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HIGH=VOLIAGE JLECTROSTATIC OENERATORS

A, K. Val'mer

K. D. Sinel'nikov

Khar'kov, Ukrainian Physico=-
Pechnical Institute (Sopt 1936)

This article descrites the congtruction of geveral types of electro-
static generators at the Ukreinian pnysico-Technical Institute; some resulis

of tests are ¢cited, and ways for their further development are indicated.

1., INTRODUCTION

The problem of creating sources of de voltage of the order of milliona
of volts is connected directly with the problem of investigating atomic
nucleii by the method of bomburdment with charged particles which havgzagkal-
erated in discharge tubes, However, this does not exhaust the possible
applications of superhigh dé voltages, for such sources are of interest in
connection with the solition of many othar’::;:;\electrotechnical problems.

At present the most common devices used as sources of high-voltage dc
are those in which high-voltage ac 18 rectified and stepped up with the aid
of different combinations of capacitors and tubes. In principle, by using
capacitor-tube step-up circuits, one can obtain voltages as high as desired;
in practice, however, these circuits usually attain voltages of less than
300 kv, and only in very rare cases do their voltages reach 600-800 kv.
(Nove: The conditions which prevent higher voltages from being obtained
with capacitor-tube circuits are revealed in our article in Zhurnal

mekhnicheskoy Fizdki, Ly 1073, 193k.)
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The many advantagee of cahaoitor-tube oircuite (such as relatively high
power, ease of voltage regulation, and the prosencd in the eireuit of points
of intermediate potentials) cause these circuite to be conoidered as the
most convenient sources of direct current up to 500,000 volts) but in the
region of higher voltagee the electroatatic generators are without doubt
the meot convenient, and for voltages of the order of 5 or more million
volts, they are actually the only technically feasiblo source of high=
voltage direct currents,

The electrostatic generator, which was first proposed by Van de Graafz-—
(Van de Graaf, Compton and Van Atta, Phys Rev, U3, 149 (1933), sugrestis,
through its principle of operation, the usual eleatrostatic induction mac-
hine but sharply differs from 4% in the form of its construction. Unfor-
tunately, the literature lacks even the least detailed description of
either construction data for different types of generators made by Ven de
Graaf;’hnd certain other American investigators or conclueions from the
practical operation of these ganerators'in the laboratory (Note: The sole
exception is Bramhall's article (Rev Sqfinstr, 5, 18, 193L), devoted to the
description of & portable 500,000=volt generator; however, this article does
not give an exnaustive presentation of elthor the constructional or oper-

ational data for the generator) .

2, OBJECTIVES OF THE WORK

Having as our final objective the construction of a generator of max-
imim voltage possible within the limite of the size of the UFTI ['Ukrainian
Physico-Technical Institute_7 high-voltage room, we worked out two variants
of this device: namely, a cascade capacitor-tube circuit with transformers
fed by an insulating drive (Zhurnal Tekh}’fiziki, L, 1077, 193L), and &

single=pole electrostatic generator of the Van de Graaff type. Since owr
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caloulations have showed that with the same power and dimensions of the

devices a voltage of the order of 2,5 million volts can be obtained in the
first oauqéf and 7 million in the eecond, we settled on the second variant
and in the beginning of 1934 began designing thic generater, whose con= ]
struction ie being completed at the present time. This generator will be

described in a separate article., The problems of constructing certain
agsemblics for the large generator required caroful experiments on models;
as a reoult several generators of voltages of the order of 0.5«1 million
volts were constructed, Certain of these were used to conduct experiments

on particles accelcrated in discharge tubes,

3. BLECTROSTATIC CENERATOR WITH CYLINDRICAL CONDUCTOR

A diagram of the first model constructed in UFTI is shown in Figure 1,
and a photograph in Figure 2, The support consists of insulating boards
15 mm thick and 70-85 mm wide. On the insulating framework is placed a
oylindrical conductor of plywood 3 mm thick, 1000 mm long, 720 mm in diameter,
and with detachable copper hemispheres of the same diameter at each end. ]
The apparatus for charging the belt and for removing charges from it is
evident from Flgure 1,
Different types of corona electrodss were tried, the best results being
é. obtained with a metal tube 15 mm in diameter having a series of apertures
bored at 25 mm intervals in which are placed the usual sewing needles,
Satisfactory results were also given by electrodes made of wire 0.15-0.20 mm
in diameter stretched parallel to the belt. Both the corona electrodes and
the flat screens placed on the other side of the belt can be moved harizontally

between the ebonite planks, (Oocod insulation of the upper corona electrodes

el

ST
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and soreens is essentlal for the normal operation of the generator), The
telt transport rollers (100 mm in diameter) in this etructure were turned
frem wood, They rotate together on their iron axles set in ball bearings
and are driven by & 0.5 kw do motor connected tlrough a floxible coupling
to the axle of the lower roller, The lower corona eloctrode was charged
to 25 kv through a resistance of several mogohms from an auxiliary high-
voltage device.

