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PART A

Design-Studies of a Van de Graaff Accelerator

1. Introduction

The design-gtudies of a small pressurised horizontal Van
de Graaff accelerator in the one million volt range using

indigenous materials are discussed in this part.

In § 2 the development of Van de Graaff generatorg from
its early days are briefly reviewed. Our work started with the
search for suitable indigenous materials for the insul ating support
and the charge ;:ransport belt. The résults of the surface resls-
tivity measurements of some indigenous materislg carried out for
thig pt;rpose are presented in § 3. Of all the materlals gtudied
perspex having a high surface resgistivity ~ 6 x 101l ohmg/square
was chosen ag the insulating gupport structure material. Endless

nylon woven belt wag gselected ag the charge transport belt.

We next turned ou#: attention to the development of a
generating voltmeter for monitoring the terminal voltage of the
_Van de CGraaff generator. Studieg undertaken in this connection
are described in § 4.. In § 5 we discuss the constructional
details of the van de Graaff generator. We then investigated the
conditions for optimum charge trsnspoﬁ to the high voltage
terminal . The\results of this sgtudy é.-::sumarized in & 6. From

these studies a suitable arrangement of combs with an optimum



geometry was selected out to obtain a charge carrying efficiency

~ 15% of ﬁheoreticél maximume.

In §‘7 we present the operaticnal characteristics of the
generator under pregsurised nitrogen gas. A maximum terminal
voltage of 1.1 MV was achieved at a nitrogen gas pressure of 6
atmospheres absolute with a gpray voitage of 38 KV. Finally in

§ 8 we déscribe the operation of the Van de Graaff generator as

a test accelerator.,



2. A Review of the Development of Van de Graaff Generators

The first Van de Graaff generator set up at Princeton
was reported by R. J. Van de Graaff in 1931 (3). In this machine
a silk belt 24" wide was carried by two pulleys, one at ground
potential which was powered by an electric motor, and the second
inside a metal sgphere of 24" diameter. The sphere was supported
by glass rods. Charge from a row of needle points held at a
positive poteﬁtial of about 10 KV was sprayed as corona current
onto the belft surfade just after it left the grounded pulley.
Charge was removed from the belt by a second row of needle points
well within the gphere before the belt reached the inner pulley.
Here electric fields are only negligibly affected by charge on the
outer surface of the gphere regardless o the potential of the

sphere.

Larger machines were built, notably the 1.2 MV generator
at the Department of Terrestrial Magnetism (DIM) in the Carnegie
Institute in Washington, D.C. by Tuve and otherg (17). However,
it soon became clear that a new form of insulation would be
required if higher voltages were to be obtained in an apparatus
of managable size, G. G. Havens and Re. Ge. Herb at Wisconsin first
experimented with vacuum insulation (1,2), but this was soon
given up in favour of high pressure gagse. A really significant
advance was made by Herb et al. in 1937 (15) with their horizontal
pressurised generator, which accelerated protons to about 2.5 MeV.

The tank was 22 ft. long and 5) ft. in diameter. The insulation



was achieved with air at about 7 atmospheres pressure to which

gsome CCL 4 was added.

A very significant event in the field of Van de Graaff
generator technology wasg the formation of the High Voltage
Engineering Corpdration (IWEC) by R. J. Van de Graaff and his
aggsociates in 1947. The creation of HVEC made possible the
construction of electrostatic generators to the highest engineering

standards.

The next impoftant achievement in this field is the
successful development of tandem accelerators (18,12). In thege
accelerators negative ilons are accelerated from the ground poten-
tial to the high voltage terminal where they are stripped of
electrons and become pogitive ionsgs. Thege pogitive ilons are then
accelerated 'qd the ground potential. Thus the energy of the

accelerated iong 1s doubled.

