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Suzmary

¥e¥V direet transformer type ascelerators are revowed.
Units generating electron bea=s of mean power of dozens of
kv and machines with pulse power of 10° - 107 W and fre-
quansy of several dogens of cps are dpseribed, The ef-
ficienoy of the first type scoelerators is 90-95 %, that
of the second type is up to 80-90%8, Type designs and strong-
focussging acselerating tubes &se concerned, The mein po-
rassters of asveral aceelerators are given. Fossibilitien
of 4inoreasing of the highest energies of such devices,in-
tensive proton beams aAcceleration and other problems
are discussed.
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Various methods of charged partisles acoslerati-
on based on transformer principle are kmown. Althouth
from the ecnergetionl point of view it is alwnys desirab-
l#¢ that the beam power is considerably higher than los-
ae6 in yoke and windings, this L5 mot pealised in every ty-
pe of accelerntors, Im betatrons o.g. the limitation of
surrent and beam power 1o connected with the diffisulty
utkﬁpingaurgn_apuu charge in the initial time of the
ascceleration. Although ways of designing betatrons with high
efficiency are possible to imagine,that is increasing the
injection energy /V/, specisl regimes of charge mcoumula-
ting at the initial time of the acceleration (for exemp-
le /2/ ), installating of several cameras on the yoke eto,
such acoelerators do not exist as yet. On the other hand
direct acceleration treansformer type machines are capab-
le to agoelerate "intensive beamn of charged partioles with
an efficisncy near to 1008 already at present.

Froblens of developing betatrons snd nusber of other nc-
celerator type based on transform principle will not be con-
cerned here. We shall restriot only on possibilities of tren-
sformer accelerators (TA) which appeared 4n the last years
/3,%/ and which are not well known, Such sgcelerators com-
bine sume features of resonsnce trannformera /5/ snd Tnsu-
lating-Core Transformers /6&/ with a number of new elements,
Some sodifisation of the TA uoed for generating accelepated
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sleetron  bhonme of high mean power ,generaiinz large pule
g gurrents ond for ascelerntion of iatemajve protom beaws
i deserdbed in & nunber of papers /7,8,%/. We shall renind
in short of their operation prineiples,

The electrical oircults of the desoribed accelerators
ars shown in Fig.in snd 28, The secondary of the trensforser
is lowded in both csses on the acgelerating tube with our-
rent can be controlled . In the first cese the primary is con-
nected to 50{60) cps power system or to amother low-Trequ-
enoy voltage pource § in the second case it is an impact ex-
gitation transforsmer (Tesla transformer) the primary olreult
of wich is charged from & rectifier. The base Ireguencies
of the secondary cireuits are equal to the voltage Irequ-
engy of the prissrles.In the second cage it ls necessary an
in usual Tesla transforsera. In the first one the resonance
with the supply voltage frequency Las some sdvantages; Cosgp
ig near to 41, losses in the tranaformer are reduced as the
senotive power conditioned by & capacity between the high=
voltage winding snd ground is present only in the secondary
airgulit and the like.

The losses of the tranaformer in the firat oapge are con-
siderably low if it is designed avallably and the voltage U,
¢ whe power system is practieally devided between the dis=-
gipation jnductance I-. of the transforser and the ascelera-
ting tube , It is clear that there is a law of electron cur-
pent time changing according to that the tube voltage roma-

ing  constant whon ourrent passes (Fig.1b)/7/. The needed
current shape of accelerated particles 4is provided by the
control grid (or by the electrode) of the injector and

by the control oystem that determines the potential of the
sontrol grid. The mesn current walue in the accelerating
tube im 5-5 or more timeo lower than the amplitude value de-
pending on the pulse width, Mopochromatizmstion of the par-
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7ig.7. Bleotrical cirouit of the scoelorator,
voltage 112 and current 1 of the tube.
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Yig.2. Blectrical circult of the pulse acce=
lerator ,voltage U, and eurrent i of the
tube.