The current obtainable from the generator is clearly equal tol= 20-1\:.
where o= is the charge's surface density on the belt, Z is the belt's
width, and v is ite velocity, The coofficient 2 is explained by the fact
thaf.y/the belt ic overcharged inside the conductor when we used this con=-
struction of corona cloctrodes, ac & result of which a double quantity of
eloctrictty is taken off the belt,

If the belt can be assumed to ve & flat condenser, then the maximum
charge density on it can be calculated from the relation T~ pax :'EW ISR
where E is the initial electric field strength in air at atmospheric
pressure.

Setting E equal to 305% we cbtain for o~ a maximim value of 2.6'10"9
coulombs/eq oms Thus the theoretical value of the current obtainable from

the generator turnscout to be:
Im 5.2-/ (em)s v (cm/sec) +10~7 amperes

Since in this model the velocity of the belt did not exceed 9 meters
per second and its width was 90 cm, a current of the order of L0O /‘a—could
pe expected, Actually, the maximum current successfully obtained from the

penerator was only 220,44 j that 18, 55% of the calculated value. We
should note that not one of the generators which we builb put out a current

greater than 60-65% of the theoretical value. The discrepancy between
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theoretical and experimental values for the current must be attributed on
one hand to imsufficlently emooth belt surfaces and resulting local overs
voltages of the field which lead to premature coronag, and on the other
hand to charge losses from the Lelt on account of the strong ionization
created by the upper and lower corona electrodes,

The voltage obtained with this generator was 600 kv at the positive
pole and 700 kv aE?%%éative pole, It was limited not by the corona appearing
on the spherical surfaces but by the brush discharge arising at the places
where the inoulating braéaa enter the cylindrical surface of the conductor.

Voltage was measured with the aid of "genorating" voltmoters specially
constructed for this purpose, of a design proposed by Kirkpatrick and Gunn.
We used two types of voltmeters: a device with & rlﬁt rotor, operabing on
a two tube amplifier (Kirkpatrick and Miyake, Rev qu%nstr, 3, 1, 1932,
Kirkpatrick, Rev Sé’Inetr, g, 33, 193k, Ounn, Phys Rev, Lo, 307, 1932,
Harnwell and Van Voorhie, Rev Sq?instr, Ly, 5L0, 1933); and a voltmeter with
a cylindrical split rotor (Henderson, Goss and Rose, Rev S }&nstr, 6, 63,
1935) which was connected through & commutator directly with a galvanometer

of sensitivity 10'7 amp/graduation, For calibration of the volimeters we

used & spherical discharge rod 72 cm in diameter (used in experiments with
generators with spherical conductors) and measured the charge accumulated on

the conductor with the aid of a ballistic galvanometer. The calibration

revealed that our generating voltneters have a strictly linear scale up to

T

maximum voltages, provided that corona does not appear.
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The basic defect in the first generator model was the inadequate stren-
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gth of the silk belt, which frequently became wrinkled or folded etcgduring
operation, Moreover, since the generator was nob suited to charging a
discharge tube, we passed on to the construction of generators with toroidal

conductors.
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theoretical and experimental values for the current must be atiridbuted on
one hand to insufficiently smooth belt surfaces and resulting local over=
voltages of the field which lead to premature corom.c‘, and on the other
hand to charge lossese from the belt on account of the sirong ionization
created by the upper and lower corona clectrodes.

The voltage obtained with this generator waeo 600 kv at the positive
pole and 700 kv ngfggéative pole, It was 1imited not by the corona appearing
on the spherical surfaces but by the brush discharge arising at the places
where the inoulating braceo enter tiie cylindrical surface of the conductor,

Voltage was measured with the aid of ngenorating" voltmeters specially
constructed for this purpose, of a design proposed by Kirkpatrick end Gunn.
We ueed two types of voltmoters: a device with a rlqt rotor, operating on
a two tube amplifier (Kirkpatrick and Miyake, Rev qu%nstr, 3, 1, 1932,
Kirkpatrick, Rev sé/Instr, 5, 33, 193L. Cunn, Phys Rev, L0, 307, 1932,
Harnwell and Van Voorhis, Rev Sq?%natr, L, 5L0, 1933); and a voltmeter with
a cylindrical split rotor (Henderson, Goss and Rose, Rev S ;&nstr, 6, 63,
1935) which was connected through a commutator directly with a galvanometer
of sensitivity 10~7 amp/graduation., For calibration of the voltmeters we
vsed a spherical discharge rod 72 cm in diameter (used in experiments with
generators with spherical conductors) and measured the charge accumlated on
the conductor with the aid of a ballistic galvanometer, The calibration
revealed that our generating voltmeters have a gtrictly linear scale up to
maximum voltages, provided that corona does not appear.