An alternative approach to the construction of high
voltage electrostatic accelerators has been taken by the National
Electrostatics Corporation (NEC) founded by R. G. Herb in 1965,
They are usging the so called Pelletron chaxg’ging chainsg to replace
. the Van de Graaff belt. These are chains consisting of alternate
mild gteel cylinders sepafated by nylon insulating links. The
metallic links are charged by induction for both up and down
charging. They have marked advantages in terms of lifetime,
reliability, .and terminal voltage stability. t



An important modification of the pelletron charging

\ system in recent years was undertaken by Daresgbury Research
Laboratories (20). . Here the charging chain is made up of a pair
of pelletrons in which corresponding elementg are connected by a
conducting bar and hence the machine is known ag Laddatron. This
results in an increased current transfer to the high voltage

terminal.

The main disadvantages of pelletrong type generators are
those of limited current carrying capaclity and limited power
transmission capability to the high voltage terminal. In view of
these and the fact that the bslt type of generators are easier to
construct we decided to construct a belt type of van de Graaff

accelerator.
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3. Choice of Ingulator and Charge Trangport Belt

Two important components for the production of high
voltage in a Van de Graaff generator are the materials for the
insulating support and the charge transport belt. Since the
effective resistances of insulating materials are detdrmined
practically by their surface registivities, we measured the surface
reglgtivities of all available materials that can be used as struc-
tural supportsg and charge trangport belt (4). The result of the'
study is summarized in tables 3.1 and 3.2.

Of all the materials studied7perspex, having a high surface
registivity ~ 6 x 10l ohms/square, was chosen ag the insulating
support structure material because it wag readily available and
could be eaglly machined. The belt material besldes having high
surface registivity, must also be capable of trangmitting sbout
1 KXW of power to the high voltage terminal at a rotational gpeed
of about 5,000 linear £t/min. Endless nylon woven belts meet the

above requirementg and wasg gelected for use in our generator.

However, the nylon belts were found to absorb moisture
when left to humid atmospherss decreasing its effective resistance.
These belts could be reconditioned by bsking them for about 24 hours
at about 90°C and treating them with gilicone fluid. The belts thug
treated showed no further deterioration for a long time even when

exposed to normal humid atmogpheric conditions.
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Table 3.1
Meagured surface registivitieg of some structural insulating
materials

(Room temperature ~ 28°C with a mean relative humidity ~ 60%)

Material " Trade Name Surface Resisti=
vity ohms/square

Methyl methacrylate Perspex 6 x 10t1
' 14
Nylon - > 1o
Gl ags | Pyrex 2 x 10t
Index 5 % :1.012
Corning 1 x 101l
s20 5 x 10+t
‘ 12
Gl azed Porcelain - 3 x 10
' 10
Paper and fibre Hylam I ~ 10
based laminates Hylam II 2.5 x 10°
tylam P116 2 x 10%°
kXe}

Hylam P120 3 x10
Hylam P124 3.5 x 10%°




Table 3.2

| Measured surface resistivities of some belt materials

(Room temperature ~ 28°¢C with a relative humidity ~ 60%)

Material - Trade Name surface regigtivity
: ohms/aquare
‘ 6
Cotton - ~ 10
Rubber - 107 to 10%°

(gifferent gamples)

Neoprene - 1.5 x 109
Rubbergised fabric - - 3.5 x 107 to 1 x 10°
12

Woven nylon belts Nylastic/Lantilastic ~ 10




4. Development of a Generating Voltmeter

The generating voltmeter developed by us for monitoring the
terminal voltage of the Van de Graaff genesrator ls based on the
principle described by Trump, Safford and Van de Graatff (5). It
conglstg esgentially of an ingulated stator member facing the high
voltage terminal from which it ig periodically shielded by rotation
at constant gpeed of a grounded gectored disk. The stator to ter-
minal capacitance is thus caused to vary periodically and the
induced stator current, which is a measurz of the terminal voltage,
passes through a special rectifie; circuit-and is estimated by
measuring the voltage drop across a resistance with a vacuum tube

voltmeter.

