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INTRCDUCTION

The experimental methods heretofore used to measure the
relative distribution of currents on antennas have, in the
process of measurement, changed the originel current distri-
bution and thus introduced errors in the results. Since the
radiation resistance and field pvatiern of an antenna element
are highly dependent upon current distribution, a relisble
method for its determination is desirsble. Mathematicel cal-
culation of the latter can be mede from a known distributed
cepacitance, but because of ena effects, proximity to ground,
or to other elements of an array, the distributed capacitance
may not be uniform snd such calculations would become ex—
tremely laborious. To avoid this and yet achieve results
truly representative of actual conditions, it would be ad-
vantageous to find a more relisble experimentsl method for
measurement of current distribution.

The initial attempts at the measurement of current dis-—
tributicn were mede with antennas having resonant lengths in
the broadcast frequency region. The first significant work
was done in 1927 by R. M. Willmotte of the English National

Laboratory. (1) This consisted of preparing cylindrical sec-—

(1) Willmotte, R. M., The Distribution of Current on a Trans-
mitting Antenna, Institution of Electricel Engineers,
Vol. 66, pp. 617-627, June 1928.

tions in,the form of a cage and adding these in serles to
form an antenna. Thermo-ammeters were connected electrically

between the sections and were placed inslide them so as to be
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shielded from the r—f radistion. The amnmeters then indicated
the longitudinel antenna currents st the points of insertion
and were read from a remote point with o telesccpe. Correc-
ftion of the readings was required to compensate for inductance
of the meters.

A second method for use at these frequencies was intro-

duced in 1937 by J. F. Morrison of Bell Laboratories. (2) A

(2) Morrison, J. F., Simple Metihiod For Cbserving Current Am-
plitude and Phase Relatiocns in Antenna Arrays, IRE Pro-
ceedings, Vol. 25, pp. 1310-1326, October 1937.

comparatively small rectangular steel loop was extended from
a large transmitting antenna sc és to be linked by the meg-
netic field of the antenna. The voltage induced in the
pickup loop was proportipnal to the antenna current st the
peint adjazcent to the loop. By applying this voltage to a
coaxial cable, it could then be trensmitted to a distant
point for monitoring.

Such methods were setisfactory for applicetion at broad-
cast frequencies, but because of the‘smali physicel size of
VHF and UHF antennas, the conventional ammeters could not
be placed inside them nor could the voltage from a small
pickup loop be trznsmitted from the antenna to an external
detector without having the conductcr distort the antenne
fields end the current distribution. For use at 150 mec, the
pickup loop as used by Morrison was modified in 1948 Dby
Giorgio Barzilal to a size of about 3/8 inch square. (3) The

antennas used, whether parasitic or driven, were hollow



(3) Berzilail, Giorgio, Experimental Determination of the
Distributiocn of Current and Charge Along Cylindrical
Antennss, IRE Proceedlings, Vol. 37, pp. 825-829, July
1949.

cylinders with a narrow longitudinal slot along one side.
The vickup loop extended through the slot from a élug which
lay inside and could travel thé length of the entenna. This
slug contained a rectifying circult which delivered the rec-
tified r-f voltage to a shielded pair which in turn was
taken from the antenna to a galvenometer through a metal
member meeting the antenna perpendicularly at its center.

Up to the present time, the most recent epproach to the
problem of antenna current measurement was reported in 1949

by Tetsu Morita. (4) The method of detecting the current,

(4) Morita, Tetsu, The Measurement of Current and Charge
Distributions on Cylindricel Antennss, (Office of Naval
Research Tecinicel Report Nc. 66, February 1, 1949.

by a traveling current loop, was the same as that used by
Barzilal, however, a conducting ground plane was placed &%
the center of en antenna and perpendicular to it. This con-
verted the antenna into an end-fed antenna abcve a ground
plane. The current measured along this antenna was then as-
summned to be equivalent to that found on half of the antenna
befcocre the introduction of the ground plane. This instru-
mentation was accomplished by extending the hollow, slotted
center conductor of a coaxial line through the ground plane

to act as an antenna and then grounding the outside conductor



cf’ the line tc the plesne. In this way, the antenns could
be & driven or a parasitic element, and all equipment along
with the operator could be located beliind the ground plane
to reduce experimental errors.

The main precaution in meassuring the current distribu-
tion on an antenne is to avoid to the highest degree any
chenge in the currents which might be caused by proximity
of the meessuring equipment. If this precaution 1s observed,
the date should be reliasble, while otherwise it 1is meaning-
less. As was steted, the methods presented by Willmotte and
Morrison are plhysically inapplicsble to UHF problems. The
metal support epplied at the antenna center by Barzalal dis-
torts the radial electric field and thereby causes some
error. The method used by Morita appears very good in the-
cry. However, to give accurate results, the ground plane
mnust be of infinite extent and conductivity. A relatively
good conductivity 1s attainable, but a ground plane of
finite size can intrcduce more error then is immedistely
appérent. Becasuse of the discontinuity at the ground plene
boundary, the .electric fields will be reflected, Thereby
chenging the current distribution along the antenna.

While all of these methods introduce some error, the
method by Morita eppears most accurate. The latter has,
however, three principle sources of error: (1) the longitudi-
nal slot in the antenna, (2)presence of a plckup loop in the
antenna fields, (3) error as caused by finlite extent and

conductivity of the ground plane. Since the conventional



UHF antenns 1is a hollow cylinder, it is highly pcssible that
a very smsll and sensitive mirror galvanometer could be in-
corporated into one end of the element to measure the recti-
fied loop veoltage. In this way, only a beam of light need
link the observer and the antenna, and the third source of
error in Morita's method woul@ be eliminated.

The object of this paper is to design such a galvano-—
meter for application to cylindricel UHF antennas and to
discuss the procedure involving its use. The gelvenometer
will then be placed inslide a completely lisolated parasitic

antenna and the distribution of current along the antenna

will be measured.



REVIEW CF LITERATURE

From literature avallable concerning measurement of the
distribution of current on UHF antennas, nothing was found
related to inclusion of the detecting meter within the =an-~
tenna. The work of Willmotte, applied to antennas of broad-
cast frequency, is similar to the propcsed method in that it
includes meters within the antenna, but in the form given it
is totally inapplicable to UHF antennas. There has been
some work done on galvanometers of small size, but none which
-could be applied directly to the problem with whicn this

(5)

paper is concerned.