The basic defect in the first generator model was the inadequate slren=-
gth of the silk belt, which frequently became wrinkled or folded ete,during
operation, Moreover, since the generator was not suited to charging a

discharge tube, we passed on to the congbruction of generators with toroidal

conductors.
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L4, GENERATORS WITH TOROIDAL CONDUCTORS

Since the space at our disposal (overall height L.5 meters) forced
ue to select the vertical dimensions of the generator as economically as
poseible, we used a conductor of toroidal form (height of conductor 1200 rm,
and diameter 2200 mm) in the next generator which we constructed, Generators
with toroidal conductors are pictured in Figure 3, which is a photograph
of an apparatus consisting of two toroidal generators operating onto a
horizontal discharge tube, The conductors of these generators wore a wood
Iramework of meridional ribs braced with two massive wood rings and sheathed
with lotes of sheet iron beaten by hand on special forms. The circular
upper aperture was coverecd with a cerefully fitted 1lid and served as an
entry to the interior of the conductor for the experimenterj at the lower
aperture the conductor was placed on & cylindor serving as an insulating
support., All seams were carefully filled, after which the conductors were
liﬁmred. In each of the generators a set of three steel rollers was
installed in the bottom and the same number in the top; thus the clarge was
carried by three independent endless belts, The charging devices were
somewhat simplified, since the rollers themselves were employed &s one of
the electrodes. The belts, LS cm wide, were manufactured of surgical oile
cloth, which seemed to be a completely suitable material for this purpose.
The belt velocity in these generators was small and under stationary oper-
ation did not exceed 8-9 meters per second.

Under these conditions cuprents up to 0.3 ma were successfully obtained
with each of the generators. The maximum voltage produced by the generators
(without the addition of the tube) reached 900,000 = 950,000 volts in each.
The interior of the conductors was large enough to house an experimenter as -

well as the necessary apparatus inside of them,
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5, THE DISCHARGE TUBE

For operation with toroidal generators we pnilt a special discharge
{ube whose external form can be seen in Figure 3. 1Ite gchematic croseé=
section ie ehown in Figure L. The tube, 3800 mm long, gonsisted of four
individual glaes cylinders (220 mm in diameter) made tight with picein and
joined through intermediate gteel disks and through & central coupling box
with the evacuatisnnpump’s outlet, The tube was assenbled while in & veri=
ical position;j then the tube wae encaged in a special assombly sheath of
wood boards in a horizontal position and suspended from the ceiling on
insulabing boards which were fastened to wood hoops placed around the steel
connecting diske. After the tube had been puspended the asgembly shoath
wae removed, On the bagis of previcus exporinents with the construction
of this tube we considered it neceseary, with the aim of eliminaiing pre-
mature discharged jneide the tube, to subdivide it with metal diaphrams
into separate cells. For this purpose holes 3 mm in diameter were drilled
70 mm apart along the axis and placed at an angle of 120° to each other.

Through these holes were {nserted threaded screws, with the aid of
which 47 diaphragms of sheet aluminum 3 to 5 mm thick, having 80 mm openings,
were placed in the tube, (Note: Later it appeared that we chose the wrong
material for the diaphragms, gince aluminum corrodes under the influence
of mercury vapors.) The places where the screws enterad were gealed with
picein, A spiral paper strip, impregnated with india ink, was wound around
the outside of the tube and served as an ochmic voltage divider. All the
diaphragms were connected to the corresponding points on the divider, with
the result that throughout the tube a definite distribution of potential was
maintained, 'The tube was faced with solid gbeel disks provided with openings

for the sources of charged particles and instrumente for experiments.
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b After all the picein gealo were covered with a coat of bakellte quuer a