The details of the generating voltmeter are given in fig.4.1
and the principle is shown schematically in the upper portion of

fig.4.2. The d.c. output current of the generating voltmeter

where V is the temminal voltage

(%} is the maximum variation of the capacity
between the high voltage terminal and the

stationary stator

CL ig the value of stator to ground capacitance
when the high voltage terminal to stator

capacitance ls maximum
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{ is the effective frequency of variation of the terminal

to stator capacitance

ang - VR is the reverse biag voltage applied to rectifiers to pre-

vent current flow in the non-conducting part of.the cycle

-

The second term in eqn. (4.1) introduces a small departure f£rom
proportionality in the relation between the induced stator current
and the términal voltage. Hence Cg should be kept ag small ag
possible. We have taken special care to ensure that the gép between
the stator and rotoy remains constant in order to increase the

reliability of the voltmeter.

The results of the bench test of our generating voltmeter
is shown in fig.4.2. It 1s seen that the regponse is essentially
linear beyond about 15 KV and that the sengitivity of the voltmeter
depends on the position i.e. on the value of the electrostatic field
at which it 1s placed. The generating voltmeter was therefore cali-
brated under actual opersting condition with known voltages applied
to the high voltage terminal. The calibration in the low voltage
region was done with the help of the spray voltage supply directly
connected to the‘high-voltage terminal. Its response was found to
be practically independent of pressure and type of the £illing gas.
The calibration was extended upto about 150 KV with simultaneous
terminal voltage measurement by the generating voltmeter, gphere
gap and IR drop metﬁods. Above 150 KV to about 1 MV the cross
checking was done only through gphere gap measurements. Over the
entire region, the linear response of the generating voltmeter was

maintained.
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5 Construction of the Pressuriged Van de Graaff Generator.

The Van de Graaff generator constructed by us is a
horizontal machine housed inside a presgsure vegsel, having an over-
all dimension of about 3 £t. dla x 5 ft.. long. The pressure vessel
was fabricated by a local f£lxm according to our gpecificationg and
consists of two parts - a iy thick vertical end blocking £lange

supported on a gstand and a movable cylinder having a ghell thickness

of 5/16". The verticsl end blocking flange served as the support
for the beam drift tube, accelerating stack, ion source and lens
systems and also for the whole of theiigh voltage terminal canti-
lever structure sy;tem: The movable part of the pressure vessel
contained several port holes for the introduction of generating
voltmeter, sphere gap agsembly and corona needles for high voltage
control. .The two parts could be coupled to each other through
neoprene gagketted jointg. The pressure vegsel was hydraulically
tested at 250 psig, pneumatically tested at about 100 psig and was

2 mm of Hg for several weeks. The

vacuum tested to about 10~
pressure vessel can be filled to any desired pressure of nitrogen
or any other gas from gas cylinders via hose pipes upto about 100

psig for safe operation.,

The high voltage terminal méde of 1/16" thick spun
aluminium is a 22" dia. cylinder ending as a hemisphere of radius
11" at the top terminal end. It ig fixed to a bése plate made of
1* thick Al with suitable rounding off at the edges. Perspex was
used ag the insulating support structurs material for the high
voltage terminal, the insulation distance between the high voltage



terminal to the ground end bage plate being 15", Adequate
equipotential rings and field control bars were provided. The gap
between the high voltage terminal and the grounded pressure vesgsel

wag about 5%" on the sides and about 11" on the f£ront.

A 18 om wide x 3 mm thick endless nylon woven charge
transport belt was mounted on two 3" dia. solid mild steel rollers,
one each'at ground and high voltage ends, and v:v—as dri}ien by a 3
phase 2 H.P. motor with clags E lnsulation at a linear gpeed of
about 5000 ft/inin. The rollers were mounted on self aligning ball
be\f:lrings with appropriate arrangements for providing proper tensions
to the belts The corona combg for the spraying and collection of
charges were madé £rom 1/2" long gramophone needles f£ixed on a 1/2%

dia. brags rod, the distance between two adjacent needles being 1/4".
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6. Studies on Charge Transport

Since very little quantitative informations regarding
charge trangport to the high voltage terminal is available in the
literature (6-11), we had to investigate in detail (12) the problem
of optimum charge transport with different comb configurations and
geometrieé. The experiments were carried out under atmospheric
conditiong at a mean room temperature ~ 28°C with a mean relative

humidity ~ 60%.