(5) Laws, Frank A., Electrical Measuremenss, N. Y., McGraw-
Hill, 1917, pp. 1-98.




DISCUSSICN CF CURBENT LCCP AND DESIGN CF GALVANCLETER

Severel mnetnods for meesuring the reletive distrioution
of current on UHF antennas heve been developed, but the
"method tco be used here incorporetes a new snd unicue ides.
The current distribution will be determined for en antenna
tle len;th of whichh is one-half wevelength et 400 megecycles
(rac). The entenna is toc be a slotted eluminum tube with an
inside dlszmeter of 1.41 centimeters (cm), which will zllow
a gelvenazeter to be buillt into one end.

Tl CURRWIT LGCP CIRCUIT

Thie current pickup loop end the slug conteining recti-
fying ccmponents ere to be the same as used in previcus work
by Barzilai and Morita, but 1t 1is desirsble tc inspect some
of the theory involved and the conditlions imposed upon heir
use. It is the magnetic fleld about the entenns which in-
duces =n emf in the current loop, end the relation beiween
this emf =2nd the antenns current may be shown es follows.

At a particuler point on the entenna, let

i = Iysin wt = instenteneous current on the antenna
e = instantaneous voltage induced in the current loop
He = magnetic field intensity evout antenna &t 1tTs

surface
= flux density at tle surfece of tlhe antenna

flux through the current loop

sres of the current locp

i

R S S e
]

r = distance between centers of the loop and the

antenna axis



Then
Ho 1L &nr (1)
frem which
=i
B 2mr (2)
Alsc,
g = A (3)
end substituting g of equation (2) into equation £3),
_ i
s =4 (4)
For a loop such as this heving only one turn,
. _ ag i
° =3% 152

Replacing @ in equation (5) by that in equation (4),
L opal  uATg Doy p)

© = 3t 2nr 2mr dt
LW £ i ) .
e = Im&—“—;cos wt] volts (6)

From this analysis, 1t is appareot that the voltage induced
in the loop is proportional to the magnitude of the adjescent
entenna current. Therefore, the relative current distriobu-
tion may be determined by moving the current loop along the
antenna and measuring the relative volteges inauced in the
loop.
Figure 1 shows the electricel cilrcult of the pickup

slug connected to the galvanometer. Without the capecitor

L - inductance of current loopv

Ry C - capecitor

| lo

G Rc - resistance of 1nd34 crystal

L—"‘—"""“%‘ R. — resistance of galvanometernr
IN34 x-tal e g

Fig. 1. Electrical circuit G — galvanometer movement

of pickup loop ard e - voltage induced 1in loop
galvanometer




C in the circuit, the vcoltage across the galvanometer would
be pulseting in form. If the casvacitor is added, the proper-
ties of the,Rg—O combination cen filter the pulses so as to
approach a d-c voltage. The space allotted and the capaci-
tors avallable place an upper limit of gpproximately 25 pufd
on the capsacitance to be used. It mesy be shown that cholce
of the Rg-C combination such that the product RgC is at
least 4 times the period of the 400 mec wave would reduce the
a—c ripple to about 2% of the d-c level. Since the sactual
value of capacitance tc be used here 1s 28 uufd, the magni-
tude of Rg will now e calculated with the assumption thsat
& 2% ripple factor is accentable.

If P is the period, in seconds, and [ is thenfrequency

of a 400 mc wave, the above steted relations may be eXpressed

symbolically as follows:

RgC £ 4P seconds (7)
and solving for Rg,
> P
also
P =~l-— & = 2.5 x 1072 sec (2)
f 4 x 108
then
f 2 4 2:5x107°
e 28 x 10—12
Ry Z 358 ohus (10)

This indicates that the total galvenometer resistance should

be at least in the order of 350 ohms.

Two major reassons present themselves as to why the low
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riprle factor should be attained: (1) the d-c component of
voltage received by the gaslvanometer is incressed, z2nd (2)

a large component of a—c voltage applied to the gelvanometer
might be rectified by contact peoints in the measuring systen,
thus tending to produce inaccuracy. Figure 2 (a) proviaes
an exploded view of the pickup slug showing the pclystyrene
cese, current loop, crystal, and capacitor. The completed
slug is then shown in Figure 2(b). As seen in the photo-
graphs, the metal strip, through which the current loop pro-
jects, 1s for the purpcese of providing continulty across the

antenna slot in the vicinity of the current loop.

oA 9

Lo bbb g

(a) (p)
Fig. 2. (a) exploded view of pickup slug, (b) pickup slug
in completed form
GALVANCMETER SENSITIVITY REQUIREMENTS
Heving found a lower 1limit for galvenometer resistance,
the next logical step is determination of the recuired sensi-
tivity. As shown in Figure 9, let a 400 mc transmitting an-

tenna T radiating an average pPower Pgye of 10 watts, bDe
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pl

]

ced & meters from the helf wsvelength parasitic antenns S.
Assumptions will be made that power 1s radisted equelly in
211 directiocns from the driven element, and that the para-
sitic elewent 1s equivalent to a short circuited hslf wsve
dipole having a radiation resistance Rp of 72.35 ohms and a
sinusbidal current distribution. Tlie current will then be
meximum at the center of the antenna end sensitivity calcu-

lations will be based on the current at thet point.

J! Jﬂ“““%‘

T £+ + ¢ carrent
1 l‘e - +”#‘5/..P
o
y +- * +
D2am L. A
S -t
. < ~
. T *
—z— 2z

(2) (b)
Fig. 3. (a) a parasitic element in the vicinity of a driven
antenna, (b) a section of the parasitic antenna with
the current loop projecting

T = rms value of electric field intensity at S

T = rms velue of magnetic field intensity at S

Voe = Trms open circuit voltage at center of antenna S
10 = current at the center of the paressitic antenna
,2 = length of the perasitic antenna

rl = intrinsic impedance of free.spsce (1xOm onms)
The relation for power delivered per unit area at a distance
D from the antenna T 1s;

EXH = 22—‘-’-;— (watts/m<) ' (11)
. 47D
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also
5] = IE}/.\ (12)
so thst
-1 P :
|E|£/ - Tave
W 4mD (13)
and
— P ‘
.'EIZ - ave _ 10 (14)

4mn D2 4n(120m)(3)2

IEI = 1.53 x 10°° volt/m (rms) (15)

The open circuit voltage for the parasitic antenna when

considered as a dipole would be,

8
= _ -2.11 3 x 10
Voc |E|l = (1.53 x 10 7) S X . - 108] (16)

Voo = 5.74 x 10™9% volt (rms) (17)
The current on a dipole antenna is limited by the radistion
resistance of the sntenna together with the loed resistence.
The peressitic entenna 1s shorted &t 1ts center so that the
load resistance is zero and the current at center méy be

(6)

calculated as follows.

