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Summary

The principles and designs of transformer accele-
rators (TA) generating intense beams of charged partic-
les over energy ranges 0,5-5 Mev are described,

Pulse electron accelerators with pulse length of
10-8~10"5580 are investigated (soﬁe have repetition
rates of several hundred per second) as well as one-
phase and three-phase 50-Hz transformers.

The power conversion efficiency of most models
is 60-95 %, the average beam power is greater than 10 kW
and is in excess of 150 kW for one of the last models.
The designsof a 5 Mev single pulse TA with peak current
50 kA and pulse length 40 nsec and of a 1,2 MeV proton
TA with average beam power 10 kW are described,

The features of the main components of high voltage
transformers and of intense current acceleration tube
ax;e discussed,

The utilization of high current beams and the

fubure develapment of TA's are considered.
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1. Introduction

Among systems based on known dc principles of
charged particle acceleration, the most effective ones
seem to be +those wusing high voltage transformers.
Having power conversion efficiencies close to 100 %,

- the transforming power capacity of these systems has

in principle no limit, Systems working at 50/60 Hz

may be operated from industrial mains at conventional
voltvages, Others, working at higher frequencies, are
considerably more compact but demand auxiliary con-

verters and have smaller power conversion efficiencies,

There are two basic principles for obtaining dec
voltages in such systems, First, in ICT each of the
multiple secondaries is insulated from the others and
has its own rectifiers /1/. The individual dc outputs
are connected in series to give the resulting dc volt-
age, Second, in the l-phase transformer accelerators
(TA) the only rectifying element is the acceleration
tube itself, with the high voltage being kept constant

- automatically by beam current modulation /2/. In a

pulsed TA, as in a resonance transformer /3/, the desir-
ed energy homogeneity of the accelerated beam is obtain-—
ed by adjusting the pulse length /2/.

The high-current accelerators based on the trans-
Tormer principle have a wide scope of applications.
Electron beams with power of tens of kilowatts have
brought into being a wide variety of completely new
and extremely effective technological processes in
radiation chemistry, metallurgy, food processing, medi-
cine, etc. Accelerators for industrially oriented ap-
plications must be of a simple construction and high
power conversion efficiency. to meet the requirements
of high beam power, reliability, ease of maintenance



and cost.
Accelerators based on the transformer principle

are at present the most efficient ones for energies up
to 3-4 MeV and they may become the only profitable ones
in the future when powerful beams will be obtained at
hundreds and thousands of kilowatts and at a considex~
rably reduced cost per kWh of output.

In addition to many questioms involving trans-
former design itself, e.g. -high voltage insulation and
rectification, there are other problems which are
associated directly with the accelération tube, such
as questians of the tube electric strength and
electron OPticé of intense beams, However, the de-
velopment in recent years of inclined field tubes /4/
with strongly focusing beam optics /5/ allows us to
hope that essential progress is possible in generating
higher currents of electrons, protons and heavier
particles.,

This preprint reviews the activity in designing
powerful TA's as well as some portable TA's for special
needs., Main attention is given to electron accelera-
tors with energies in the range of 0,5-5 MeV and
average beam power of several temns of kilowatts, A few
types of TA have been completed and operated. Specifi-
cally l-phase TA's now work at 50/60 Hz and operate
from industrial mains at a conventional voltage.
Pulsed TA's are powered by special rectifiers  and
extra commutators, The main pulsed TA models are de-
signed for a high repetition rate so that average
powers of beam vputputs are also high enough. Also &
single pulse Tﬁhgenerating intense bursts of electron
current has been designed on the pulsed transformer

principle.
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An investigation of different strong focusing
systems installed inside acceleration tubes has been
carried out. Electron currents up to 10-20 A and pro-
ton currents up to 80 mA have been obtained in such
acceleration tubes. Other tubes with current pulses
in excess of 100 A with pulse lengths in the range
1078-10"sec at a repetition rate of 100 sec™ and
higher have been developed as well, |

This paper reviews investigations in recent
years of accelerators based on the transformer
principle, Utilization of high current beams and
future developments in TA design are considered,



2. TA operating principles

Pulsed TA

In this case transformers with shock excitation
are used as voltage supplies (Fig.l) /6/.

Commutator I
="

Rectifier
[ ] -
4 Ci Ly Le T Cz

ot

. o

Fig.l., Equivalent circuit of pulsed TA,

The natural frequencies of the primary and secondary
circuits of the transformers are equal: C;L,=C,L,

where Cl is a primary circuit capacitor charged by a
rectifier before the operating pulse, C, is distribut-
ed capacitance of the transformer secondary circult

and L1 and L, are the inductances of the primary and
secondary circuits. After switching the capacitor C,

to the primary winding, the energy stored in.cl is
transferred %o C,. For larger Q-factors of The circuits
(Ql and QQ) and for larger coupling coefficients K, few-
er oscillation ¢cycles are needed for the voltage of C2
to reach its maximum,
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Transformers with shock excitation (Tesla~trans-
formers)were used for particlee acceleration in the
1930s /7/, but the lack of high quality insulators at
the time and quite a number of construction difficul-
ties did not permit achievement of coupling coeffici-
ents K greater than 0,1-0,2., Such high energy locss made
it difficult to obtain high voltage at the secondary
circuit terminal and this was one of the reasons further
development of this kind of accelerator was abandoned,

U> "&!53

Fig.2, Time variation of secondary circuit voltage
for different coupling coefficients.



The TA's described below have K in the range 0,4-0.6.
This together with other advances make the principles
"of TA seem very promising today.

Fig.2 shows the variation with time of the
secondary voltage U, for different values of K. U,
already reaches the maximum value in the case K=0,385
at the third half-wave and in the case X = 0.6
reaches it at the second half-wave, The U, time varia-
tion depends on a few transformer parameters:

=U 2 '-%éi %( )t + si ( t
= ol S L
o5 @1|(Ll & ﬁ*ﬁ nz r’leEJ J

where Usy is the voltage on the capacitor cl at the
initial moment, w is the natural frequency of both
circuits and v is the time constant of damping,

namely Q.9
R
T:gm(lﬁf)

It follows that the maximum U, values are reached at
definite K values (mamely at K=0.153; 0,18; 0,222;
0.28; 0,385; 0.,6) /8/. Naturally, at a given Q value
the higher the number of oscillations required for
energy transfer from primary to secondary the higher
Tthe energy loss in the commutator and in the +trans-
former windings. The part of the energy transferred

- from capacitor Cl to the secondary capacitance Co,
that is the energy transformation ratio, is

C.U
= —ef-BAX  mpig pabio is shown in Fig.3 where

NP

a useful parameter Q=2 Q{IQE (1-32) is plotted



horizontally. For instance in the case K=0,6 and
QI:Q2=50 about 90% of the energy stored in Cl initial-
ly is transferral to the secondary circult .

In all pulsed TA which have been developed by
us natural frequencies of transformer circuits ( @ )
amount to several tens ofkHz and the time interval
from the moment of switching the commutator +to the

09
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Fig.5, tnergy transformation ratio = wversus conven-
tional Q-factor of the system.




moment when UEmax is reached 1is in the range 10-20usec,
The UOl voltage is usually chosen to be in the range
10-50 kV, and the energy transformation ratio reaches
100-150, An acceleration tube often is connected
directly to the secondary winding (types a and b of
Fig.l), In the case of a-type systems the moment of
switching on the current and the pulse length can be
regulated by the control grid of the injector. The
switching on of the injector is usually performed
close to Ugmax(Fig.i-l-)é the pulse Egngth can be varied
over the range of 10 - to 2=5.10 sec, and the ampli-
tude of the electron current i_ amounts to tens of

e
amperes, The energy carried off in a beam reaches

Uors

0

4-107°—5.10 Sec

Figed. Opération diagram TA with energy recuperati on.
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50-70 % of the energy stored in 02:

- G2U§max
f:leUgdt = 0.5 = 0,7 S

After an operating pulse the remaining energy
is stored again in C; at the time t,,. In a great
number of models a commutator of the primary circuit
is switched off just at the moment tll so that no
current passes through the commutator and the energy
returned to Cl is held for the following pulse, After
C, is again charged to Uy, (Fig.4) the system is
ready for the next operating pulse. The repetition
rate may reach several hundreds Hz and the power
conversion efficiency is in the range 60-70 %.

In the remainder of this article, we shall
continue to use the term efficiency to mean the ratio
of the beam power to the power which is being taken
from the main by the TA including power loss in the
rectifier as well, if we are treating a pulsed TA,
But the power which supplies control and measuring
devices, vacuum pumps and the cooling system is
not taken into account, In the pulsed TA case the
power conversion efficiency is a ratio of accelera-
tor beam power to the rectifier input power averaged
over many'cyclas.

