heater. The outside

of the cooler is cooled with water or with air.
. It should be pointed oqt that the satisfactory
results obtainable with this construction of heater
- and cooler in practice are in fact due to the presence

of  the regenerator, which  very much lightens.

~ the task of the other two, elements. Without the
regenerator the heater would have to-heat the air

; from, for instance, 100° to 650° C each -time,

whereas now it has only to be heated from about
- 500° to 650° C. In the same way, without the regen-

‘ erator the cooler would each t1me have to cool the

expanded air from about 500° C to for instance

60° C, whereas now it is only necessary to cool from

about 120° C to 60° C. This will be clearer from
the more qletalled discussion of the regenerator,
which follows. -~ : : ‘

The regenerator -

As was explained in I and again at the beginning

of this article, the regenerator has to store the heat

liberated as the work medium (air) passes from the
_ hot to_the cold space, and it has_to give up this
heat again when the movement is reversed. The
~ importance of the function of the regénerator for
the hot-air process appears most clearly when- we
calculate the ratio between the amount of heat’ gr
" stored each time in the regenerator and the amount
. of heat g supplied per cycle by the heater to the

work medium, assuming that the regenerator is
ideal. With the values of T}, T, and the ‘expansion

where ¥, is the xnaxunum and V, the Ihmlmum volume of :
the air. Now for air Cp (per gram molecule) is about 7/2R
If we take Th = 920 °K Tc = 350 °K_and VI/Vz = 2, thén

g 1T=T, 1 a1 -
Tn WV, U

g 2 Ty

'We thus find- here a value of the same order of magnitude as
that already mentioned, although it isobvious that the manner
of calculation followed can only furnish a rough approximation. -

From the above it follows that not only is a
regenerator absolutely indispensablé for good effi-
ciency, but also that it isof the greatest importance
that it should be of the best possible construction.
If, say, 1% of the heat imparted to the regerierator
and subsequently taken back by the ‘work medium

is lost, the performance of the heater must be

increased by 3% and the efﬁc1ency drops accord- '

ingly. .
It is therefore remarkahle that in the earher o

" constructions of air -engines there .was. often no

regenerator at all. The reason for this must be sought

‘in the above-described opposing interests betwéen

heat transfer on the one hand and the flow resistance
and dead .volume on the other. It was in fact quite
possible to construct .a regenerator with a high

efficiency, but in the older constructions this was -

ratio which afe customary in the Philips air engines,
.the ratio.q,/g ~ 3 or slightly more.' The work

. medium thus takes up more than three times as much

heat in the regenerator as in the heater. In other words,

without a regenerator the heater would have to

supply about four times as much heat. The effi-

_ciency of the engine could not then be more than

- 1/4 of what can be attained when an ideal 1egen-
erator 1s present Co

. / E ) i Co .

For the cycle actually taking place in the ‘engine the _cal-

" culation of q,/q is rather complicated. We shall therefore

calculate it only for the Jidealized cycle described in I of two

isotherms and two isochores (two vertlca]s of " constant

volume), for which it is very  simple. In" that case

qr =
of the air in gram molecules Furthermore .

-~

. ¥y
- = dV = mRT, = mRT} 1
s q, IJ;.P m. hJLV' m. tha

AY

N : - B T ~

mCpy (Ty—Te), in which m js equal to the total mass'

“often accompanied by such a high flow resistance

that it was considered preferahle to dlspense with
regeneratlon : .o
Let us now study the requirements to be met in
ordér to approximate an ideal regenerator as nearly -
as possible.- - ' '
In the first place care must be taken that the
heat exchange with the air ‘takes .place qulckly
enough. For this purpose the flow channels in the -
regenerator must have the correct dimensions, the
above-mentioned comprom_lse » between heat transfer,

flow resistance and dead volume being taken into

account. In the case of the Philips air engmes with
lngh speclﬁc power the choice of this compromise
is more critical than it was in’the_old engines of
much larger volume. - - L :

~In the second place’ a large heat capaclty of the .
regenerator -is requu'ed With an ideal regenerator
the process of storing up and giving off heat is

“reversible” in every phase? In order to approximate

~to this it is necessary that when flowing through

!

the regenerator the air- should only differ slightly '
in temperature from the surroundmgs The tem- -
perature distribution prevallmg in the regenerator |
must form a certain gradual transltlon from the .
heater to the cooler. In order to maintain this

" temperature distribution and to obtam ‘only slight

- R R .
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temperature fluctuations during each revolution
of the engine, the heat capacity of the regenerator
must be large compared with the heat capacity of
the air which flows periodically back and forth
through the regenerator.

Finally the heat conductivity of the regen-
erator in the direction of flow must be slight,

se vy oo _sp de}

F 228

Fig. 4. Two regenerators for engines of 3!/, and 10 h.p. respec-
tively. In the Philips air engines the air flows from the hot
to the cold space through an annular shaped channel in
which the regenerator is placed. (The scale is in centimeters.)

otherwise a continual flow of heat occurs from the

heater to the cooler, which means a loss,

It has been found possible to construct a regen-
erator which comes very close to the ideal. In
Jig. 4 a photograph is reproduced of two regenerators
used for models of the Philips air engine of different
power. These regenerators consist of a porous
coil of thin metal wire. As was already stated in
I, regenerator efficiencies of 959, and more are
attained. It is remarkable that such a coil of metal
wire is able to raise the temperature of the quantity
of air flowing through it from about 100° C to about
600° C within 1/100 sec, or the reverse, and that
temperature gradients of several hundred degrees
per centimeter in the direction of flow can exist
in it without appreciable loss of heat.

The preheater

In conclusion we will discuss a loss in efficiency
which, like the losses considered at the beginning,
is not specific for the air engine but which played
a very large part in the case of the old engines,
viz. the loss of heat in the exhaust gases from the
burner used for heating, a loss encountered
with every burner. In the case of the Philips air
engine the heater has a temperature of more than
650° C. The flame and thus also the products of
combustion, the exhaust gases, necessarily have a
still higher temperature. If the exhaust gases are
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allowed to escape unused a considerable amount
of heat is lost. This loss can be very much restricted
by the use of a heat exchanger in which the exhaust
gases give off their heat in counterflow to the air
entering for the combustion.

Such a preheater has also been worked out
for the Philips air engime. For example a certain
model of it has the form of a pleated collar of
heat-resisting sheet material, the exhaust gases
being passed along one side of the pleats while
combustion air flows along the other side. By this
means a very intense heat exchange is obtained
and the exhaust losses can be restricted to about
309, of the original value. Fig. 5 shows a preheater
for gaseous fuel constructed in this way and
adapted especially to the design of the air engine.

Conclusion

Summarizing the results of the development
sketched here, we may say that the air engine in
its new form as designed in the Philips Laboratories
possesses many favourable properties which until
now had been considered only possible in internal

A8979

Vi (o

Fig. 5. Cross section through the preheater of a Philips air
engine; a) vertical cross section, b) part of horizontal cross
section at height I-I. The air for combustion enters at A.
It follows the path of the arrows, thereby passing through the
channels E and entering the space D via the openings C.
The fuel gas — which enters through B — is mixed with the
air in D, where the combustion takes place. The heater
(fig. 3) along which the flame is led is indicated by dotted
lines. The products of combustion ar