(6) Jorden, Edward C., Electromagnetic Waves aznd Radizting
Systems, N. Y., Prentice-Hzll, 1950, pp. 331-033

-3
3 _ Voo _ 5.74 x 10 (18)
@ Rp 72.5
i = 17.94 x 107° amp (rms) ’ (18)

c
The magnetic field intensity at the center of the .loop can

be expressed as
g 3.97 x 107° (20)

He = = ~
® emr x[1.41 + 0.476 o 10-2]

2

A}
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Hg = 1.34 x 107° amp/m (rus) (21)

~

and the flux density in the loop can be expressed in terwms

of He as

B =w Hg (22)
Since ' :

¢max =V2'p A = @uA Hg (23)
tlhien '

Baex =V2 4m x 1077 x (0.476 x 107%)2 x 1.34 x 10~5

Ba.x = 5.40 x 1071% weber (24)

@ = Fpoxsin w3 (25)

and e as a function of @ becomes,
ag

e = at =W ¢max ccs wt (26)
then

enax = W Ppax = 2m T Brax (27)

enax = 27 x 4 x 108 x 5.40 x 1071%

€nnx = 186 [ volts (28)

Assuning thet the rectified voltage wave is filtered ade-
quately to produce a d-c voltage equal to the maximum value
of e, then the geslvenometer design should provide a naximum
desired deflection with 136 microveclts applled et the galva-
nometer terminals. This maximum deflection will be desig-—
nated later, but 1t may be assumed at present tc be less

than one-half radian.

GALVANCMETER TYPE
The tubing to be used for the antenna has an inside

diemeter of 1.41 cm and being a half wavelength at 400 mec,



the antenne must be 87.5 ci long. Since the celvenomeser

=)

8 to ve wnleced insiGe tre entenne elemens 2t cne end, the

e

Q

current loco csnnot ve moved ove- the totel length of the

element. lThierefore, the essumption must ve msde thet thé
current ie distributed symmetrically over the zntenns length.
Witk tiiis essuupltion, the .elvesncrneter len{;th can bve 18.75
cim, less enough roocm for galvanometer leads and lslf of the

pickup slug or about 15 cn.

Heving esteblished 2 minimum inherent resistence, mini-

ct

ivity, end meximum gize, & specific tyve of salva-

}. .

mum sens:
nometer mey now be chosen. The .elvenometer is not limited
by mess nor volume so nuch s by the shave to which it must
conflorm. Exeminetion shows thet 2 movenment susvended per-—
vendicular to the axis of the antenna would be highly im-
brectical becesuse of the extremely sliort lenzth of suspen-—
sion thet would be required together with an accomvanying
high torsion. This lezves only one alternstive, thet is &
Sucpension elong the antenne exis. But with such & susoen—

-

sicn, the movement will geg 1T tie antenns lies horizcntelly.
Thus the paresitic antenna must be verticelly suooscried,
vhich in turn requires thet the driven element lie in the
Seme posltion so that the electronesneiic Tields will be
verticelly polarized.

All gelvenoneiver movenents except tiie suspended uecnet,
string, thermo, and moving coil (D'Arsonvel) mey be essily

. 7)
eliminated by virtue of the limited spsace avallaule.( The

(7) Ibid. pp. 24-48




suspended nmegnet and string galvenometers acquire their
fields from electromagnets which are excited by the current
or voltage to be measured. Because of the positicn of the
suspension, these electrcmagmets would be required to lie
wWith thelr axes along the antenna dilameter. Since the gal-
venometer nust be voltage sensitive, with the space avall-
‘eble there could not be enough turns wound on the core to
vrovide the required strong field for good sensitivity.

The thermo-galvanometer requires for its Tield, a
socurce other than tiie current or voltage to obe measured.
This scurce would have to be permenent mezgnets since wires
lesding into the antenna are undesirable. However the effi-
ciency of the hester and thermocouple combination would be
so low that loss in sens%tivity 9ould not very well be com-
vensated by a larger magnetic field strength. It is of in-
terest to note that vacuum tube amplifiers are often used
to incresse the overall sensitivity of & galvancumeter systemn,
but would be imprecticel in this case because of limited
space for a power source. All gelvenometers have now been
eliminated except the pooular moving coll type with perma-
nent megnet field the deflection of which can be obtained
by causing a light beam to fell incident upon the galvano-—
meter mirror and be reflected througi: the entenna slot. The
following design will show how tnis type of galvanometer can

be constructed so as to meet the requirements wiich have

already been stipulated.
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YAGNETIC CIRCUIT DESIGN FCR THE GALVANCILETER FIELD

Tous fer the MKS rationslized system

used for ell derivations snd calculations,

system 1s used 1in most aata avallable for
design, the latter system will be used in
Tfollow. The characteristics portrayed in

rant of e hysteresis looo are those which

of units has been
but since the cgs
magnetic circult
the designs to

the second quad-

are of interest

in permanent magnet design. If a permanent magnet.is opera-

ting with a flux density and demagnetizing force of Bg and

Hd respectively, es 1in the second cuadrant of Figure 4, then

Bg X Hd is proportional to the energy available a2t the esir

gap and is called the energy product.(s) If magnets are to

(8) Permenent Magnet Design Manual, General Electric Co.

Chemicel Department, Pittsfield, Mass.

, bp. 6=7

&r

AT By

tization ®
Oemagnetiza °K*En‘erm/ Eper:’j Curve

Carve

Fig. 4. Generalized demagnetizetion
and energy product curves
for permanent megnets

be utilized to best advantage, it is desirable that they be

operated on the demagnetization curve at the point where
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tinls energy vroduct is maeximum. The genersl reletion be-
tween the demegnetization curve and external energy curve
is shown in Figure 4 where zlso H, is the ccercive fcrece,
B, 1s the residual flux density, and BdemaX'is thie mexiinum
energy »roduct.