'f{ guifieiently high vacuws Was gucoessfvlly obtained in the tube, The preo=
; gure in it did not excaed 2 ¢ 1.0'5 mm of mereury. The evacuation was

carried through the grounded coupling box in the middle of the tube with

1
J

the aid of & four-stage mercury diffusion pump made by the Leybold firm
(Model E) which was provided with a large trap containing 1iquid air end &
MoLecd manomoter. The original adjustment of the tube, which was done by
repeatedly increasing the voltage of the genorators, gradually, by regulating
the velocity of the belt up to the moment of dischargoe in the tube, con=
tinued for 15=20 hours, Once adjusted, the tube could stay under pre-
yacuum pressure for several days, after which it was brought to the working
state by relatively brief adjustments in the course of 2=3 hours. Both
ends of the tube were {nserted into +the conductors through openings aboub
30 cm in diamebor. The i;%i’or the openings were gpecially rounded and
a1l sharp bends were smoothed from the tube's inculating aupporijibh the

cover PIEEESS | iy
help of spocial Ceginas (and the_wood ¢ couplifiy boxes) nevertheless, coronas

and "flares" (brush discharge) could not be averted from appearing in the
places where the tube entered the conductorss Therefore the generata s
produced a smaller voltape operating into the tube than in their preliminary
test.

After extremely careful and accurate adjustments of the tube we were
able to feed Lo 1t for short periods (several seconds) a voltage of the
order of 1,500,000 V3 but we attained gteady operation of the tube only ab
a voltage of about 1,100,000 to 1,200,000 v. (Note: We measured the
voltage applied £o the tube not only with the help of generating voltmeters,
but also ghrough the deflection of the olectrons and ilons accelerated in

the tube by & magnebic field).
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6. OBRTAiN LXPERIMENTS PLRFORMED ITH THE DISCIIARGE TUBE

In the firet experiments conducted with the discharge tube we accel=
erated electrons. The eloctron 8ourcs was an incandencent cathode fed by
vatteries placed in the conductor of the generators Judging from the glow
of the fluorescent coaling on the glass enclosing the opening in the 1id
that covered the opposite end of the tube, the electron beam Was extremely
difrused (the screen, 60 mn in diameter, gloved almost uniformly over its
whole gurface). Some rays concentrated in & beam were successfully obtained
by moving the cathode 20=30 cm inside the tube; at the same bime, however,
the independent discharge in the tube appeared ab noticeably lower voltages
than when the cathode is placed inside the conductor, Tsolating the elasctron
beam with the holp of a diaphragm 2 mm in diameter, we determinad the energy
of the electrons from the deflection of their beam by & magnetic fields
this energy (depending on the system of operation of the tube) ranged from
one to one and one half million volts. By releasing the electron beam
through the aluminum window (0.05 mn aluminum foil glued to porous brass
disk), we made it possible to meagure their passage through different sub-
stances, The total current in the beam which was released through the
window was from 0.1 to 1.0 ° 10"6 amp. By rotarding the electron beam with
e lead disk, we obtained x-rays which, though ;filtered by two centimeters
of load, produced noticeable blackening of & photographic plate when
exposed for five minutes.

For experimen’oa with lithium ions, the preliminary results of which
have been published in & geparate note (sow Pliys, 8, 212, 1935), the
incandescent cathode was replaced by & platinum cylinder coated with spod=

umene (a mineral econtaining 1ithium which emits 14thium ions on being

heated) s
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Finally, we conducted & gories of preliminaxry experiments with protons
on this tube, The proton source was a Cockcroft=Walten channel tube which
wae connocted to the outlet in the 1id of the main discharge tube. The
diagram of thie tube tozether with ite feeding apparatus, which was placed
ingide the conductor of the eloctrostatic genorater, 18 ghown in Figure 5,
and a photograph in Figure 6.

The hydrogen was inserted through a palladium tube with a sealed end
and was regulated by the variation of the oven surrounding it. The apparatus
for fooding the channel tube consisted of an alternator driven by a motor
mountéd on the floor, & high=voltage transformer (110/18,000 vaff)' and a
mechanical rectifior. Under correctly matched conditions for discharge in
the channel tube, the toam of protons passing throuzh the large discharge
tube is quite sharply focused (the apotg diameter was less than one centi~
moter), but the spotb posibion on the screen was unstable: the spot moved
in an irregular manner within the limits of 2-3 cm from the axis of the
tube.

In spite of many attempts, we have not yet succeeded in stabilizing
the spot's position. With the purpose of investigating the scattering of
protons by protone due to collisions, we jntroduced the proton beam through
a window gbout 0.1 mm in diameter, covered with pica about 2//1 thick, into
a Wilson cloud chamber f£illed with hydrogen. ;TPh'e chamber constructed by
us was 10 cm in diameter and did not differ esgentially in its construction
from the chamber with a rubber membrane described by Wilson (Proc Roy Soc
(A), b2, 88, 1933i). Ogap (see Figure 7, which shows & photograph of
the interior of the conduchor with the Wilson chamber attached to the dis-
charge tube). The numerous visual observations which we made of the tracks
(which were’:;:::;;a\quite distinct and in sufficient numbers) showed that
large angular deflections are encountered so rarely that cbservation of them
with the aid of & Wilson chamber is in practice nob feasible. Wa will con-

tinue such experiments in other apparatus.
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This short summary already has shown clearly that the types of gen=

eratere developed by us have proved the worth of employing this kind of
voltage seurce in experiments with diccharge tubes at voltages higher than

: one million volts; however, the genorators desorived did not satiefy ue, for
they possessed comparatively little power in epite of their large size,
However we developed an improved type of generator, which will be described

below.