ticles can be jprovided in the reuge of 0,02-0,08%. Enecpy
error of 2,56, in many cases even of 10=15% is sufficlent for 3
electron aocelerators used for applied purposes. Thus the
atablilizaticn of the accelerating woltage is realized by me-
ans of the acoslerated beam itself without any rectifiers
that essentially simplifies the apparatus, I necesssry,the
electron energy is not to be conmtant and ean be changed du-
ring the pulse according to & given law, The power trensfer-
red into the losd is more than 908 of the power supplied

t0 the primary aa specific losses of copper and steel are ro-
ughly equal to those of & usual tronsformer and the power ug=
ed by the injector and the control system is not very high.

The impact execitation sransformer shown in Fig.2a is
used in the first line for accelerating of high curreats in
short pulses /B/, At sufficient high coupling coefficient
k=0,6 betweon the primary and the secondary the energy accu=
nulated in the capseitor C, of the primary circult is tren-
aferred to the capacity O, of the gecondary already in the
first oscillation mindl?l;.zh}. The injector im owit-
ched on near the high voltage maxisus,

Beas out sfergy can be 40% and more of the enargy mooy-
mulated 4in the prisary circult capacitor before the cycle.
This takes place in the case of operating with wide ourpent
pulses of 1/4 - 1/6 osoillation period., In the oase O,Pig.2 ,
the accelerated particle current changes accoxding to the
given law and as s result of this the tubs voltage remains
constant during the scceleration . And about 70-75% of the
gystenm ensrgy i toansmitted into the beam. The injector ia
switched on for a given time at regime and energy instabi-
lity of the particles depends on current and pulse width,
After & cyele the rest of the energy is renet to the capa-
eitor O, (instant ¢, im Pig.3). Switehing out the elircult by
comsutator the energy can be kept in the capacitor for the
next operation cycle, Hetween the pulses ths capagitor G.‘
is charged up to the rated voltsge. Such ocperation uning on=-
ergy reguperatios allows to increase the effieciency of the ap—
paratus,

The deseribed cirsults can be used for ascelerantion of

7




2 ' i
e
=<1 =
b
== len
Uy im
)
R
,—- N, 3
=
& Vv frﬁu
1_‘"".3
2 2 -
Uy = A
Fal 0.4 W 0 1 “

FigeHs Conptructive diagram of the E17-1 35 Bsocelerator,

glma pulse mator with
oy Dpnrnﬂ::ﬂﬂ uﬂ:i u:*:mry ni:::;i:r voltage U, 1-prizary winding of the transformer; Z-sections of the ge-
s 1 1'm“II m:;pumn:: 1 ; condary winding { 3-core disks 4-high-voltage part of the co-
tube voltage U, 4 roe (head); 5,6,14,18-core components; 7-head coil § B-acoe-

lerating tube j9-controle slectrode g 10=-injeator § 11-control
gystem j12-eapasitor § 13-capucity giver ., of the boad; 1%
tank ; M6-heat exchanper ; 47-ventilator ; 1G=bell with the
L] !__;iiﬂaﬂm*-
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Fig.5. Construstive disgrem of the B1IT-1 sscelerater,
1=core jyokes j 2-prisary winding of the transformer j3-secon-
dery windirg § 4-tank | S-accelerating tube j G-control sys-
ten jP-injector ; O-capscity divider | 9-o0il eooling, tubes;
10-focussing lema 1 11-slectron beam ; 12-protection,
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both alectrons and other partleles.

At the present time we have developed olectron sceslern-
tora based on the both methods and now we sake ready a machi-
ne for proton sdceleration based on the first method . These
sata are called electron trensformer 21T (Pig.1a),electron
impulep transformer BLIT (Fig.2a), proton transformer Pel
mﬂoqﬂ} resp .