When used with the proper ratio of length to cross-
section, Alnico 5 alloy has the highest energy product of
any magnetic materiel commercially avellable ot tihie present
time. In any type of permanent megnet circuit, the leakage
flux should be kept to a minimum by locating the macnets es
neer the sir gep as possible. This eliminates, in this case,
the possibility of loceting the magnets at a remocte point
and then providing an iron flux pathh to the gelvanometer
colil since the flux leakeage would be unduly high. Also,
because the length to area ratio must be large to get a
maximum energy product with Alnico 5, the flux density cf
the gep would be low 1f the megnets were pleced on eech side
of tlie coll and magnetized along the antenna dliesumeter.

At best, megnetic circuit design is a trial and error
or empirical process, and the exactness with which it can be
carried out is largely devendent on the exoperlience ol tne
designer. With the preceding facts in mind, the nagnetic
circuit of Figure 5 wes chosen 1in striving for 2 maxinum
energy product with a minimum of undesirsble flux leaskege.
The notations M; and lg refer to the two magnets providing
excitation, G is the region of usable air gap, and W 1is a

wrought iron bar which completes the magnetic circuit. The
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<—/ 4l —>
0
;i

wn '@I'i

11 Ma

4ﬂ¢n+e~vﬁ4+—
R 3

@) ®)

Fig. ©. Magnetic circuit used with Alnicc & permenent megnets
(Dimensions are in cm, but drawings are not to scale)

portion of the figure labeled (a) is a plan view of the cir-
cuit, (b) is a right side view, and (c) 1s an enlarged end
view of magnet M. The magnets were obtained as 1/4% x 1/4"
cast Alnico 5 stock and were ground very slowly and cere-
fully to the®given dimensions in an attempt tc avold loss

of magnetism, Part W was made of wrought iron becesuse the
latter hes a lower megnetic reluctence than mcst any of tle
basgsic ironse. The hole in W permits passage of the colil sus-
pension in order that its length will not be limited by the
length of the magnets.

The magnetic circuit components were held in place as
shown in Figure 5 (&), thien a plece of thin paper was placed
over the whole, and iron filings were sprinkled cn the peper.
Figure 6 shows the resulting flux distribution as indicated
by the filings. The most noteworthy opoint here is that be-

tween the magnets, the flux is fairly concentrated in the

ailr gap up to a point 0,95 em from the magnet ends. It is
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Fig. 6. Flux distribution in the alr gap end about the Alnico
O megnetic circuit as indicated by iron filings

then obvious thet meximum flux linkage could be obtained
if 2 coil 0.95 cm long would be placed in this region.

The galvanometer, being of the mirror type, will pro-
duce & satisfactory ceflectlion at 3 meters disteance with a
small sngle of coll rotstion. A narrow band of high flux
~density would then be both sufficlilent end desireble as a
medium for the coil. Having determined the region of maxi-
mum flux density, the methiod shown in Figure 7 wes used to
concentrate the flux through the region in which the coil
lies. Plates or pole shoes Pl and P, were sdded to the
magnet faces while an armature A was mounted in the air
gap in such way that the coll could rotate about it. All

of these additions were of wrought iron in order to again

provide a low reluctance path.



‘n-ao.?‘ em
Fig. 7. End view of magnetic circult showing
pole shoes and zrmeture in position

The operating point of the sagnets szould now be deter—
mined, end if that point is not in thre optluun re;ion of the
dema:netizsticn curve, some modilication of the circult may
be required. Let the Tollowing quantities be deiined in
Cgs units;

B, = average flux density in useful portion of air sep

us]
I

magnetizing rorce in useful air gap

L, = total lengthh of magnets

L total length of air gap

A= cross sectional area of magnets
A = effective area of air gap

@ = total flux throu.h tiie magnets
g

= total flux through the effective gap

total flux required for circuilt

=
]
L]

useful eir gap Tlux

magnet magnetomotive force
alr gaop maghetomotive force

In air,
(29)



=l

¢m = K3 g; (30)
tiien,

BdAm = KlBgAg (31)
Also

Holy = KgH. Ly, = KgB.L, (32)
end coembining equetioné (31) =nd (32),

Bg K- L. A.

= :_l mg {B5)

The constents Ky end Ko are dependent upocn the degree of
leskege in & magnetic clrcult end ere often determined
frem flux leeskage plots with & resultant accurascy which is
ly dependent upcen the skill of the designer. Some-
times a mathemeticel approach can be used, psrticulsrly
wiien the air gep lies between two magnets the axes of which
are on a straight line. However, the magnets for this de-
gign lie parallel to ezchi other, and a good engineering

approximation of Kl and K2 can be obtained with the ald of

=

igures 6 end 7 while avoiding any long‘cslculations thet
would in themselves recdulre a certaln degree of epproxi-
meticn.

There is comewhet of en interreletlicnship between Ag,
Lg, K1, and Ko in & magnetic circult of this Type, and
heving chiosen Ag and LG first, considerstion of these lavter
values wes given when deternining Ky and Ko. The following

‘values were chosen for the megnetic circuilt whichh hizs been

outlined.
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e

o = 0.227 on® Ag = 0.518 x 0.950 = 0.302 om~
o, = 5.08 cn o = 2 X 0.0795 = 0.159 ca
Ky = 1.5 Ky = 5.0

By using equstion (33), the operéting point of the magnets
on tiwe deme;netizetion curve can be deterwined since there
~is only one point on the curve corresponding to e particular
value of Bg/Hg.

K

Bg 1Dpfe _ 1.5 x 5.08 x 0.302 o1 o
— - - ~ = (o e
Hy  KpL by, f 50 x 0150 x 0.557 — 21.2 gausses/ocersted

Plate 1 opresents the demagnetization curve and externsl
energy curve for Alnico &. If & straight line heving a
slcpe cof Bd/Hd = 21.2 is drewn from the origin and through
the demagnetizaeticn curve, the point of intersection is
found to be so near the point corresponding to meximum ener—
gy product thet the magnetic circult msy be considered en-—
tirely satisfactory as Iar es heving maXximum energy evall-
5ble in the air gep. The flux density Bg in the ne.nets
'is 9.7 Kilogausses et thet point and the air [jcp Iflux den-

sity Bg mey be obteined from equestion (31).

227 _ A . -
= 4.87 Kilogeusses
. 002

If the velues chosen for the megnetic circult sre reovre-
sentetive of szctusl conditicns, then 4.67 Kilojausses s:iiould

be the flux density in the useful =zir gep.