The processes taking place after the bean
current pulse i, is terminated are quite similar to
those at the beginning of the operating cycle, In the
initial operating cycle the energy which has been
stored in C, is transferred to C,; following the
pulse output, the remaining energy in C, is return-

ed to Cl. Ohmic loss in transferring energy to Cl

Ll



also depends on K, @y and Q,. In the case of TA's woxk-
ing in no-load conditions (there is no pulse of accele-
rated particles) the part of the energy returned from
02 to Cl is GiUil and 1s represented by curves
C2U2max
similar to those of Fig.5. The ratio of the final Gy
energy after a no-load cycle to the initial one is
Cluil which is called the recuperatian.ratio.

= EIEE: The operating cycle shown in Fig.4 is one
_v_:rith energy recuperation, The dependence of 2 and Vv
on coupling coefficient K is shown in Fig.5 for the
case of a system without energy loss (the Q-factor is
infinite, there is no current pulse produced). The
dependences of currents in the primary and secondary
windings for the case K=0,6 are shown in Fig,.6b,

In TA's with an injector with control grid
(Fig.la), if an energy spread of 10-15 % in the beam
is permitted, the time of acceleration may be % to 1/3
of the accelerating voltage pulse duration.

In a-type TA's it is possible to get wide cur =
rent pulses with an energy spread smaller than 1-29
by controlling the tube current i, to conform to the
form shown in Fig,7. The waveform ie(t) is found by
solving the following set of two coupled circuit
equations for the time interval during which the
current pulse i, is produced (tlﬁitﬂ;te) keeping U,
constant:

dil di, Al dil
Uy= Lla?'FMW’ Us= Ly—g% + M g5~ = const,
: i
i =0 95

12
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Fig.5. Energy transformation ratio 2 and recuperation
ratio v versus coupling coefficient K.



During the entire time of acceleration, 1= 1, as
U,= const and the electrical energy stored in capacli-
ance 02 does not change, The solution of the set of
equations shows that the current should decrease
approximately linearly throughout the pulse duration.
Under this operating condition the output beam energy
may amount to 70 % of the full energy of the systen.
The diode tubes (Fig.lb) are used in TA's in-
tended for certain applications such as high energy
X-ray industrial radiography and radiation processing
of materials., The ansence of a grid and of a grid
control circuit simplifies the machine  considerably
although it results in the presence ol the full energy
spectrum of accelerated particles, Whem there are
difficulties with the very high current required to
transport in a short time a considerable part of
the capacitance C, charge, the operating conditions
shown in Fig.8 are put into effect /9/. The commutator
of the primary circuit allows conduction at the beginn-
ing of only a half-wave of current il of definite
polarity transmitting about 75 % of the energy stor-

ed in capacitor C, to the secondary circuit L.C,. A

smaller amount of energy remains in capacitor Gl Wwith
reversed voltage polarity. The commutator is kept cut
off so the energy transferred to the secondary circuit
oscillates in it as is shown in Fig.8. The Q-factor
of the secondary circuit is as a rule high enough -
Q2 = 100 ~ 150 and higher - so the ohmic loss in a
few oscillation cycles is small. At the same time
electrons are accelerated at every oscillation cycle
when there is the proper polarity of U,. when the
electron beam has carried out a significant fraction
of the secondary circuit energy the

14
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Voltages and
currents (n
primary and
secondary Ifor
K=0,6,

comnutator of the primary
circuit is switched on again
and allows conduction for &
ralf-wave of a reverse rola-
rity current. Thus the capa-
¢itor Cl voltage reverses
its polarity once more. in
the time interval between
operating cycles the capa-
citor Cl remains charged to
the initial voltage Uy e

In all cases which have
been considered circuits
have employed standard
hydrogen thyratrons with a
rated voltage of 20-355 KV,
Some types of circults have
been described in the litera-
ture /10,11/.

A transformer with a
shock excitation may also
be used for charging the
high-voltage capacitor C,
which is subsequenly connect-—
ed to the tube with a field
emission cathode (Fig.lc)
/12/. The primary voltage in
this case does not exceed
50-100 kV, the C, voltage
comes up to 5-7 MV, and
the capacitance charging
time is about 20 sec, After
C2 is switched on to the

15
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7ig.7. Tube voltage and
current when a
beam with homo-
geneous energy
is accelerated.
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acceleration tube by a
triggered gap, & current
pulse of accelerated
electrons is produced.
Electron energy, pulse
length and current ampli-
tude depend to a conside-
rable extent on the wave
impedance of the second-
ary circuit, cathode

area and on the resist-

ance of the spark in the

gas, If the spark re-
sistance is small enough,
as much as 50-60 % of the
energy stored in C, can
be transferred into beam
energy. 1t was mentioned
that the part of the
energy transferred Ifrom
Cl to G, is high if the
coupling coefficient is
large. The pulse repeti-
tion rate of this type

of PTA is not high, recu-
peration of energy 1is not
performed and an air gap
can be used as a primary
circuit commutator.,
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Fig.8. Pulse train acceleration in a diode tube,

Ilndustrial £faiequency TA

The electrical circuit of a single-phase TA is
shown in Fig.9. In this type of TA the primary cir-
cuit is supplied by a 50/60 Hz main at 220/380 V.

The maximum voltage in the secondary circuit is 5 MV,
LS is a stray inductance, I, is the transformer second-
ary inductance and C, is a self (distributed) direct-
to-ground capacitance of the secondary circuit. The
number of secondary winding turns w, and the geomet-

€/



rical dimensions of & machine are chosen in such a
way that the natural transformer frequency is about
50 Hz, so the transformer loss is reduced and cos ¢
is close to unity. The acceleration tube injector
has a control grid and an extra circuit to control
the grid voltage. The reduction of the energy spread
in the accelerated beam is achieved by modulating
the beam current as is shown in Fig,.l1l0 /13/.

The required current-time variation during the

pulse can be found for a simplified case (the trans-
1

former loss is assumed negligibly small and'ﬁf?fﬁi‘=
BO.Hz")by means of a simple calcglation /14/. 2
Denoting the turns ratio by % =:ﬁ§ and the ampli-
tude of the primary voltage by [Hil one may write
. G5y
Ulms:l.n&!t = Lgg™ + KU
Ls
oYY\ 2
o )
.
L '
EEEIERTTY

Fig.9. Bquivalent circuit of a single-phase TA,
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Fig.l0. Voltage and current in a single~phase TA acce-

leration tube. Uz is acceleration tube vol-
tage, i, is beam current.

This equation is solved for the time interval t <$'<t2
dl
w1th U - L'_HE_ const, Then the current through the

inductance is iL=J;$ (t—tl) & iL(tl). The wvariable
iL(tl) is to be found for the open circuit case:

: Yo

1L(t1)._ @1 costntl, where UEm is the amplltude

of the secondary voltage. The capacitance 02 voltage
is also constant during the time interval under consi-
deration and the tube current 1 = ki -1L

19
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Call &= =— = sinp t and & = 2  and write the time
URH1 1 L
variation of the accelerating beam current as

U
ie= m-—%]il [ (k2+8 ) cosw t-ow (ka.;.e )(t—tl )'—kzcos-w % ]
s

The instant t2 29 und by equatiing the right hand side
to zero.

In the calculation it was assumed, among other
things, that the circuit has discrete parameterg,
Although the calculation of ie(t) for real cases is an
elaborate one, it does not complicate accelerator
design because feedback systems are usually used for
providing constant voltage on the acceleration tube;
these systems provide the necessary variation of tube
current., The circuit input voltage is taken from a
divider across the output and the control supplies
the control grid (or the control electrode) of the in-
jector, The pulse length tg— tl may be changed over
the range from zero (open circuit conditions) to 6=9
msec, Only the instant of control circuit switching
on (tlj is given from the control board, and after
that the system works automatically. The maximum
pulse length is determined by the value of allowed
inverse tube voltage Upy, Which, with t,- t,= 6=7 msec,
exceeds by 15-20 % the tube voltage during a pulse.
This has little practicai effect on the electrical
strength of the accelerator for the tube can with-

- stand higher voltage when  the beam and

associated radiation are off. In +the long pulse
operating condition the ratio of peak current and

power to the average values is approximately 6. For
example the 1,5 MeV, 15 kW average power electron TA

20
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has peak power of 90 kW and peak current of 70 m:i, The
acceleration of such intense electron beams is relati-
vely simple to perform in tubes with the strong focus-
ing magnetic systems to be described.

The uniformity of the energy of the accelerated
particles depends on the care taken in the control
system, A TA used for irradiation technology provides
uniformity of about 4 0.5 %. It is possible to attain
the desired time variation.ue(t) by setting up a
program in the grid control system., Variation of the
current pulse length is then used mainly to change
the average power of the accelerated beam,

Using single-phase transformers it is difficult
to get powers higher than 50 kW, The uneven  loading
of the main may be reduced by switching on several TA's
at successive times to different phases. This is
possible in industry where many TA's operate at the
same time,

FFor acecelerating beams of hundreds and thousands
of kW, the utilization of 3-phase TA is indicated., One
of these types under current development has the equi-
valent electrical circuit shown in Fig.ll. The trans-
former primary is supplied by a conventional 3-phase
50/60 cps main, The ripple of the tube voltage is in
the range +5 %. It is possible to use an injector with
controlled current and beam current modulation for
regulation of the tube voltage as has been described,
The current in the rectifiers is 120 % of the tube
beam and the rectifiers inverse voltage exceeds by
5 % the tube voltage. Parameters of the first model
are: tube voltage 1.2 MV, beam power 150 kW. Compact
electric vacuum diodes developed by us have the desir-
ed performance (allowed inverse voltage 1,26 MV, peak

21



current 150 mA) and are now undergoing operating tests.