For charging and discharging the belt with the help of
corona combs, one normally uses one or two combs at the ground end
for positive charge( spraying and negat'ive charge collection; and
one, two or three combs at the high voltage end for positive charge
collection and negative charge spraying and their control. We
gtudied various possible arrangements of combs in our set up upto
two combs at the ground end and three combsg at the high voltage
end to f£ind out the relative performances in each cagse. Thege
comb configurations are represented by the various positionsg of the

four schematic switches of f£lg.6.1 and are listed in table 6.1l.

The explanation of gymbols used in fig.6.1 are given below 3

Cy, C, : Ground end corona combs
Vo : Ground end gpray voltage
I c émund end spray current
I . ' Leakage current at the ground end
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I+ : CQurrent due to positive charges going up with the
belt

I _ : current due to nefative charges coming down with the
belt and collected by the comb C,

T s—‘ short circuit current

C‘;, C\; , C\; © Corona combs insgide the dome

Rys Ry, Ry Regigtances inside the dome
sSwWl, swz; SW3, SW& : Schematic gwitches

A histogram representing the gaturation short circuit
currents for different comb configurations with optimum geometries
is given in fig.6.2. We obtained a maximum short circuit current
_~ 120 pA which corresponds.to a charge carrying efficlency ~ 75%
Of theoretifal maximum (9). Of all the configurationg studied,
configuration IV.2a was found to be the most convenient. It has
the advantage of (1) maximum charge transfer under optimum geome-
trical conditions, (ii) reduced loading on the gpray power supply,
and (iii) control and stabilization of the roller to dome voltage.
This control and stabilization of the rolle? to dome voltage was
achieved through the use of a few additional adjustable needles
from the comb dg directed onto the roller without the actual presence
of the additional comb CV of configuration V.1 or the resistance R3

3
of configuration IV.3.
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Table 6.1

Comb configurations studied

Config. Configuration Config. Configuration
No. ‘ No.
Il (L)(2)(4a)(1) I.14 (1)(1)(3)(1)
I.2 (1)(2)(4)(2) I.l4a (1)(1)(3)(1)Ex"
I.3 (1)(3)(4)(1)
II.1 (2)(2)(4)(2)
I.4 (1)€4)(4)(4) ‘
_ II.2 (2)(2)(4)(1)
I.5 (1)(4)(a)(1)
II.3 (2)(1)(2)(2)
T.6 (1)(3)(4)(2)
, : II.3a {2)(1)(2)(2)EX
I.7 (1)(2)(4)(4)
o IT.4 (2)(1)(2)(1)
I.8 (L)(1)(2)(1) '
| IT.4a (2)(1)(2)(1)Ex
I.8a (L)(L)(2)(1)BEx
, , o II.5 (2)(1)(3)(2)
I.9 (1)(1)(2)(2)
o . . I1.6 (2)(1)(2)(4)
I.9a (L)1) (2)(2)Ex
_ ITe7 (2)(1)(1)(1)
I.10 (L)(1)(3)(2)
y II.8. (2)(1)(1)(4)
I.1l0a (L)(1)(3)(2)EX
. IT.9 (2)(1)(3)(1)
.11 (1)(1)(2)(4)
T.lla (1)(1)(2)(4)Ex III.1 (1)(2)(2)(1)
I.12 (L)Y(1)(1)(1) IlI.la (1)(2)(2)(1)EX
I.12a (1)(1)(1)(1)EX IIL.2 (1)(4)(2)(1)
.13 (1)(1)(1)¢4) IIT.2a g1)(4)(2)(1)zx
I.13a

(1)(1)(1)(4)Ex



. Table 6.1 (Contd,)

Config. Configuration
NO.
.1 (2)(2)(2)(1)
IV.2 (2)(4)(2)(1)
IV.2a (2)(4)(2)(1)Ex
IV.3 (2)(4)(2)(4)
IVed (2)(4)(2)(2)
V.5 (2)(4)(3)(1)
Vel (2)(4)(2)(3)
Note 1 *Conflg. IVa2a = (2)(4)(2)(1) mx’

means switches sSWl, SW2, SW3 and SwWé4
are respectively ih the positions

2,4,2 and 1; and (in cases where ‘Ex'

is pregent) there are some adjustable .

extra needles in the comb Cg directed

o the roller.