GALVANCIETER ZNCLCSURE

At this stage of construction, it becomes necessary
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to encese tie ma_netic circult in a wmanner tiet will sllow

tlie comvonents to weinteln thelir desired relative - positions

arie time providinzg a nmount for thie coll sus-—
L]

oensicn. Tne enclosure must be constructed in such a way

while a1t the

[¢s}

trat Tihwe galvanometer can be easily put into tihe antenna or

removed for adjustment or repair. With tiiese requirements
in mind, the design given in Figure 9 was adaoted. The
re;ion A is an open rectangular volume in which the coil,
susvension, and mirrcr may be pleced while Utiie oupening B, as

seen ed;ewise in the elevaticn view, provides a position tor
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Fig. 9. Top, front, and right-side views cf tie galvenometer
enclosure (Dimensions given in cn, not to scale)

the mecnetic circult. The holes at thie ends cof the en-
closure are present so that tre suspensicn mey oass through
them end be fastened at theilr outside ends. Tre 0.16 cm
hole at tihe center of the top view is present sc trat &
shiort length of number 10 wire may be scldered to the lower
side of the armature and forced intc the hole, thus holding

the armature in the correct position. The enclosure was

fabricated from polystyrene pletes cemented together with

24



the megnetic circuit in plece and with a soft fiber meterial
filling the regicn A. The whole was tihen turned down on a
lathe to the specified dimensions anda the fiber was removed

from the center section lea?ing it open.

THE GALVANCMETER MCVEHERT

The meen coil length for the gelvenometer hes been
specified as 0.95 cm, and in order that the coll may move
freely between the pole shoes, 1ts mean radlius can be only
0.238 cn. A short circuited turn of low‘resistpnce is often
included in e gelvanometer colil %o ald in deamping. In this
cése 1t was considered adviseble to expend damping in order
to use a2ll available space to increasse the number of coil
turns and as a result the sensitivity.

By trial, it was found that a coil wound to the above
dimensions with number 38 B & S gage enameled wire could
contein no more then 45 turns and yet maintain sufficlent
clesrances. Since the erea of ﬁumber 38 wire 1s found to
be 7.97 x 1079 cmg, it would appesr that the cross sectlion
of the coil could be no grester then 45 x 7.97 X 107° or
3.59 x 10”° om® if the smell area in the coil not .filled
by conductors is neglected. In choosing the largest wire
which will give at least the minimum required geslvanometer
resistence and still be within the limits of coil ares, two
equations must be sstisfied. Letting N equal the number of

coll turns, these equations become;

-3 2
N-(cross section of the wire in cm2) = 3.52 x 10 cm

' ' >
N. (mean length of one turn)(resistance of wire/cm) = 358 ohms
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Under such circumstences, the solution of these two equstions
must be mede by trisl end error from copser conductor tebles.
It is found thet number 49 B & 5 gege enameled copper wire

is the largest which will satisfy the conditions, and 574
turns of this mey be used with a resultant coil resistance

of 462 olhms. A coil cross section having a width to thick-
ness ratio of 2 wes found most ssztisfactory and such an
errengement permits 34 turns per layer and 17 layers of

wire on the coll giving & total of 578 turns.

The suspension is the next psert of the movement tc be
considered. Meximum sensitivity can be attained with =
suspension which will bere the welght of the coill, conduct
the required current, and still heve a minimun torsion ccn-—
stant. The suspension of smallest torsion constant avail-
eble from Leeds and Northrup Company is of 24K gold having
a diemeter of 0.0017& cm and a torsion of 0.06 dyne-—centi-
neters per redian for & one cm length.

It is common practice in precisicn gelvanometers to
suspend the coil from above with conventicnel suspension
neterial end then to use as the lower conductor &z fine heli-
cal spring which acts to hold the movement somewnat in ten-
sion. Also, gaslvanometers of that type have provision for
removing the weight of the coll from the upper suspension
when nect in use, becesuse the helicel spring is not strong
enough to keep the coil from jolting and breaking the upper
suspension when the galvanometer is moved. Removal of the

coil weight from the suspension is not very practical for
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the gelvenometer under considerstion and so the spring will
be revleced by conventionel suspension netericl with the
whole movement pleced slightly in tension to asvoid bregkege.

The beam of light reflected from the mirror is linited
by the edges of the antennz slot as to the meximum engle
over which an indication can be obtained. The mirror will
be on the.longitudinal exls of the entenna, plecing it
0.70% cm from the sntenns slot which is 0.238 cm in width.
The meximum angle of sweep will then be thevangle subtended
by an erc of length 0.238 cm on a2 circle of redius 0.705 cm
or avproximetely 1/3 radian.

.The torsion of a given suspension meteriesl is inversely
proportionel to its length. However, when 2 rotational
torque source is pleced between two suspensions of equal
length, the restoring torque is twice that of one suspension
or the effective suspension length is 1/4 of the total
length of both suspensions. Using the dimensions and data
thaet have been previously given, calculations of the ex-

pected gelvenometer sensitivity can Dbe made.(g) Let the

(92) Werd, R. P., Introduction to Electrical Engineering
N.Y., Prentice-Hall Inc., 1947, pp. 79-80

. 1
gelvenometer current (I) be expressed in emperes and the

other terms to follow in cgs units.
Tq = deflecting torque T, = restoring torque

L =ylength of the coil R = radius of the coil

z = effective length of suspension = 7.60/4 = 1.90 cnm

Rc'= resistance of coll plus suspenéion '

KT = torsion constent of the suspension



© = angle of deflection (radiens)
The deflecting torque produced by the coil may be expressed
os
0 -1 .
T, = 2NB.LRIx 10 (34)
d &

witile thie restoring torque of the suspension is

TI’ = KTG/IS (55)

The cpoosing tordques must be in equilibrium so that
m = -
T, = T4 and also I = e/fio
Then equeting tiie torques in terms of the galvanometer
constants,
- ~ € -1 _ / -
2NE. LR =—=x 10 = Ky ©/4, (36)
Re
and solving for e,

-

e = 2@ .4 (37)

2 NBg LR,

(0.06) x (469 + 7.60 x 0.9) x 143 x 10
2(578 ) x (4.87 x 109) x (0,95) x (0.238) x 1.90

e = 39.3 u volts (36)

By celculeticn, tlie gelvenocweter shcoulo tiken require
39.5 microvolts to obtaln o 1/3 redien deflection. This
sensitivity is negrly three and one-half times that which
was czlculsted to be required with the transmitting antenna
3 meters frcm the perasitic element. If 1t is desired to
take messurements with the entennas seperated by thet dis-
tance or less, then a seriles reslstor can be added to de-
cresse the gelvanometer sensitivity. However, full advan-—

tage mey be teken of the .maximum sensitivity be plescing the



entennes even Iarther apert.