B

H__J.

H<¢

Fig.,11l, Equivalent circuit of 3-phase TA,
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5. Transformer design

Pl 58 e d T

The designs of pulsed TA's are remarlable for
their relative simplicity /15/. The primary and second-
ary windings are arranged coaxially (2 and 3 in Fig.12).
The secondary terminates at the high potential terminals
> and 5a, The accelerator is housed in a tank filled
With a high electric strength medium - usually SF,  or
a mixture of SF. and nitrogen. The primary consists of
only a few turns and is supplied at several tens of
kilovolts. The conical shape of the primary improves
the coupling coefficient K. To increase K the high po-
tential terminal 5 is made transparent to the main
magnetic field B which changes with a frequency of
tens of kilohertz. Electrode 5 is shown separately in
Fig.l2 and is seen to be a profiled insulator ring
covered loosely by separate turns of thin wire which
are electrically connected on top (line b in Pig.l2).

This electrode presents only a small resistance to
changing magnetic flux. The ring 1l screening the edge
a?#ﬁrimary winding is made in the same way, 1f the gas
mixture being used is of sufficiently high quality the
- 88p & can be 3~5 cm per megavolt. With proper geometry
of the design being described, coupling coefficients
K of 0.4 to 0.6 have been obtained. There is no ferro-
magnetic yoke, The secondary winding has several hundreal
single-layer turns, The natural frequencies of the pri-
mary and secondary circuits are both tens of kilohertz,
If it is necessary to Supply power inside the high
potential terminal, e.g. for the injector filamenk
power supply, or for The control system power Supply
there is a second layer of turns (shown in Fig.l2 by

M



Fig.l2, Pulsed transformer design.
1-tank, 2=-primary winding, 3-secondary wind-
ing, 4-acceleration tube, 5,5a-high potential
terminal, 6-cathode, 7-cathode grid, 8=-injector
control system, 9-electron beam, 10-protecting
screen, ll-ring screening the primary winding
edge,



little black circles). Both the layers have the same
number of turns and are connected in parallel. A voltage
supply (50 or 400 Hz, 0,3 - 2 kW) for the systems in-
side the high potential terminal is connected to the
grounded ends of the layers, A low pulsed voltage aris-
ing between the layers in the course of the pulsed
operation is short - circuited at the top and boctom
ends of the layers by capacitors C,.

The operating interturn voltage produced between
layers of the secondary winding is 1-3 kV, and the po-
tential gradient along the winding is in the range of
5-5 MV/m,A wire with polyethylene insulation and outer
diameter 1-3 mm is usually used; rating interturn
electrical strength is in the range of 10-20 kV. is
one can see in Fig.l2 the design of the secondary wind-
ing is quite simple; a secondary of a 1=2 lieV TA may be
wound by a man within 4 hours., The greatest hazard +to
the secondary winding is the interturn overvoltage aris-
ing under test or accidental direct breakdown to ground
of the high potential terminal, After such a breakdown
the secondary voltage distribution is determined by the
distributed capacitance of the system, Fig.l3a shows
the transformer equivalent circuit and how the potential
varies along the winding in this case. C, is the long-
itudinal interturn capacitance, Cm 1s the transverse
turns-to-ground capacitance. If the voltage U2 is
distributed along the winding approximately linearly
before grounding (Fig,l3, ¢, 1), the voltage along the
windi%% %%?nent when both terminals are grounded will
qualitatively have the shape of curve 2, After break-
down there is an increase in potential gradient along
The top part of the winding of n = 10-15 times the

n
prebreakdown gradient. Until the entire secondary wind-
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ing reaches zero potential there are damping oscilla-
tions causing increased turn-to-turn potential gradients
in some parts of the winding. Experience shows however
that these gradients do not exceed the overvoltages
which take place just after breakdown at the top of
the winding.

A marked improvement in the secondary winding
electric strength is provided by screen 10 (Fig.lé)
which produces additional capacitance between the head
end turns and terminal 5. An equivalent circuit for
this case is shown in Fig.l1l3b. The postbreakdown poten-
tial distribution is considerably improved (curve 3,
Fig.l3c) and the overvoltages are only 2=3 fold. The
short time of breakdown and also a sufficiently high
insulation strength margin in the winding provide a
freedom from secondary winding damage with thousands
of breakdowns, Sinece it is constructed by the methed
used for components 5 and 11 the screen 10 is also
transparent to the main magnetic flux change, In opera=
tion the pulse repetition rate of a transformer may
reach many hundreds per second. It is limited, first,
by the heat release and transformer cooling provided,
second, by the minimum allowed inbterval between pulses
and, third, by the power supply capacity. In & number
of models a repetition rate of 300 sec™t is reached
and in experimental models it is over 1000 sec"l. Such
machines have water-cooling of the tank and some of
them have primary winding cooling in addition; a wire
with radiation-improved polyethylene insulation is used
for the secondary winding. The pulse-to-pulse interval
must be larger than any leakage time for residual _
charges remaining in the transformer and tube after the
operating cycle. This time interval seems to be mno

26



Jess than 102 - 10 Ysec. Within these limits the

system may be considered as a pulsed one and design
with high potential gradients is permissible. As for
the power supply there are no limitations to its capa-
city in principle. But the standard hydrogen thyra -
trons used as coumutators in a primary circuit are as
a rule restricted to repetition rates of 300-500sec™,
At a higher repetitioﬁ_rate it is necessary to increase
the number of commutators thus complicating the systen,

The pulse repetition rates are also connected
with difficulties in maintaining the electrical
strength of the acceleration tube under conditions of
high average beam current., Difficulties such as heating
of electrodes, appearance of residual charges and de-
gradation of the wvacuum appear. The design of the tube
is considered in the next section, As seen in Fig.l1l2
acceleration tube 4 is built inside the transformer,

The power'supply and control system 8 of injector 6 is
placed inside the high voltage terminal 5, _

In single pulse TA's the high potential terminal 5
is extended (Fig.26). The capacity formed by this elect-
rode and the tank is charged by the transformer and the
Terminal is then connected to the tube with a cold cat-
hode.,

The best transformer electrical strengths have
been obtained with machines filled with SFg at pressures
of 15~20 atm, At the places of greatest stress in the
gas ‘the potential gradients amount to 400-500 kV/cm,
Such machines usually have extra equipment to provide
for reuse of the gas. For this purpose an extra tank is
connected to the tank when it is necessary. This tank
is cooled by liquid nitrogen., The gas condenses oubt in
1l to 2 hours and then the tank is sealed off hermetical-
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Fig.lja Equivalent circuit and voltage distribution
at the instant of breakdown.

ly and the liquid SF; is stored there until the nexy
£illing of the TA, Big installations have special gas
holders and compressors for gas'pumping. When being
used at less than maximum voltages the TA's are filled
with a mixture of 5 to 20 % SFg in N,. The tank of an
industrial TA is opened only rarely (no more than once
per year) and so gas conservation equipment is dispens-—
ed with,

28



In a single pulse TA& (Fig.lc) interesting new
opportunities are presented by filling the tanks with
water purified by special techniques, The electrical
strength of water when the pulse length is in the
range 1077~ 10 sec can reach 500 kV/cm /16, 17/.
The energy density amounts then to 1 megajoule/m5 and
the wave impedance and power delivery time may  be
quite small, The main problems in designing a super-
power TA filled with water are: 1) to increase the
electric strength of the water subjected to pulses of
longer duration, 2) to increase the water resistance
thus reducing energy loss and 3)improving the effici-
ency., The investigations which are under way allow
one to hope that progress in solution of all these
problems will be rapid,

T hdustrial freacauaeney
transformenrs

The distinquishing feature of the low frequency
transformer is the presence of a ferromagnetic yoke
(Fig.14) /14, 18/. The yoke consists of several sepa-
rate components:1) an outer magnetic circuit parts 12,
l2a and 12b, 2) a high potential terminal 5 and 5a
and 3) central column cores 13, The secondary winding
sections 5 are electrically connected with cores 13,
The . potential of the central column pieces changes
from the ground potential up to the full secondary
voltage U,, The core to core gas gaps (Fig.l4a) are
equal to 5 mm in the case of a typical model and are
designed for an operating voltage of 70-80 kV; the
gap & is under the full voltage U, The primary 2 is
mounted within the outer magnetic circuit component 12,

The acceleration tube 4 and the injector control system 8
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are placed within the central column. All is contain-
ed inside a steel tank 1.