Design diagrans

The design diagrems of described devices are shewn in
Fig.4 and 5, The transformar with low=-frogusncy voltage of
the primary (cirguiv in the PFig.1s) have & steel core, the
centoel oolumn of wich is pertitionsd inte separate ingu-
lating disks ¥Pig.s). The primary snd the secondary windipgs
1 and 2 are placed coaxisl and bave oughly equsl height.
The secondary sonsists of many series connected sections. Ench
two sections are mounted on the disk of the central core and
the middle point of section pair is electricelly commected
to the diak., The oumber of the twns of the secondary and the
gizmes of the scoelerntor are determined pe that the base fro-
quency of the cireuit consisting of the inductance and dise
tributed capacity of the secondary is equal to the rupply vol-
tages frequency., It is suitable to design the accelerator for
& common power asyotem of 50 or 60 cps. In this cape the gore
is mace of ususl trensformer iron ,thickness 0,5 ma e.g. AT
the high-voltige terminal is mounted a condencer battery con-
negted to a part of turns of the secondary to provide mors
unifors gradient of the electrical field strength along the
gentral solumn (8.7 in detail ). The accelerating tube in
bullt inside the transforser and has contacts with disks
3 to provide a econatant voltapge gradient.along it. The vel-
tage is transmitted to the cathode and control electrode
from the control eirenit plased im the upper part of the
colusn, The control ecirouit ism supplied from & part of the ne—
ﬂuﬂ.ﬂmi

Cne of the meat serious problems,passing an intenaslve ai-
ectron beam  through the tube; is solved by mesns of strong
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focunuing syotes inaide the tube with constant mugnatas /107,
The device K is plaged in cloctrionl atrong (as proosure up to
16 Wﬁﬁzr

The design of the pulse acocelerator is similar to that
deseribed above. Une of the esdential fostures of it is the
fact that there is no core contral column that ic not neces-
sary here becayse the coupling coefficlent k-0,6 is schiew
ved without it,

Farticle acceleration in short puloses allows to rupp-
Ly the voltage to the secondary 2 and to the accelerating tu-
be 5 respeetively for & short time ,therefose the base froqu-
encies of the primary and the secondary circuits cam reach
several dosens or hundreds of kilocyeles. According to this
the number of turns of the secondary 4a two or three orders
lover thum that 4in the device deseribed above, The soaondary
is wound with double wire to power the high voltage part of
the tube for heating onthode ete, The elestrical pgondient
along the secondary and the tube insulatoer reaches 25 - 30
kV/em and betweon the accelarating electrodes of the tube in
vicuur veaches 50= 70 kV/em. This fuot provides high densities
of cathode ourrent and promotes passing the beam throph the tu-
be. To pzovide & comstant voltage gradient along the tube
there are installed rings 8 on the electoodes that equalize
capagities between the slectroden, The tranaforser ond the tu-
be are placed in tank 4 dosigned for 8 atm. Detween the ter-
it and the accelerator there is a radistion proteetion 12. A
high coupling coeffiolent between the windings(k=0,6 or k=0,39)
as well as the fact that the injector evrrent is controlled
allow to get the ratlo of the beam power to the primary ca=
pacitor power up to 0,4-0,7. Using the resuperation and an
eoonoiic method of charging nrthcupmiﬂnr_ﬂ.‘ it is pos=
aible to inorease the erficiency up to got 908. The cyele fre-
quensy can run to dosens or hundreds eps and depenas on commu-
tator , thermal conditions and electric strength of the tube
with a high meamepowsr of the beam, The latter oircurntance
cannot be estimatec precisely and will pe experimentally in-
vestignted in detail, The beas perameters achieoved by moans
of such mcoelerators are given below,
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At prosent are produced and tosted two weseloralor mo=
dels; E17-1,5 accelerating electsons up to 1,5 LeV with the
mean power of the boam of 25 kw and E1IT-1 acsclerating elo-
otons up .to the energy of 1MeV in pulses in the range bote
ween 115"10'6 snd 3+ see ond current nxplitude of bet-
ween 20 and 100 a respectively., The scflerators K17-2,5 and
ELIT-3 oare now mounted and adjusted. The main dutn of tha
sbove mentioned machines are given inm the table,