Since the coll snd sus»ensiocn sre smell, the mirror
cen not neve very muci: nsss 1f excecs welght on the sus-—
pension and nossivle misellignment are to be avoided. A
telescope 1s often used to resd & scale which 1s reflected
from thie gelvenometer mirror, or sometimes a hairline on
the lens of & light source is focused on thie mirror and

then reflected on an opaque scele in crder to get numericsal
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values correspondl:ig to the deflections. These methods re-—
dquire e couperstively large plane mirror, so they were eli-
nineted in Tfsvor of a2 very small nirror which would reflect
a 1light beem so smell thet it could be used 1tself as an in-
dicetion when incident upon an cpeque scale. A mirror cape-—
ble of doeoing this wes Tfound to be of very thin gless leving
e mercuric bscking and measured 1/64 by 3/64 inches. This
mirror wes cemented onto the suspension at a point as nezr
the coll as pos:cible, heving the 3/64 inch dimensicn elong

the suspension.

Fig. 10. The ascembled gelveancneter

The completed grlvanoumeter is shown in Figure 10. The
resolving power of the film, used in meking the vnlcture, wes
not sufficient to make the gsuspensicns distinguishable nor 1s

the mirror easily seen, but each of these is indicated by

arrows in the photograph.
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THE ANTENNA MOUNT

It mey be recelled Thet one of the prime objectives of
this thesis is To measure, afiter consiructiocn of the geslveno-
meter, the current distribution slong a half wevelength iso—
lated peresitic element. The objective then in mounting such
antenna should be to svoid heving in the vicinity of the ele-
ment eny materisls which would distort the nezr fields. fhe
mount shown in Figure 11 was built to accomplish this goal.

The Dbaese =nd verticsl support are made

. 3 ted 80 as
. . The hsz1lf wavelength parasitic antenne moun
e tg minimize discontinuity in its near fields

sturdy by using a large volume of wood, however, thls woocd is
very dry so as to have & low dielectric constant and to prevent

it from being lossy 1in character. The plates which were in ect-

ual contact withtg%tenna at 1ts top and bottom are of polysty-

rene. The materiaks surrounding the antenna have been chosen

80 as to provide a minimun of discontinuity, and as a result

the current distribution on the entenns should be changed very
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1ittle from the form 1t would have in ectusl free space.

GALVANCMETER CCNSTRUCTICN

In constructing the gelvenometer, all design specifica—
tions and calculated date were adhered to except that per—
teining to the coll and suspensicn. Nunmber 38 enameled wire
wes bhe smaliest sveilable, and this permitted only the afore-
menticned 45 turns to be used on the coil. The smallest sus-—
pensicn metericl at hand was of 14K gold, C.C038 cm in dia—-
meter, with a torsion constant 20 times that of the suspén—
sion cslled for in the design. As would be expected, the
gelvenometer sensitivity wes decreased terrifically in com—
parison with that required, and the totsl geslvanometer resis—
tance reduced to 15.37 ohms, the coil having only 2.82 ohms
of this totel.

One design calculatiocn was verifled even with the gel-
vanometer constructed in the above menner. It was found thet
200 microsmperes geve & derfleetion of 45 cm at 3 metere dis-
tance. Considering the different coil and suspension being
used, solution of equatlon (36) for Bg indicstes thet 5.07
Kilogausses would be recuired in the air gep to produce such
deflection. This compares very fevorably with the design
velue of 4.87 Kilogausses. Since the greatest posciblility of
error in design wes the calculation of Bg, the calculsted sen-—
sitivity of 39.3 W volts for the gelvenometer, using the de-

slgn specificetions, may now be considered quite correct.
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EXPERIMENTAL PRCCEDURE

Even though the galvanonmeter sensitivity obtained wes
far from thet desired, meassurements of current distributicn
were maede on the parasitic element with the driven antenna
only 10 cm away in order to heve a detectable gaelvanoneter
deflection. The constructed gslvanometer was prleced in the
lower end of the verticel parssitic antenna. The current
pickup slug was alsc plsced inside the antenna and connected
electrically to the gslvanometer by a twisted psir so that
it could be free to move through bettér than half the antenna
legth. Figure 12 shows a schematic<view of the aporaratus

~used.

; Slotted pLara sitre

antenno

1
_J

- -
- -
-—

- —
- -
— —
-—

/{,ln‘ beam __{

/,:,A 7 source
scale ;

_fdrivev\ antenna

UHF
osc.

-

Fig. 12. Schematic layout of antenna current mes@uring
equipment.

A Leeds an Northrup Model 2100 combinationke volt light source
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ena on=aue scele was vlaced 3 meters from the nverzeltic ele—-
ment te detveriiine the gelvencizeter Geflection. In crier to

Y e % e e e eegea T A~ 4 —_— < L e e < s
cotsin o weisun wellecvion, the (alvencueser wes uositioned

witiin the antenna so that st zero current the reflected lirnt
besm would just clear tihe edge of the antenna slot =nd then
be deflected scross the slot when the gelvencmeter is excitead.

4

With low resisbtence in the constructed felvenometer, the

Jo

filtering scticn ef the Réc wWwes sc poor thet 2 100 ohm resis-—
tor could be zdded in series with tle felvenometer without
ciranging 1ts sensitivity while a 120 ohm series resistor was
found tc¢ increessc the sensitivity by 20%. The 100 olms in
series would normelly decresse the sensitivity to 1/7 the
origiinel velue, but the ineffectiveness might be pertislly ex-
oleined by the fact that filtering sction without the series
resistor was practicelly nil. The volitesge delivered to the
galvanometer, as a result, wes that of a helf wave rectifier,
the d-c component of which is 1/m times its peek value.

This ex»leins about one-helf of the 1/7 fector, =nd the

other one-~half 1s most likely ceused by r-f currents on the
galvenometer leads. The latter cen not be reedlly inves-—
tigeted, however, since the exect effects ol these currents
ere not kncwn.

In taking current meessurements on the sntenna, the 120
ohm resistor was plsced in series with the gelvencmeter, but
even then the sensitivity was so small that the 10 cm separa-
tion of the antennas had to be used. Seversl experimental

runs were made in messuring the current distribution along

the upper end of the antenna. The results of each run were
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escentially the szme and are presented in the firct part of
Table ITI. As given, these values require a correction since
the rels tion vetween the volte e induced in the current loop
end the gelvenometer deflection is not known. Therefore, it

is desirable to calibrate the gelvanometer with some reliable

standsrd.