The sections of the secondary 3 are the most
critical components of the transformer. Parameters
and. the production quality of these sections determire
to a great extent the size and reliability of the TA.
The total number of turns in the secondary winding
amounts to manj tens of thousands; the number of
turns in each section 3 is 8000. Every layer of a
section 1is a plain spiral wound of a wire'O.EE mm in
diameter (see Fig.l4a)., The layers are pubt one above
the other and are connected in series, A spiral is
glued from both sides by good insulating paper. Seve-
ral tens of layers to form one section 3, after
having been assembled, are placed in a special contain-
er where they are evacuated, dried and then impregnat-
ed by epoxy resin under a pressure of 40 atm. The
result is a monolithic section with high electric and
- mechanical strength. The potential gradient along the
secondary winding is 2-3 MV/m, The longitudinal second-
ary winding capacitance of such a design is much greater
than that of a pulsed TA and so the breakdown overvol-
tages are not high., To preserve the sections when acci-
dental discharges through the gas take place special
metallic rings with an azimuthal cut are provided. The
components of a magnetic circuit are assembled out of
radially oriented lamina of a conventional transformer
steel of thickness 0.35 to 0.5 mm. The cores 13, like
sections 5, are impregnated by epoxy resin after assemb-
ly and then are machined. Careful treatment of the sur-
faces of the cores permits the operating potential
gradients in a gap to come up to 160 kV/cm and higher.,
The inmer ring 13a is made of copper and is a base for
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assembly of core 13. It has no azimuthal cuts and so
it screens the region where the acceleration tube is
placed from magnetic fields. To provide a leakage for
accidental charges the ring is electrically connected
with the laminated iron core, The conical shape of
the cores increases the longitudinal capacitance of
the secondary winding and decreases the reluctance,

Dimensions of the transformer are chosen in
such a way that its natural frequency is near 50 Hz,
The coupling between the primary and secondary is
high enough (K=0,85+0.9) so that keeping on resonance
does not play as important a role as it does in Gene-
ral Electric resonance transformers /3/ and in pulsed
TAts (Fig.l). Bubt here too operating under resonance
conditions gives some advantages: the power factor
increases, transformer loss decreases(because the re-
active power due to the stray capacitance to ground
of the central column circulates only in the second-
ary circuit), and, lastly, the requirements for a
unit to adjust the input voltage to the primary
circuit are relaxsad,

A relatively high open circuit Q-factor of the
transformer (Q=60-~70) is reached by matching the ratio
of core thickness to core-to-core gap g- (Fig_.l#a).
Indeed, if all the transformer parameters (operating
frequency, materials of the magnetic circuit compo-
nents and of the windings, all the structural dimen-
sions of magnetic eircuit, i,e, the full length, gap a
~and cross section along all the machine) are given,
then, Sa a8 first approximation, the reactive power is
Pizﬁiiﬁ—, and the power 1osses_%n The copper and the
Isteel are P2=ﬂ21% and PB:AE_i%_ respectively. Here
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Al, AE and AB are coefficients which are constant under

. l >
given conditions, iL is secondary current and.Riz;.lsi
_ = 4

is the total reluctance of the magnetic circuit.

Qrﬁ“z%- = ilR T is a function of the reluctance R,
o+P3 SR+ 3 : . |

Using the condition %g = O one finds the reluctance R*

corresponding to a maximum transformer Q-factor:
2

2

1 l/a_‘
i &
—— = R*= are easily found,
Z P15 é

The TA design provides for replacing of a control
system 8, of an injector and of an acceleration tube
without disassembling the tank. For tamk filling the
same gas mixtures and equipment for gas conservation
are used as in the pulsed TA case;-The potential gradi-
ent in the gap a is 200-300 kV/cm.

For acceleration-voltage adjustment there is an
extra adjusting switch between the industrial mains and
the TA which has a few taps from the primary winding,
There is also a speeial quick-break safety switch which
disconnects the TA from the mains in case of. accidents
/21 - | |

The design of a 3-phase TA is considered below in
The section "Typical models".

R*= ]I/ , then the A and § fulfilling the condition



4, Acceleration tubes

The TA's which have been described are capable
of accelerating very intense beams., Electron beams
have been accelerated up to 1 MeV and higher both in
pulsed TA's (Fig.la) and in single-phase TA's (Fig.8).
Today the peak electron current in a pulsed TA with
hot cathode is 100 A while a single pulse TA delivers
current pulses of 30 kA. In single-phase TA's electron
currents are as high as 130 mA and 1 MeV proton beams
with currents up 80 ma also have been obtained in the
same type machines, Average power in a number of
models amounts to temns of kilowatts, The prospects
are that high voltage TA's of considerably higher
power can be designed, and thousands of kilowatts
average beam power are technically realizable.

To accelerate such beams it is necessary to have
tubes capable of operating with currents exceeding by
several times those obtained seo far, The acceleration
tube is usually one of the weaker points in dc accele-
rators and the difficulties in understanding the na-
ture of vacuum breakdown processes complicate design-
ing new tubes if their characteristics, particularly
the accelerated current, considerably exceed those of
current experience, The main problems are, first,
keeping high currents in a small radius beam so that
small apertures may be used and the events causing
full voltage breakdowns avoided and, second, suppress-—
ing the secondary partiele current in the main channel,

The minimum main channel cross section in tube
electrodes may be achieved by several means, One can
increase the potential gradient and thereby increase
The limiting current density of a beam. When the avail-
able vacuum potential gradients are greater +than
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can be withstood on the tube insulator vacuum surface,
electrodes should have the configuration shown in
Fig.,lba: electrodes are bunched along the tube axis
and the tube diameter increased slightly. Such a
design is usually used in pulsed TA's, The 1 MeV TA
with pulse length of 10-6— lO"ssec has a channel
length of its acceleration tube of 10-15 cm (the ave-
rage potential gradient is 60-100 £L). A channel dia-
meter of 5-8 cm is enough for currents up to 100 A,
The tube's electric strength in the presence of the
accelerated beam does not deteriorate even at repeti-
tion rates up to many hundreds per second. Iven high-
er currents may be accelerated in a channel of the
same dimensions if the beam has been initially pre=-
accelerated up to 200—300 kV and is then focused by
an extra lens to smaller sizes (Fig.l5b). The initial
preacceleration is conveniently performed in a channel
of large diameter.

For short duration pulses potential gradients
may be considerably increased, The largest potential
gradients (up to 1 MV/cm) have been achieved in tubes
with field emission cathodes (Fig.l5¢c) at a pulse
length of 10~8- 107 7seec /19,20/.

Another way to increase the electric strength
of a tube is to subdivide the beam into several beams
which are simultaneously accelerated separately in
channels of smaller cross sections (Fig.15d). It is
known that a decrease of the channel aperture consider-
ably improves the breakdown strength of a tube whereas
an increase in the number of channels has a small
effect, Besides, if the distance between the separated
beams are larger than the electrode-to-electrode gaps
then there is no space charge beam-beam interaction
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so the limit of the particle density of each beanm
increases, In tubes with a low average potential gra-
dient (15-20 kV/cm) a considerable increase in beam
density may be obtained by a lens system placed inside
the tube (Fig.l5e). It is possible to place inside
tubes of conventional dimensions (diameter 15-25 cm)
focusing systems consisting of many magnetic or
electrostatic lenses capable of maintaining

small diameter high intensity streams of charged
partvicles, Focusing channels consisting of axially-
syr..etric dipole permament magnets, quadrupole
permanent lenses or electrostatic quadrupole lenses
designed to transport both electron and proton beams
have been developed by us. Methods of matching focus-
ing systems with input beam parameters at The beanm
source have been developed, Several of these systems
are being successfully used in TA's,

The lenses are compact enough so that the field
volumes of the lenses are also small., Transport
systems for an electron current up to 50 A are discuss-—.
ed in reference 22. Some results of calculation of
transport systems for electron beams with energy up
to 1 MeV are given below., A system consisting of
quadrupole magnets is shown in Fig.l6a. Initially
electrons are preaccelerated by a gun with spherical
cathode and Pierce optics., The system has a FODO
strong focusing structure, the inner diameter of
each lens is 25 mm, the length is 20 mm and  the
single period length is 77 mm, The potential gra-
dient distribution at the lens axis is taken to be
bellshaped. A system of relative units is used so that
the electron mass, charge and the velocity of light
are each considered to be unity. In this case the tra-
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jectory of a boundary electron of & laminar stream of
electrons (zero phase volume) abt a uniform densivUy
distribution is described in first order approximation
at ¥q and I3 by the set of equations:

1" 'd g(S) yl

1 Q_,, g(S) ) 1 _4d 4 J
T3 +¥3 IFAE- [1/75*?’ T (20" ]35-35 73,/+733/ 753/

where P, ® and J are beam longitudinal momentum
energy and current = expressed in relative units,
The first four lenses are intended to serve a match-
ing system, so their parameters are selected by a
random search method /23/. In Fig.l6b the dashed lines
show the potential gradients of single lenses and the
solid line shows the total potential distribution
which is a superposition of. the single lens distribu-
tions. The beam envelopes are shown in Fig,lbc and
it is seen that the diameter does not exceed 16 mm.
Another method is to focus the 50 A electron
beam by axially-symmetric magnetic lenses (Fig.l7).
Kach of the first three lenses is two thin rings mag-
netized oppositely and placed in a common Screen-
housing. "Other lenses in the chain are single type
and are unshielded. The inner diameters of the first
three lenses are 14 mm, those of the others are 17mm
and. the structure period length is 38,5 mm, The bound-
ary particle motion in this case is described by

2
L a_d - (si L@ w28 - 1

40



where b(s) is the longitudinal magnetic induction on
the channel axis (Fig.l7b). The maximum beam diameter
here is about 12 mm (Fig.l7¢).