25
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7. OQOperational Characteristics of the Presguriged Van de
Graaff Generator

Although some operational characteristics of Vvan de Graaff
generators under atmospheric conditions are available in the litera=-
ture through the pioneering works of R. J. Van de Graaff and his
agsociates (6) and of J. F. Smee (7), no such detailed study has
been reported in the litersture (8-11, 13-15). We, therefore,
undertook intensive étudies (16) on the operational charactéristics
of the pressurised van de Graaff generator constructéd by us for a

better understanding of its operation.

commercial quality nitrogen gas (water vapour content
~ 600 ppm), obtained in cylinders f£rom M/s. Indian Oxygen Ltd.,
was used as the ingulating gas. The comb configuration IV.2a was
used throughout for studies under pressure. The mean room tempera-
ture during the experiments was ~ 28°C., The terminal voltage was
measured by the generating voltmeter. The ldad current oy £rom
the high voltage teminal was drawn with the help of an adjusgtable
corona needle assembly which was grounded through a current measur-
ing meter. The gap between the corona needle tip and the dome was
varied to control the terminal voltage. When the corona needle
touches the dome, the current{flowing through it is the short

circuit current Ig.

The relation between different currents under short circuit

condition shown in figure 6.1, are as follovws ¢

I.=1I, +1, (7.1)
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and Io=1, +1_
(7.2)
From these equations we can write
I.=I.-T1
+ —
S (7.3)
and ILC:‘;IC—.I%—:IC"—I-—IS
(7.4)
Thus I’*_\and ILC were egtimated £rom the measured values of
L., Ig and T  under short circuit condition. Also the
resultant input ‘current at the ground end

and hence can bé calcul ated £rom the measured values of '_[C and T_,

A plot of the ground end spray current 1  against the

c
spray voltage VC is an input characteristic of the generator. A
typical plot of IC vs V. along with the orresponding ground
end spraying efficiency I+/Ic at a nitrogen gas pressure of

3 atmospheres absolute are shown in fig.7.1(a). The spray current

" increases with the spi.'ay voltage. The initial slow rise is due to
leakages. The abrupt rise in Ic £rom \, ~ 19 KV coincides with
the threshold of spraying efficiency marking the onset of charge
spraying through corona. From here the increase in the spray
current and the spraying efficiency is due to the increase in
charge density on the belt. The spraying efficiency reaches a

peak at V. ~ 25 KV indicating a saturation in the charge density.

Subsequent increase in I o along with the decrease in spraying
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. efficiency indicates the onset of leakage of chargés ineg;:fzess of
saturation from the surfafe of the belt. Input characteristics

at different nitrogen gas pressures upto 6 atmospheres absolute
were found to be similar in nature. The threshold for the onset of
charge spraying through corona was found to increase linearly with
gas pregsure - a characteristic feature of the gas breakdown pheno-
mena. The peak ground end spraying efficlency was found to remain
cojstant to a value ~ 70% irrespective of the pressure of nitrogen

gag upto 6 atmospheres abgolute.

The variation of the short cirecuit current T g With the

resultant input current | i3 a transfer characteristic of the

in
generator., Typical plots of T s against 1&1«. and of overall
charge transfer efficiency Is/Iin againgt Ién for a nitrogen
gas pressure of 2 atmospheres absolute are shown in fig.7.1(b).
The characteristicg are similar for different pressures. The
maximum overall charge trangfer efficiency remains well above 80%

and is practically pressure independent indicating that our genera-

tor is a low current loss system.