GALVANCMETER CALIBRATICHN

If the current pPickup loop is pleced near the antenna
center snd the output of the driven antenna is chan. ed, the
voltege induced in the pickup locp will be zt all times pro-—
porticnel to the voltage induced in another antenna in the
imuediste vicinity. A monitoring antenna czn then be placed
about one meter from the parasitic antenna, and the voltage
induced in it can be messured with a VIVM. The relaticn be-
tween the galvanometer deflection and the monitoring antenna
voltzge may be determined by varying the output of the UHF
osclllator driving the trensmitt ng antenna. The latter var-
letion cen be obtained by chenging the output coupnling to
the oscillator plate lines and by changiing a coaxial stub at
the oscillator output from ocen to short circuit. Since only
the relative antenna current distribution is desired and the
currents will be normalize&, this provides a perfectly accep-
teble meens for calibration. Figure 13 shows a schematic dic—
grem of the calibration setup and, as may be seen, it differs

from the current measuring

antenna

e
— —
— — —
—

.s-s/o)‘“fGJ parasitic 5/:"&7‘ beam

' VTV,
;drlven &S Monitoring antenna il J‘ca/b

antegnna
UHF
0SC.

Y

e

Fig. 13. Schematic diagram of galvanometer calibration
' ’ equipment



setup only by addition of the mcenitoring antenna and VIVM
A pictorel view of the calibrating equipnent, less the trons-

mitting antenns,.is siiown in Figure 14,

Fig. 14. Pictoral view of calibration and current measuring
equipment

Thé galvanometer was calibrated over the range from zero
to the maximum galvanometer deflection obtained when making
cur:~ent distribution measurements. The celibresticn data is
presented in Table I and is plotted as monitoring antenna
voltage versus galvanometer deflection on Plate 3. The gal-
vanometer deflection spoec s to be an exoonential function of
the loop voltsge. Such could be expected because of the non-
linear charscteristics of a crystal when driven hard es in
this csse. The curve would probsbly have been more linear

1f the gslvanometer had been constructed with as good a sen-—

sitivity as the design called for.



TABLE I

CALTSRATICN CF TFE SPECIAL GALVANCHETER WITH A VTVH STANDARD

x = gelvenometer deflection (cm)

V = voltage induced in the monitoring antennza

ss meesured by the VIVH (volts)

b d \Y X A
0.0 0.00 4.1 0.67
0.5 0.08 5.2 0.74
0.6 0.15 | 6.5 0.82
0.8 0.22 8.1 0.90
1.0 0.30 10.0 0.98
1.5 0.37 12.0 1.05
2.0 0.44 14.5 1.13
2.6 0.52 17.6 1.20



TABLE IT

VARTATICI] CF CURRLNT DILIRIBULTICN CN £ PARASITIC ANTENNA

CF CNE-HALF WAVELENGTH AT 400 MC

y = distence from upper end of antenna (cm)
X = gelvanometer deflection (cm)
E = relative loop voltage corresponding to

gelvenometer deflection

P = per unit value of current distribution (E/1.2)

J X E P
1 0.0 0.00 0.00
2 0.2 0.05 0.042
3 0.2 0.05 ' 0.042
4 0.5 0.13 0.108
5 1.0 Q.27 0.225
6 1.5 0.37 \ 0.308
4 2ad 0.46 0.384
8 2.6 0.52 0.433
o 3.4 0.61 0.508
10 5.9 0.65 0.542
11 5.9 0.79 0.658
12 .2 0.95 0.792
13 12.9 1.08 0.900
T 14.5 1.13 0.940
15 15.7 1.16 0.966
16 171 1.19 0.991
17 17.6 1.20 1.00
18 17.6 1.20 1.00

19 16.4 1.17 0.975
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When the celibration curve wes apslied to the initiel
deta of Table II, the normalizeda current distribution becomes
£s shown in Plate 4. Because of such close antenna coupling,
the current distribution on the perasitic element would be
expected to be & function of the current distribution on the
driven element. The driven element wes & hslf wave dipole
fed by a coxeial ceble, and from the ncnsymetrical current
distribution along the parasitic element, it may be deduced
thet the radistion pattern of the driven antenns was also
nonsymetricel, However, thefe is nothing with which {he
results cen Dbe cbmpared, and the degree of accuracy of the
method hes been neither proved nor disproved.

RECCHMENDATICNS FCR FURTHER WORK

It is interesting to note that the Carboloy Compsny of
General Electric has recently developed a platinum—-cobalt
bermanent megnet alloy which has e maximunm energy product
neerly twice that of Alnico 5. However, the alloy which
conteins 23% cobalt and 77% platinum is presently not sveil-
able commercielly, but only on a laboretory scale. The
lerge platinum content indicates, of course, thet the ma-
terial would be extremely high in cost.

Thé coercive force of a permenent magnet is the quan-
tity which determines the length to cross secticn ratio

A 9 . ;
et which maximum energy product is avallable.( ) The de-

(9) Ibid. pp. 7

magnetizetion and energy product curves for cobalt-platinum

are shown on Plate 2, and 1t may be seen that the coercive
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TENTATIVE DEMAGNETIZATION AND ENERGY PRODUCT CURVES FOR
A PERMANENT MAGNET ALLOY OF 23 % COBALT AND 77% PLATINUM
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force is very lerge in conparison with Alnico 5. Tiiis
allows the lengti: tc cross section ratio to be sumell; in
fect, meximum energy procuct can be obtelned with such retio
about 1/7 thet at which Alnico © operates best.

With such good »roperties, tixls meteriel would seen
nighly desirebple for spplication to the galvsnometer. How-
ever, in order to get maeximum energy product with cobalt-
platinum in the tyoe of clrcull zlready designed for Alnico
5, the megnets would need to be so short that the flux den-
sity availeble in the eir gap would pe less then that at-
taineble with Alnico ©o. In the same way, megnets placed
with their axes of magnetization along the antenna dlsmeter
would heve & lengtii to cross section ratio so small thet
maximum energy product could not be achieved, and thereby
egain feiling to produce a flux density equel to thet avail-
able with Alnico 5. The cobealt platinua is subsequently
elimineted from use in this perticuler galvenone ter, but
there is possibility of usilng it to grest adventage for
other antennes requiring e small galvanoumeter of scmewhat
.different shape.