The focusing systems which have been described

may be used in principle both for pulsed and fcr sta-

tionary beams, But at a large pulse length or at sta-
tionary operating conditions it is necessary to have
essentially all of the particles passing through the
system by providing that only a very small part
(10_2- 10"4%) of tThe beam power reaches the electrodes,
This requirement makes the tolerances on lens manu-
facturing and positioning considerably harder to meet
and also demands a very good vacuum in the tube.

Estimates show that for the electron beams
considered the effects of electron interaction with
the metallic walls and the effects of'potential re-—
distribution do not degrade the performance.

A proton beam focused by permanent magnetic
quodrupole lenses, has been described previously /24/.
Using the first lenses of the chain for match-
ing the beam with phase density of 300 ma/cm,mrad,
one can transport in the beam of 3 cm diameter a
current of 100 ma, The potential variation along the
tube is similar to that of Fig.16 and the magnetic
field gradient in the lenses is about 900 gauss/cn,

For beams containing HE and Hg ions in addition
to protons, it is reasonable to use a system with
electrical quadrupole lenses. Such a system is simple
in manufacture and more transparent for vacuum pump-
ing (Fig;lS). Potentials on lens poles are supplied
directly from the acceleration tube electrodes. As in
the previous case the calculations are carried out
taking phase volume into account. The high energy gain
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Fig.1l8., Focusing chain of electrostatic quadrupole
lenses (scheme),



per period of the system requires resort to numerical
calculation /25/. The focusing lenses alternate with
defocusing lenses (FODO system). The period length is
154 mm, All the lenses but the first five are of 25 mm
length and of 46 mm aperture. Because of the short
length of the lenses the actual potential gradient
distribution found in the electrolytic bath was taken
into account in the calculations, The first five lenses
are to match the input beam with the chain and their
parameters are chosen by a random search method to pro-
vide the best conditions for beam passage through the
tube and also to form the output beam cross section

to a desired shape (usually round). The results for a
proton TA are:

lens N : ! 2 3 4 B © and all the others
aperture (mm) 55 46 46 55 55 46
length of

the lens(mm) 25 45 45 30 30 25

A channel of 1100 mm length consisting of a chain
of 14 lenses is shown in Fig.19. At the full channel
voltage of 1.2 MV an electron beam of 65 ma equivalent
current and phase volume of 2.2-10"4cm.rad may be pass-
ed through the channel., The concept of equivelent
current is introduced so as to take account of the
presence of different components in the beam /26/:

ieq:: iﬁ-:il-: + 'l/ElH-é + 1/5'13;

The value igq= 65 ma was calculated for the beam obtain-
ed in an experimental proton accelerator (see section

1] 2 +
Typical models™) containing 50 % HT, 30 % HE and
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Fig.1l9. Acceleration of heavy particle beams through
@ chain of electrostatic quadrupole lenses.

20 % H;. The beam envelopes are shown in Fig.l9. The
maximum potential gradient in the lenses does not
exceed 7 kV/cma. The higher the tube voltage the high-
er the maximum current which can pass through the
chain., Experimental testing of this channel will be
discussed further later.

The capabilities of strong focusing systems
employed in acceleration tubes are not exhausted by
these examples, For one thing the gradients in the
magnetic lenses can be considerably increased by using
electromagnets. The transport capability of a tube can
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be increased also by using focusing systems with screw
symmetry (see /27/).

As mentioned at the beginning of this section
the main purpose of reducing the apertures in the acce-
leration tube is to limit the processes causing break-
downs., It is known that these processes include acce=-
leratian_and multiplication of secondary particles and
initiation of electron-photon avalanches. As verified
by experiment reductidn of beam path length increases
the electric strength of a tube essentially. Other
effective measures taken to reduce acceleration of
secondary particles in a tube are a choice of a parti-
cular electrode inclination /4/ and superposition of
weak transverse magnetic fields. A direct connection
between the mean free path of the secondary particles
and the tube's electric strength has been established
in many papers (see for instance /28/).

In connection with investigations of strong
focusing systems for acceleration tubes the ability
of the systems to remove accidental particles from the
channel has been analysed /29/. By means of a random
number generator the appearance in a tube of 100-900eV
electrons with randomly directed velocities was simu-
lated., The trajectory of each electron was calculated
up to the moment of impingement on electrodes or of
leaving the tube. The secondary-electron characteris-
tics of three types of focusing systems equivalent in
focusing the main beam (magnetic quodrupoles, electro-
static quodrupoles and axially-symmetric magnetic
lenses) have been studied. The smallest mean free path
of secondary particles and hepce the highest.eléctric
strength is provided by systems employing magnétic
quadrupole lenses. It is possible to design channels
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with quadrupole lenses in which the path of the ma-
Jority of the secondary particles is less than the
structure period length,

The sectionalized insulator is the most compli-
cated component of a tube to manufacture, At a small
aperture in the acceleration channel high potential
gradients can be maintained at the tube axis, so that
the tube length is determined by the eleetric strength
of the insulator - to be more exact, by the electriec
strength of the insulator vacuum surface. The latter
is critical since the strength of an insulator surface
in vacuum is considerably less than that of one cover-—
ed with high pressure gas, Use of a sectionalized sur-—
face provides for electric strengths on the gas side
of 150 kV/cm and higher, In addition, the vacuum sur-—
face is strognly affeeted by accelerated particles,

- In a TA with pressurized SFg and with a carefully -made
secondary winding the axial dimensions are determined
primarily by the acceleration tube insulator.

In the case of industrial accelerators, ease of
maintenance is one of the essential factors, so it is
desirable to use sealed-off tubes with metal—ceramic
or metal-glass insulators without organic materials.
Complication in manufacture in this case is Justified
by economy in operation. On the other hand, in experi-
mental conditions the tube must be easily disassembled
and continuous pumping is permissible.

A few designs of sectionalized insulators have
been worked out for TA's intended for various purposes,
Typical insulators are shown in Fig.20. In case a, the
tube insulator is a metal-ceramic tube, ceramic rings 1
are connected with copper electrodes 2 by thermodiffu-
sion welding /9/. After electrodes 2 have been welded
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to the ceramics the separate sections are connected
with each other by electrowelding of electrodes 2 in a
helium atmosphere, Such a tube may be baked and sealed
ofl,
In case b, the insulator is an all-ceramic tube 1,
on which the voltage distribution is provided by rings
2 and 3 closely fitted to the tube from both inside and
outside, Rings 2 and 3 of each pair are maintained at
the same potential by a few vacuum tight conductors 4,
The value of the average potential gradient along a
tube in this case is determined mainly by the Jjoint
properties of the metal rings and insulators. It is
known that in a small clearance between metal and insu-
lator, the electric field strength may turn out to be
higher by a factor of €, In case b inexpensive tubes of
porcelain are used for insulator manufacture, Potential
gradients in cases a and b to date are as high as 2,5MV/m
both for pulse lengths of 10"55ec and for 50 Hz operation,
Higher gradients have been obtained at insulators
of types ¢ and 4. These constructions are usually made of
plexiglass or epoxy compounds and are used in continuous-
ly pumped systems, The vacuum seals for rings 1 and elec-—
trode 2 are provided by rubber gaskets 5. The compression
of the tube when assembled is provided by atmospheric
pressure plus an added gas pressure, In case d the insu-
lator is tightened in a jig and then rings © are put on
as locks., The longitudinal operating gradient increases
when the insulator is sectionalized more finely and is
in case ¢ in the range 2,5-3 MV/m and in case 4 in the
range 5.,5-4 MV/m (for the pulse length lo-qlsec). For
short voltage pulse lengths (about lO"?Sec) in case ¢,
potential gradients of 8 MV/m and higher are permissible,

48



B34
438+
9407

S
Jes
)
ey

Fig.20. Designsof sectionalized insulators of accele~
ration tubes.
a - metal -ceramic tube;
b - voltage spacing omn all-ceramie tube;
¢ and 4 - insulating rings, rubber sealed;
1 - insulating rings; | |
2 - metal rings which space the voltage
5 - metal rings which determine potential omn
the insulator vacuum surface;
4 - electrical connection of outer and inner
rings;
5 - gasket;
& - locking rings.
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Manufacturing of such tubes is not complicated so a
variety of sizes and configurations may be produced
easily and quickly. The achievement of smallere than
that of porcelain and ceramic reduces the tube elect-
rical strength problems. c-type tubes have operated
in high current accelerators for several years with-
out deterioration of their quality.