The dependence of the short circuit current T ¢ ¢+ current
due to positive charges going up T 4 » current due to negative
charges coming down [ _ and the leakage current at the ground end

IL c on the gpray current 7  were studied at different nitrogen

c
gas pressures under short circuit condition. A typical plot for
3 atm, Ny is shown in f£ig.7.2(a). The aarrents I_, I+ and T _
all show saturation with T . The leakage current ILC increases

rapidly after saturation in T + is attained. The linear increase
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in the saturation values of I_'s s 1 4 and I~ with nitrogeh gas
pressure ig shown in fig.7.3. The gygtematic difference in the
saturation values of T _ and I_ seems to be due to different
sticking probabilities of different types of ions onto the charge
trangport belt.

The current due to negative charges coming down J _ as a
function of the current due to positive charges going up T 4 was
studied at different nitrogen gas pressur=ss. A typical curve for
5 atm. N, is shown in fig.7.2(b). There is a threshold value of

T, from where ] _starts and this threshold value was found to
increage linearly with nitrogen gas pressure. At a particular
pressure the threshold value of [ + ;.s the minimum amount of up=~
going positive charge current that igs necessary to produce the
reau ired roller to dome voltage for negative charge spraying to
commence. | _ ultimately shows saturation with T 4 due to

saturation in the negative charge density on the belt.

The maximum steady terminal voltages attailned in ouf Van
de Graaff generator at different nitrogen gas pressure': are shown
in £ig.7.3. A maximum terminal voltage of 1.1l million volt was
achieved at a nitrogen gas pressure of 6 atmospheres absolute with
a gpray voltage of 38 KV. The load characteristics of the generator
at different nitrogen gas pressures are shown in fig.7.4. The
curves reveal the essentially congtant current feature of the

generator.
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Be. Operation as a Test Accelerator

In order to operate the Van de CGraaff generator ag a
test accelerator, we had to additionally incorporate (i) a high

vacuum system capable of producing a vacuum ~ 1 x 10”3

mm of Hg
under operating conditions, (ii) accelerating stack, and (iii) ion

source assembly along with itg power feeding system.

The vacuum assembly consgistg of a 6" oil diffusion pump
backed by a 300 litres/min. mechanical pump. Proper liquid
nitrogen traps were provided on top of both the mechanical and
the diffusion pump. It could handle a gas feed rate ~ 10
atmospheric ¢.c./hour while maintaining a vacuum ~ 1 x 10™° mm

of Hge RCA 1946 thermocouple gauge, RCA 1949 ionization gauge and

Edwards Penning gauge were used to measure vacuum.

The accelerating stack constructed by us consists of
10 sections of Index glass rings (each 54§ 0.d./4" i.d. x 14* long)
and 9% dia x 1/2" thick aluminium plates with 2" dia. central hole
interposed between the glass rings. Special care was taken to
make the Index glass rings strain free. The aluminiu& plates
were first degreased and then bonded to the glags rings using the
epoxy resin Araldite (ICI brand) at room temperature to form the

accelerating stack.

Electric power inside the high voltage terminal was
generated by a 800 W, 110 V, 400 Hz alterator coupled to the

high voltage end roller with a V-belt. The RF oscillator (using

34



35

829B twin triode in push-pull arrangement and capable of delivering
60 W at 80 MHz), the oscillator power supply (500-700 V, 200 ma),

the ogcillator f£ilament supply (6.3 V a.c., 3A),.probe voltage supply
(0~5 KV, 10 mA), focussing voltage supply (0-15 KV, 1 mA), magnet
power supply (12 v, 1 A) were designed, fabricated and ingtalled
ingide the high voltage terminal. We designed and constructed the
400 Hz transformers and variacs ourselves as the commercial ones
could not be fitted in the gmall spaée avéilable within the high
voltage terminal of our accelerator. A RF lon gource with a 4" long
bottle and a Gap~cum~Einzel beam focussing lensg system was set up

on the high voltage side of the accelerating stacke. The control
varlacs of the prcbe and focussing supplies and the fine control
needle valve regulating the gas flow rate to the ion gource could

be remote controlled from outside the pressure vessel through pefspex

shafts fitted with synchromotors placed at the ground end.

Under test r&ns at low current levels we could obtain a
focussed beam of deuterons as seen on a glass plate at the end of
the beam drift tube. The beam current when measured by a biaged

Faraday cup was found to be .~ 50 paA.
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