ﬂ =
aceslerators B17=1,5 EB1T-2,5 BLIT=1  BLIT-3
Enecgy 300KeV- 600 EeV- 30C LeV- BGOL KeV-

1,5 Me¥ 2,5 NeV 1 MeV 3 MoV
¥oan powar with = -
highest energy 20 ©¥ 50 low 1=3 ke 10=20

up to up to
Pulse power 130 Jow 200 kw it m (Y
L 25 cps 100 ops
mquw' Bise 20 ops 50 cpa
to
Efficienay 508 o0 ;ﬁaﬂ: % 2
AT
thout 5 m 0,7 m 2.4 1
:’.W m:tr f:; : 1:32 = 1'm i a
nenesbly

The diaseter of the slestron boam at the output of the
B17-1,5 i3 about 5 mm, There are mutually pemniiamr EHE-
scanningn beam thro foil,
m: the mmu:np::ﬁ n::u- n:utm will ::hm:}\d banouth.
A sertain disadvantage of the E1T scecelerstor is the fect that
the pulse current is considerably higher than the mean our-
rent, But it 4s of no importance for radiation proceases when
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the neoded dose ls mccusulated during many pulses. As to the
tubs the strong focusaing systems allow to tzensfer necessary
currents without sosential decreasing of tube eleoctric strength.
The sean power of the ELIT-T of 3w is achieved with the
pulse froquoncy of 5Cops and the beas energy of 60 Jjoulo,The-
se data ard not the highest for the asccelerator, At present
attenpts are made in order to increase its pulse and mean po-

el
The parameters of the E17-2,5 and E1IT-3 accelerators are

given conditicnally because they will be finslly ascertai-
ned after the adjustment will have besn finished.

Dutlogk on hesvy particle _acceleration

Ageeloration of such powerfull boams of protons or other
heavy particlss by means of the desoribed methods is exceed-
ingly desirable, The moot sezrdious problem is to create an
ageelerating tube that eould keep its elegtric strength when
an intensive ion beam passes through it, It is also nocessary
to elabornte a small ion source with controlled currént and
neadod bearm puramaters,to provide wvasuun pumping on the high-
voltage terminal and to solve & number of other teahnisal
problang.

Consideration of poasibilities of strong fooussing aystems
installed ingide the eccelersting tube shows that the kee=
ping of proton ourrent of 100 ma and more with the boam dia-
seter of gbout 2 em is quite real with a gradient slong the
tube of 1,2 ¥e¥V/m /9/, If proton onergy amounts to soveral
MeV it ir reasomable to use elsotrostatic gquadrupole focusd-
ging lenses supplied directly Irom the ssacndary winding taps
/9. The guadrupole lenses make alsc slestroms and other
random secondary particles diffioult to pass through the tube.

As a provon injertor is conaidered a souree with osoil-
lation of electrons in magnetio field with current controlled
by the potential of the anticathode. Application of duﬂpm-l
motron is algso examined, Thus the gas consumption of a power-
ful source im high it is difficult to provide the vaguum pum-
ping at the ground terminal of ths tube even using pulase gas
input snd oo additional high-vacuum pusp ls istalled at the

B
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high-voltege termimal of the tube, Fowering the high-voltuge
assesbliea cayses no sorious ties. 80 in the nccelerators
shown in Pig, 18 the power is taken off from a part of the
winding at the high-woltage termimal of the secondary. Cooling
of the high-voitage assesblies is secured by means of forced
gas conveotion inm a tank or by means of ofl ciroulating from
ground to the high-voltage electrode through an insulated api-
ral tube.