In the accelerators under discussion electron
guns of several types are used, Popular are guns with
beam compression (see for example Fig.l6) and plane
catlLodes with a grid (see Fig.2l). Tantalum, LaB; or

impregnated cathodes are also used, Field emission
cathodes are stainless steel,
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5. Typical models

The single-phase TA was proposed in 1963 and

The pulsed TA with a hot cathode in 1965. In +the
interim +ten or so different modifications have been

constructed and tested. The development of the single
pulse TA and 5—phasé TA's is more recent and the first
experimental models are currently undergoing tests.

Brief descriptions of late models of typical
accelerators are given below,

rPrulsed T4

ELITA - 1,5 (electron impulse transformer acce-
lerator of 1.5 MeV),

Guaranteed specifications of this model are
electron current 100A at energy 1.5 MeV. Pulse length
can be varied from 50 nsec up to 3 Hgec at pulse repe-
tition rates from single pulses up to 100 Hz,

The accelerator is shown in Fig.21. The 1 m dia-
meter by 0.8 m long tank housing the accelerator is
filled with SFg at a pressure of 12-14 atm, The prima-
Iy winding 2 has 4 turns and is supplied at 20-50 kV,
High voltage winding 3 contains 350 turns. The coupl-
ing coefficient is K=0.6, natural frequencies of the
primary and secondary circuits are about 80 kHz. The
capacitance to ground of the high potential terminal
and high voltage turns 3 is about 150 PF and stores
about 170 J at 1.5 MV. At a pulse length of 50 nsec
and current amplitude of 100 A the voltage excursion
and consequently the spread in accelerated electron
energy, amounts to about 2 %, If the pulse length
becomes wider, the energy spread increases, but +the
uniformity does not deteriorate seriously because
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Parts denoted on Figs.l2, 14, l4a, 21, 25, 24, 26, 29

and 50,

1l - tank
2 - primary winding

3 - secondary winding
4 -~ aceeleration tube
5,5a - high potential terminal

S

O O ~J

10
Xl

cathode

cathode grid

injector control system
electron beam
protecting screen - i
ring which screens the edge of primary.

12,12a,12b,12¢ — components of outer magnetic

115"
14

15
16

17
13
19
20
21
22

B

circuit
conical core
screen of the secondary
input of primary

rings which equalize electrode-~to-electrode

capacitances
focusing lens
cooling

bell
triggering gap
cooling fan
vacuum pump
magnetic field
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energy is provided to the transformer secondary 3
during the beam pulse period. The initiation btime,
pulse length and current amplitude may be chosen so
that the energy during a pulse is quite uniform. Thus
at a pulse length of 2 psec and at a current of 80 A
the energy spread is 7 % (Fig.22). If a more powerful
injector is used operation at U2=const=l.5 MV is
possible (see Fig.7). At a pulse length of 2.7 psec cur-

rent must fall from 175 A to zero and beam energy out-
| put is 360 J per pulse, At these operating conditions
(Fig.7 and Fig.22) the primary is supplied at a higher
voltage to provide the loss associated with secondary
loading. The dashed line in Fig.7 shows what the volt-
age would be without the beam pulse.

The acceleration tube 4 is assembled by epoxy
rings tightened to tkeelectrodes by rubber gaskets,and the
electrodes are compressed along the tube axis. A LaBg
cathode with 30 mm diameter grid is used as injector.
The acceleration ehannel length is 23 em, the dia -
meter 7 em, Power for cathode heating and for the in-
jector control system 8 (about 1 kW) is supplied
through the secondary winding 3 which eonsists of two
layers as shown in Fig.l2. Rings 16 are mounted
between the electrodes to equalize capacitances; the
ring-to-ring clearances produce additional capacit-
ances so that the pulsed voltage is distributed uni-
formly along the tube. For accidental leakage an
ohmic voltage divider which is not shown in Fig.2l is
connected along rings 16, The time constant of the
divider is 1.5.10 “sec so that leakage takes place
between cycles,

After leaving the tube the beam 9 is focused
by magnetic lens 17 and then strikes the object which
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is to be irradiated. Tube pumping is performed by a
500-liter oil-diffusion pump with a liguid nitrogen
trap., Cooling of components near the injector at high
potential -is provided by oil circulating through in-
sulating pipes 18. The apparatus may be operated either
in a vertical or in a horizontal position., The weight
of the accelerator itself (without radiation shielding,
power supply and control systems) is about 500 kg.

A valuable component of the accelerator power
supply is a primary circuit commutator providing energy
recuperation (Fig.4). Six pulsed hydrogen thyratrons

TTH 1-2000/35 antiparalleled are used as a commutator.
Fach thyratron carries current over its rating (about
5.5 kA against rating 2 kA) but is operated at a consi-
derably low,voltage than the rated value (about 18 kV
against rating 35 kV). These operating conditions in
combination with carefully chosen grid circuit para-
meters for the hydrogen thyratron enable one to ensure
interruption of the primary current at the exact moment
t,, (see Fig.4). Electron energy, pulse repetition rate,
injection current and other beam parasmeters are control-
led from a control board, Injector control determines
The accelerated pulse length and shape. The control
system units are replaced or switched when converting
The machine to new operating conditions. The primary
circuit power supply may limit the average power of
the electron beam which reaches 10 kW for this apparatus.
Several papers, particularly references Al/ and/ 12/
are devoted to commutating devices and other components
of pulsed accelerator power supplies.

The ELITA-3 machine is rated at 2.5-3 MeV electron
energy and 20 or 40 A current. The common operating re-
gime produces wide pulses up to 10 psec long. Pulse
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repetition rate is 100 or 300 Hz. Maximum available
beam output energy per pulse is about 1000 J, and
maximum current is 40 A, Average beam output power 1is
20 kW and higher, The tank diameter is 1 m and its
height 1.3 m. The tank is filled with SF. at 20 atm.
The insulating rings of the acceleration tube are an
epoxy-compound., The design of the vacuum envelope is
shown in Fig.20d.

Operation in either wvertical or horizontal po-
sition is envisaged. The apparatus is transportable.
The power supply and other parts of the system are
similar to those of ELITA-1.5.

Lamy 1

.. 2msec

Fig.22, Tube vecltage and current vs, time.
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ELITA-1 is a portable electron accelerator Ior
energies up to 1 MeV and average beam power output of
8 xW (Fig.24). It differs from the two machines just
described in that the acceleration tube has no grid,
Only power for cathode heating is supplied to the high
potential terminal 5, The main application of the
model is in industry. The machine may be operated
either with an inner target to generate v ~radiation
or with beam emergence from vacuum using & scanning
system and socket-pipe.,

The wide range of energies leads to additional
losses when sweeping. At a repetition rate of 500 Hz
(beam power 8 kW) losses inside the accelerator and
scanning chamber amount to 3,5 kW. This power is re-
moved by water which cools the tank and primary wind-
ing (18 in Fig.24).

A sealed-off metal-ceramic tube is used but a
discharge-type pump is built in to ensure acceptable
vacuum conditions in the event of some out-gassing or
leaks , in particular with external beam use. The
tank has a 38 cm outer diameter and a 55 cm height
(socket-pipe not included). The weight of the accele~-
rator is 120 kg.

Electron bombardment of the inner target produces

y -radiation at about 400 ———. The apparatus is
transportable. Connection for the power supply is made
by cable, Fig.25 shows successive stages during assemb-
ly of the accelerator.

ELITA-500 has a design characteristic of the
pulsed TA's described. Electrom energy is 500 keV and
average power is 1 kW. The tube is the sealed-off type
and a tungsten target is permanently installed inside
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the machine. The tank has a 28 cm outer diamever and
a 50 cm height and weighs 40 kg. The power supply is
in a separate unit for ease of transportation., This
accelerator is intended to operate as a portable
X-ray apparatus.

RIUS-5 is an aceelerator generating single
pulses of electron current up to 30 kA at 5 MeV/12/.
The pulse length is about 40 nsec. The design of the
high voltage generator (Fig.26) is typical of pulsed
PAt's (Fig.l2). The tank has a 2 m diameter and 55 B
length (acceleration tube ineluded). High voltage is
supplied to acceleration tube 4 after triggering
gap 20. Natural frequencies of the primary and second-—
ary windings are 32 kHz, the coupling coefficient is
K=0.45 and capacitance to ground of the high poten-
tial terminal 5 is 220 pF. Total capacitance of the
secondary circuit including capacitance of the se-
condary winding is 280 pF. The number of primary
turns is 4 and the secondary has 580 turns, The pri-
mary voltage being 50 kV the secondary voltage is
Uopax™ 7 MV, Such a voltage is actually obtained by
filling the tank with®gas mixture of half SF; and
half N,. When the high voltage gap is triggered,up
to 40 % of the emnergy stored in Ga(about 2.5 kJ) is
converted into electron beam energy. It is proposed
to use other means of high voltage gap triggering
in order to reduce spark resistance and To convert
a larger part of the available energy into beam
output, Fig.27 is a photo of the 15 kA electron beam
ejected into air. The beam diameter is about 5 cm
and the beam is luminous for about 1.3 m (the photo
was taken at an acute angle). So far the accelerator
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| Fig.27. Beam of electrons extracted into air,
|

:‘E&fﬁtm
R

Fig.28. Accelerator RIUS-5, Tank is taken off
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has operated once per 2-5 min, but there are no limi-
tations in principle to considerable reduction of the
time interval between pulses. The latter is determined
by the postpulse recovery times of the tube vacuum and.
of the electric strength of the high voltage gap.