In some instances, 1t may be decsirevle to rauiete less
power from the trensmitting antenns for entenna current
measurements, or to loccete the driven element at = gresater

distence from the parasitic element. If tals 1s the cese,

the gealvanocmeter censitivity would heve T be increased and

could be doné in two waye. The first of these is to in-

crease the length of suspension since there is space
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evelleble for dolny so. The second metiod merieins toc the
megnets oroviding field excitation. By obteining the neg=—
nets alresdy tegnetized, it is possible to lose sone mag-
netizaticn in thie process of grinding them to conform %o

the design. Therefore, it is Suggested thst these magnets

be obtained as unmagnetized stock, ground to the reduired
dimensicns by the individual, end returned toc the manufactur—-
er for proper umaznetization.

The numoer 49 wire specified in the gelvenometer design
is very fine, having e dicmeter only 1/3 that of the average
humen hair. Winding the gelvsnometer coil with such wire
would be very difficult without breaking the wire. AS g
result, it mi;ht be necesssry to have the coil wound by an
electrical meter company.

Because of the slot in the antenne, there will slwsys
be some degree of r-f fields in the antenna. This may cause
r-I VvOltazges to be induced in the gelvanometer leads with
resultent vpossibility of inaccuracy. This could be over-
come by shielding these leads from the point where they
lesve the pickup slug to the terminals of the galvesnometer.

If closer tolersnces in the galvancmeter'air gap could
be sttained, the air gav could be shorter and the resultant
gpelvenometer sensitivity would also be increased by this
method, Even if the latter is not done, however, by using
the previous design specificestlons end suggestions, the
galvanometer should have encugh sensltivity to obtain UHF

antenna current distribution meesurements which may be re-

arre———s

lied upon.
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CCNCLUSICIS

By olecing the detecting meter insiue an entenre

, 1T

)}

ney be exnected thet some errors cen be elininetcd in nieasur-

A

-+

ing tre currsnt distribution on tre entenrne. It .es been
oroven vy celculetion #nd witi the s#id of exserimentation
tiiat a gelVFnometer, to be pleced inside e cylindricel
varesitic UHF entenne 1.41 cm in diesmeter end 37.5 cm long,
can be constructed witl. & sensiiivity sufficlcnt fcr messur—
»Trilbution wiien en exciting an-
tenna radicstin, 10 wetits 1is &¥ e Gistance of & uneters. Tlie
galvenouneter as desi ned wculd provide e deilection of 1/3
radlean with 33.8 nicrovolts applied at its teriinels. In
terme of current sensitivity, 1t would reculire 0.00025
empere per mm Geilection at & distence of one nmeter which

is comparable to the sensitivity of good commerciclly mede
calvancuneters.

The gealvenometer actuslly constructed did not conform
to the design requirewents, end a8 a result its sensitivity
wse so low that the exciting antenns hed to be nleced only
10 cm from the antenné on which the current aistribuvion
The resulting messurenents sioved tne

wes tc be measured.

1 ti 1 smaesrical e nsint ideal.
current distribution tec be unsymiienricai end ncocnsinusoice

' ] * -3 el = yny o T 1 .
Since %there 1s no date avellesble with which to ccmpsre these

results, there is nothing wiiich would indicete tlieir To de
+ ’ - - =
either correct or in error.

. . hs 1 . 18
For current distribution messurements on other aniennas,

the gelvanometer might require a different design. But in
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conclusion, 1t 1s lo-ical tc essume that tle methiod out-

lined cculd provide current distribution messurements on
URF entennes which would De consldcreoly more relisvle thean
those couteined by previous methods. The cnly requirements
for sgovlicetlion of thils methiod zre thet the azntenna can be
sleotted Tor onrojection of the current loop end that it lmve
a cevity within which the smell gelvencmeter can be con-

structed.
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SUMARY

The methods hitherto used to measure relztive current
distribution on UHF antennas have introduced errors by chang-
ing the current distribution on the entenna in the orocess
of measurement. The principle difficulty hes been the use of
e current meter which 1s external to the antenna, thereby re-—
auiring some provisicn for wires lesding from the antenna to
the detector. Thet err-or can be eliminated by plecing a2 small
mirror gelvenometer inside the antenna 8o that its deflection
mey be orojected through a slot in the antenna by a beesm of

light. This paper concerns the design of such a galvanometer

to be placed inside 2 hollow cylindriceal parsitic antenna
37.5 cm lamg and 1.41 cm inside diameter. The gelvanometer
incorporates an Alnico 5 permanent magnet field of unique
design. By meking sure that the permanent magnets operate at
an optimum energy product, by using very small wire 1in the
coil and = sensitive suspensicn, a one—third radisn defledtion
cen be attained with 40 micovolts apclied to the galvanometer.

‘The design specificetions were not met in the ectual con-
struction of the galvanometer beczuse of the inavailebility of
the proper suspénsion material and coil wire. Although the
desired voltsce sensitivity was not acheived in the gelvano-
meter, one set of current distribution measurements was taken
on the parasitic element with the exciting antenna only 1C cn
re no cdmparable results avellable with which

ewey. There a

the results of this thesis may Dbe checked, but a background

has been provided and suggestions are given to ald further
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investigation into this manner of umeasuring antenna current

distrivoution.



APPENDIX

mi- A . 5,50 N L 2 - 3

Tire fcllowing is 2 list of the eaulpment useu in the
experimentsl work of this thesis.

General Radio Co. vacuum tube voltueter, Tyve 1800s

Serizl Nc. 1583
Generel Radio Co. wavemeier, Type 1140-4A, Serial No. 896

Sensitive Researcl Co. nicroszmneter, "Univergity"

mocel, Berial Nc. 11lo3l

Leeds end Nerthruo 1light source snd ovaque sczle

Model No. 2100

Voltege re;uleted power supnly, MSHM EE Lsb No. 19
Two dipole entennas of half wavelength at 400 mc
Surolus Redic Transmitter T-9/APQ-2, Serisl No. 1471

The T-2/APQ-2 trensmitter is a UHF nush-pull cscille-
tor from wer surnlus stock and hes been revemoned for use
with & 60 cycle nower soﬁrce. The Iredquency ol ti:ls oscil-
lator is constant with veriction of plete voltege and 1is
also constant with time. The power output decrecses

slishtly during tihe Tirst hour of operstion, but it becoues

constent gfter that period.
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