?'. GENERATORS WITH SPHLRICAL CONDUCTORS

(Note: A number of design foatures used by us in the building of this
genorator were borrowed from the work of Bramhall (Rev 5q?&natr, 5, 18, 193L).
The diaszram of the generator is shown in Migure 8, and its external

appearance is pictured in Figure 9. The basic elements of its design are!
split spherical conductor A prossed from sheet copper 1.5 mm thick; insulator
structure in the form of an insulating cylinder B 350 mm in dimmeter and

1000 mm long with a wall 5 mm thick; and rollers C,D,k,F, rotating on ball-
bearings and with their axles mounted in welded frames, The rollers were :
cast of aluminum and were accurately balanced before being mounted in the
generator, Balloon cloth (rubberized two=ply percale) was successfully used
for the belt, which in this type of penerutor works under more difficult
conditions since it is subjected to reversed bending. The maximum voltage
obtainable from the generator when operating "at no load" is a little more

than 700 kv (measured with the help of discharge spheres 720 um in diameter).

At the farthest separation of the dischargers, the discharge proceads from

the conductor to the welded casing G of the generator, The belt is set in

motion by a 250-watt three-phase induetion motor M, mounted on the platform
H, which is, in turn, hinged to the welded casing of the generator, The
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maximum belt veloolty which we cucceeded in obtaining on this generator was
33 moters per gecond. Normally genaralore of thie type operate at a belt
velooity of 25 meters per gecond. Under these conditions the generator
possesges the external characteristic pictured in Figure 10, in which the
current taken from the generator was plotted along the abscissa. (Note:
The characteristlos were taken by draining off the corona point, at dif=
ferent distances from the conduotor, through a galvanometer to ground) .

The potential of the conductor was plotted along the ordinate, The belt is
charged from an auxiliary high=voltage device at 20 kv. The generator can
also operate without external excitation, In this case the charging devices
are connacted together as in Figure 1l. However, we did not succeed in
ocbtaining from the genarator more than 50% of the current produced by it in
independent operation. Moreover, whon self-excited the generator operates
much loss stably and is very gensitive Lo moleture in the room, and:.the
sign of its charge changes [rom one starting 4o the next, All this forced

us to utilize the auxiliary charging device in all the generators of the

describved type.

8. WAYS FOR T FURTIER DEVELOPMENT OF THE GENERATORS

Further dovelopment of the generators can proceed in several directions.
On the cne nand, keeping the basic constructional features of the generator
one can increase ite 1inear dimensions. Since the power of the generator
increases approximately in proportion to the cube of the 1inear dimensions
(voltage i proportional to the dimensions of the conductor and current is
proportional to the area of the opening in the conductor). On this prin-
ciple we congtructed the large generater described in section 2, On the
other hand, keeping the same dimensions for ‘the generator one can increase

considorably the currvent produced by it by replacing the atmosphere in which
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the Lelt moves by a medium with a greater dielectric strength (compressed
gas) and with a larger dielectric constunt (ineulating liquid), Proceeding

in this way we can expect to inorease the generator's power in proportion

to the product of dielectric constant and dielectric strength of the medium

surrounding the belt,

At precent wo are constructing a generator filled inelde with trans-
former oil; experiments with thie will permit us to varify the accuracy of
the above considerations,

Another possibility is to attempt to raise the gonerator's voltage by
surrounding its conductor with a solid, liquid, or vaseous dielectric of
high dielectric strength., We are also conducting experiments of this typoe.

Finally, one can try to find a solution by a now design that rejects
the belt construction, In particular, one of the possible solutions to the i
problem is the replacement of the bolt by charged dust driven along by a
rapidly moving stream of air, Weo are conducting preliminary experiments in
this direction also. and tubes,

In the construction of the dilferent generatorg«and in the experiments
much assistance was afforded us by our co-workers Lngineer Vermel' (con-
struction and testing of the generator with the spherical conductor),

Engineer Taranov (construction and testing of the tube), Engineer Vodolazhskiy

and Engineer Marushchak, to whom we express our gratitude,
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