The maximum X-radiation obtained to date in the
RIUS-5 is 10 m.pﬁlse' The accelerator operates in a
horizontal position. There is an extra gasholdeér and

compressor for gas pumping when the tank is opened.

Indmstsrial Trequenecy Ta

ELT-1 (electron transformer) is a single phase
TA rated at an energy of 1.3 MeV and average beam out-
put power of 15 kW /18/. Power is supplied directly
from 50 Hz mains at 220 V. Average beam current is
about 12 mA and the peak current is 70 mA; the energy
spread is + 0.5 %. The accelerator is housed in the
tank of 1 m diameter and of 1.5 m length which is
filled with SF, at 14 atm. The secondary winding
consists of 20 coils marked 3 in Fig.29, the total
number of secondary turns is 190 {housand and the na-
tural frequency of the transformer is about 50 Hz,
In the central column of the magnetic circuit +there
are nind®8Bnical cores marked13 in Fig.29, assembled
of radially oriented plates of transformer steel. The
acceleration tube 4 is electrically connected to the
cores 13. The tube has a tantalum cathode 6 with
electron heating and a control electrode., The control
electrode signal is about 5 kV,

Power conversion efficiency is in the range
90-95 %. To remove heat released inside the tank,
there is a water cooled radiator 18 and cooling fan 21
circulates gas inside the envelope. The tube vacuum
is maintained by a 500-liter oil-diffusion pump.
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The beam injection system and the vacuum pump are not
shown in Fig.Z29.

The enefgy of the accelerated particles may be
varied from 0.4 to 1.3 MeV and the average beam power
may be varied from 0.5 to 15 kW, All operations are carri-
ed out from a central control board.

ELT-2 is a single phase TA rated at 1.8 MeV and
average beam power of 25 kW (Fig.30). The central column
of the transformer, the acceleration tube and sonme
other parts are made up of the basic units used im ELT-
1. The accelerator is housed in a tank of 1,5 m dia-
meter and of 2.4 m height. The central column contains
38 coils and conical cores., The number of secondary
turns is 270 thousand and the natural frequency of the
transformer remains at 50 Ha, |

PRT is an experimental proton accelerator. Ion
currents (50 % Hy, 30 % HS and 20 % H;) up to 80 mA at
an energy of 1.2 MeV and average beam power up to 10 kW
have been obtained /25, 26/, The design of the high
voltage transformer of this TA (Fig.31) is similar ¥o
that of ELP-2, but the central column which is assembl-
ed of plane cores 4 and secondary winding sections 5
follow an earlier design. The transformer also has a
50 Hz natural frequency and is supplied from 50 Hz
mains,

The most difficult problems were the designs of
an acceleration tube to accelerate intense ion beams
and of a compact injector power supply system. An ion
electron oscillating source is used as an injector
(Fig.32). With an extraction voltage of 80 kV the beam

contains 50 % H} at a phase density of about 3005="0r,
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At a constant extraction voltage, the ion current is
regulated by the voltage on amticathode 4, An auxiliary
control system placed in the high voltage terminal con-
trols the anticathode voltage, modulating the current
in such a way that the tube accelerating voltage during
- the current pulse remains nearly constant as has been
described for the case of the electron TA, Beam focus-
ing in the acceleration tube is performed by quadrupole
electrostatic lenses, the electrodes of which are main-
tained at potentials supplied directly from tube elect-
rodes. The tube design is shown in Figs.l8 and 19. The
focusing system parameters were also described in a pre-
vious section,

The accelerator operates from 0.5 to 1.2 MeV. When
the energy of the accelerated particles is decreased,
the beam current decreases accordingly.

TEUS~-1,5 is an electron 3-phase TA rated at 1.2 MeV
and 150 kW and employs & 3-phase rectifier (Fig.ll). The
accelerator is supplied directly from the 50 Hz mains.
High voltage valves of a new design capable of 150 mh
at voltages higher than 1.2 MV are used as rectifiers.

The accelerator design is shown schematically in
Fig.55. The transformer yoke is grounded. Three primary
windings 2 are placed on yokes; secondary windings con-
sist of many sections 3 similar in design to those of
ELT-1 and ELT=-2 (Fig.l4a). The distances of sections 3
to the yoke and to the tank walls are designed to with-
stand full transformer voltage. The shapes of the compo=—
nents provide the necessary strength for supporting the
electric fields at the ends of the secondaries, The form
and positions of values 6 also avoid dangerous values of
electric fields. At an operating voltage of 1.2 MV the
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maximum gradients inside the system do not exceed
210 kV/cm. As in other TA's the tank is filled with a
SF, and N, mixture., The acceleration tube 7 may be
placed separate from the transformer or as shown in
Fig.55 attached to the tamk 1. _

The main parameters of typical models are listed
in the accompanying table.
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6, Uses of high power bzams

The various industrial applications of electron
beams have been the subject of intensive research for
15-20 years, Many processes have been found in which
electron beams give either qualitatively new effects
or substantially reduce the cost of existing techno-
logical processes /30, 31, 32/. In spite of all these
advantages the current impact of irradiation technolo-
gies on industry is negligible., Due,to a great extent,
to the lack of cheap and reliable radiation sources,
in particular of electron accelerators, wide spread
industrial applications of electron beams are lacking
and often there are no applications of any radiation
techniques, Our point of view is that electron accele-
rators are the most promising radiation source for
wide-spread industrial use because of the low cost per
kWh of radiation and because of relatively less danger-
ous operation.

Actually, the cost of one megacurie of electron
beam (that is about 15 kW) at an energy of 1.5 MeV is

$ 100,000 to 150,000, The cost of an isotope source

of the same power is several times higher. The size of
The acecelerator of this power is considerably less than
that of a radioactive source and the cost of protection
is reduced accordingly. In common with all electro -
Technical generators and transformers the cost of a kWh
drops with increasing total power of a unit, The cost
of a beam kWh from a 150 kW electron accelerator should
be 3-5 fold cheaper than the cost of a 15 kW unit. High
beam powers would presumably be useful only in large
industries with high power consumptions,

Sometimes electron radiation is considered to have

limited scope of application because of small depth of
penetration A/cem/= Oaﬁﬁ_E/Mg?f
P /g/cm”/
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For e¢xample, for an electron energy of > Mev and for a
material density p=l g/cmé material of 2 cm thick—
ness may be treated throughout when it is exposed to
the beam from both sides. Experience shows that there
are many materials requiring irradiation treatment to
less than 2 cm depth. It may be assumed also that the
future development of TA's should permit creation of
practical units rated at 3-4 MeV with beam power of
several hundreds of kW. Provision of an inner target
gives such machines a capability of delivering fairly
low cost +-radiation.

The cost of a kWh of electron-beam radiation
from an existing apparatus, with capital and current
expenditures taken into account, is 5-10 fold cheaper
than the corresponding cost of isotopes sources.
Besides, the utilization factor of electron beam power
as a rule amounts to 0,6-0,9 whereas that of v -radia-
tion is 0,15-0,3; the result is that electron irra-
diation is 15-50 fold cheaper.,

The efficiency of the entire accelerating facilie

ty is m/%%%;/ = % “ iﬁﬁgéd7'§* where P is a beam power,

r is an irradiation dose and ¥ is a beam utilization
factor. Present-day accelerators can irradiate thousands
of tons of industrial production per year. For this
purpose machines may be bullt in a plant production
line. Isotope sources turn out to be more economical

in irradiating small amount of materials as, for inst-
ance, in experimental applications when low radia-
Tion fluxes are desired. In a number of cases the
irradiation treatment is a by-product of a nuclear
reactor, While some of the factors have been listed, a
detailed comparison of different irradiation methods

is beyond the scope of this report. So far as radiation
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danger is concerned a great advantage of the TA is the
ability to carry out preventive and repair operations
in complete absence of radiation. In addition there is
less danger of contaminating the irradiated products
with radioactive materials,

The numerous applications of low-energy electron
accelerators may be divided into four groups: 1) the
direct irradiation of materials by accelerated elect—
rons, 2) the utilization of electron flux to deposit
concentrated energy for thermal action, 3) electron
beam conversion to vy -radiation for radiography and
for irradiation of massive objects, and 4) scientific
purposes such as the injector for high energy accelera-
tors, production of experimental plasmas, and to excite
lasers,

Let us consider the applications of the second
type. The energy density obtained in electron beams,
both of pulsed and of continuous types, exceeds that
of any other known energy flux concentration. Superhigh
pulse currents are now the focus of attention of experts
in various fields of research and application., Electron
beams with energy of 100-200 keV are also extensively
used in industrial installations for vacuum melting and
welding of metal, With the advent of high current

electron accelerators rated at 0,5-1 MeV the crea-

tion of machines producing a continuous electron beam
at an energy flux density of 10-20 kW/mm extracted
into an air becomes a real possibility. An external
beam focused in air may be used for welding and other
treatment of large pieces of high melting metals and
for cutting and cleaving rocks, Development of port-
able TA's will permit use of electron beam technology
for these purposes, Achievement of continuous external
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electron beams with such energy densities is techmnical=-
ly possible, For this purpose special devices with conti=-
nuous pumping /33/ or with rotating foil /34/ are being
designed., The main problem here is to make these devices
portable and reliable enough,
One may expect that after electron accelerators

are widely adopted there will be increasing interest in
heavy particles accelerators, Economic facilities for
acceleration of protons and other heavy particles are
guite realizable,., Alloy steel production and semiconduct-—
or material production are two fields which are likely

to utilize fluxes of heavy particles. Powerful proton
beams may also be useful as high frequency power gene-
rators.
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7. Future prospects

The performance parameters of the models which
have been described are by no means the upper limits
for TA type accelerators. The most interesting direc-
tions of TA development are: exbending the energy of
accelerated particles, extending the power (pulsed
and average), reducing the dimensions,increasing the
reliability, simplification of designs and of mainten-—
ance, and acceleration of heavy particles.

The energy is limited mostly by the electric
strength of the acceleration tube and of the secondary
winding and by the high voltage gap. In the tube of tle
latest design the potential gradients are close to
3 MV/m., Finer sectiomnalization of the tube insulator,
use of insulators with smaller dielectric coefficient,
strong focusing of the beams to permit reduction of tle
main channel diameter, and more careful selection of
the tube electrode material appear to provide for in-
creasing potential gradients up to 3.5-4 MV/m. To
withstand a high voltage pulse length of 10~7= 10 %sec
the tube insulator even today may be rated at 8 MV/m.

The potential gradient along the secondary wind-
ing of the pulsed TA reaches 3-5 MV/m and of the in-
dustrial frequency TA reaches 2 MV/m and higher. The
limiting potential gradient at the high voltage gap
when the Tamk is filled with SF; at 20 atm is also
close to 50 MV/m., In the pulsed TA filled with water,
for a pulse length of 10“7— lOstec, the highest sup-
portable potential gradients are also about 50 MV/m.
The average potential gradients in the high voltage
gap are l1l.5-2 times smaller than the maximum first of
all because of a significant difference in the radii
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of curvature of the high voltage potential terminal
and of the tank. A drastic increase of the potential
gradient withstood in the high voltage gap will be
obtained only by passing to qualitatively new insula-
tors such as a solid dielectric. Manufacture or a
so0lid insulator withstanding several MV and having
the necessarily complicated shape and voltage spacing
faces us with considerable technical difficulties to=
day, however,

On the whole, construction of a TA rated at
energies in the MeV range'with the potential gradients
mentioned is technically realizable., Tandems for heavy
particle acceleration may be developed from the TA's
currently designed.

The average power of a pulsed TA is increased
first of all by increasing the repetition rate, As
mentioned above the principal 1limit to decreasing the
pulse~to-pulse interval is the time of deionization,
so the interpulse interval must be at least 10"3—105%0.
Thus there is a possibility of raising the repetition
rate of beam current pulses up to several kHz. The
energy impartved to the beam per pulse increases when
the capacitance C, and voltage drive of the secondary
circuit are increased. The two factors pulse length and
injector current must provide then for extracting a
great deal of energy. Increase of beam power intensifies
problems associated with the power supply and cooling
systems, However, the resources to permit increasing the
average power of the pulsed TA are enormous. Thus the
transformer of the ELITA-5 is capable of providing an
average beam power of 500 kW even at a repetition rate
of 300 pps and without any change in geometry. (The
maximum ELITA-3 pulse energy is 1 kJ). Such a drastic
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increase of power would considerably complicate power
supply and cooling system design and necessitate impro-
vement of vacuum and electron optics to minimize the
electron current to the tube electrodes.

In a single pulse TA a considerable increase of
pulsed power may be obtained when water is used as a
dielectric, The specific resistivity of water purified
by special means is 1-2,5°10’chm.cm and its £ is
about 80, Energy of about 1 MJ is stored in 1 m§ of
water at a potential gradient of 50 MV/m, The wave
impedance of the secondary circuit is small enough
so that the energy may be delivered in less than 107333.
When the high voltage gap is 10 cm the charging time of
the secondary capacitance may be larger than 10“6530.
This time considerably increases when the potential
gradient in water is decreased to 30 MV/m /16/., The
main problems here are to provide the accumulating ca-
pacitance of the primary circulit which should be able
to release its energy to the transformer during lOHB-
lO'BEec,or alternatively to increase the water dielec~
tric strength at greater pulse lengths,

Work is underway also to improve the performance
of existing machines with gas insulation; it is possible
to increase their power conversion efficiency and to
reduce the pulse~to-pulse interval, The former may be
achieved by improving the high voltage gap breakdown
conditions at the moment of voltage supply to the tube,
For this purpose it is necessary to have a wide spark
channel reducing the spark resistance in the gas and
the accompanying energy loss, The most promising way
to increase the width of the spark channel is to fire
the gap with a wide auxiliary 0,5-1 MeV electron beam,

This beam may be produced by a compact single pulse TA
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built in the high voltage electrode.

A train of two or more pulses with short pulse-
to-pulse intervals is possible if there are several
separate capacitor banks in the primary circuit. The
pulse~to-pulse time is determined by the combination

of the postpulse recovery of the tube vacuum and the
recovery of the high voltage gap electric strength.

The power of a single phase TA can be increased
by the same means used in ordinary power distribution
transformers, A decrease in dimensions is provided by
increasing the frequency up to 400 Hz. As mentioned,
at higher powers 3-~phase TA's are most practical. Their
power, in principle, is not limited and the only limit-
ing elements are the high voltage rectifiers and the
acceleration tubes., Development of high woltage recti-
fiers promises to provide some rated at several MV
and at currents of tens of amperes which will provide
rectification of several thousands of kW.

Acceleration tubes with electron beams of thou-
sands and of tens of thousands of kW can seemingly also
be manufactured, Electron optics have been described in
the section "Acceleration tubes' which permit accelera-
tion of electron currents of tens of amperes. These
schemes have been proven to be efficient by experiment,
The minimum particle impingement of the tube electrodes
is obtained by increasing the focusing properties of
the system, by suppression of secondary particle acce—
leration and by vacuum improvement., The power conver-
sion coefficients of high power 3-phase TA's should
exceed 95 %, |

One way to reduce the dimensions of a pulsed
TA with gas insulation is to decrease the high voltage
acting time. In machines of small dimensions the
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natural frequencies may exceed 1 MHz, The increase of
electric strength to pulses permits increasing tThe
potential gradients both inside the transformer and
inside the acceleration tube and reduction of the TA
dimensions, For short pulses it may turn out to be
reasonable to use oil insulation.

Simplification of design and maintenance of
TA's will be achieved first of all by using sealed-
off acceleration tubes, The pulsed TA design is extre=-
mely simple, but these machines have rectifiers, com-
mutators and power supply components, Single phase
and 3-phase TA's can be supplied directly from indus-
trial mains, but they have iron yokes and are larger
than pulsed ones, The pulsed accelerators are advan-
tageous when it is necessary to have a compact TA
with as high energy as possible, Industrial frequen-
cy TA's are advantageous when it is necessary to have
high.pﬁwer and high power conversion efficiency.

With, the simplicity of TA's goes their reliabi-
lity. Operating experience with a number of TA's over
a few years has proved their high reliability. Cathode
lifetime is about 500 hours and the acceleration tube
lasts 3-4 thousand hours, The other TA components have
considerably greater lifetime., But the replacement of
cathodes and acceleration tubes is simple enough,
Manufacture of TA's on a production basis justifies
quite thorough checks on reliability to be made. The
transformers described can be used without any changes
for heavy particle acceleration., The main difficulties
are connected with focusing in the acceleration tube
and with providing compact ion sources and power
supply to them, The principles of ion focusing describ-
ed in this work are used in the design of an experi-
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mental proton accelerator. Its successful operation
shows that intense ion beams can be accelerated eco-
nomically. ' |

We would like to point out in conclusion that
many details have been omitted in this paper. The
description of power supply systems and of calcula-
tional and experimental methods may be found in the
publications of participants in this work., The main
publications are included among the references,

The author would like to express his deep
appreciation to Professor Gersh I.Budker who provided
encouragement and interest throughout the work, He
would like also to express his deep appreciation to
all the contributors who took part in the TA project.,
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