It is knmown that the beam of iom source contains ions of
various kind, So a proton souree with electron oscillation as
desoribed above contains about 708 of protons,the reat are lli’
mﬁﬂs.ltumwmﬁntmm“mtmnm
input of the socelearting tube is not nocessary as the presence
of hoavy cosponents doea not esagnilally inmcrease the proton
beamm dimensions in the tube /9/. It is mot excepted howsver
that ssparator will be imstalled for some investigations.

4s it iz %o conclude from the mccount given above ,poosi-
bilities of the proton scceleration are concerned for the moce-
larator types similar to E17-1,5 or E1T-2,5 . At present oove-
ral parts of the PrT-1,5 proton accelerator with energy and
power of beam close to that of the E17-1,5 electron accelere-
tor are adjusted on the test stands, k

In this accelerator it im ouggested to provide the proton
sonochromatization better than O,1%. The acceleratian of hof-
vy ions in strong-fooussing tubes will desand sn essential in-
creasing the gradient of the fogussing lemses and probably us-
ing slectromagneta, The supply of every clactrommgnetlc lens
will be provided from several transformer turns having the
lense potentinl, Besides of the axialgymmetric lenses and que-
sdrupoles & stronger noulinear focussing systes oconsisting bf
lenses with Your or more pole numbers cun be used ( e.g./11/).
Application of high current iom sources in pulse accelerators
is also poosible y on principle there are no limitations of
genecating beams with high pulse and mear power,

* Posaible modification

On the besis of & proton transformer it is posaible to

‘bulld a tandem (Pig.6). In such an accelerator the =agnetle

15




Plg.6, Tandem based on E1T type ncceleratora.

¥ig.7. Device based on the pulse TA used for cenaration
of aceslerated positrons.
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tlow panpes through the central column without falling out the
highevoltage gap. The turns of the secondary are wound on both
parts of the colusn in mutual opposite directions. Unlike the
tandems based on electrostatic accelerstors the current can be
here two or three orders higher mg thers are ne limitationa oa-
used by & mecbanical transporter, As pointed out at the be-
ginning of the paper , the energy stablility in such transfor-
meTs san amount to 0,02-0,04 % whick 4a mot worse than In
modern electrostatic tandems, The applicatlion of strong foou-
asing in the tube will probably allow to produce higher
than 4t is possible in ¥mown tandema based on the ICT.

A futher development of this modificatlion is heavy-iem
acealerntor with multiple recharging the operation of which
is desoribed in /M2/ . Accelgrating and decelerating ascti-
ons slternate in this model. After mscelerating sections tar-
gets of low tightneas are installed and after the decelerating
pectiona tighter ones respectively. Im consequence of this
fact the deerse of fon fonisation ie at the average higher
during the sseeleration than during the deceleration. On ae=
count of the chavge differenss an energy accusulation takes
plase. Such a design allows to seaslerate nulticharget heavy
ions up to hundreds of MeV with the mamicus potential in ths
systen of some MV, Creating of an sccelerator with the multi-
ple recharging bocomen more real thanks To & poosaibility of
tranafareing and sgeeleration of intonsive proton beams that
has appeared,

Ax aceelerator desipn as n tandem based on the pulne
transformer (Fig.7) can be used powsrful source of accelers-
ted positrons, In this case the potential of the nigh-voltege
slastrods must run to severs] MV and a convertor ls to be
placed inside the elsotrode, The slectrom currest in the rirst
part of the sccelerstor can amount to soms hundreds amperes.
A portion of the pm&'nmu flying out from the convertor at a
s=nll angle to the machine axis is sccelerated in the tube in
gecond part of the acoelerator.

One of the sain problems of the development af the son=
cerned ageelerstors is the achisvemsnt of highest energy and
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vower of seuws . The highesat energy of the particlea in any mc-
nelerabor of this 'kind is limited by the electricel strength
of the ms cepand the acselerating tube like any other DC ae-
celosubor. The operotion regise of the ges gap is not harnder
in trensforper scoelerators than in usunl electrostatic gene-
rutors and bhe tolersnt gradient of the potential can amount
te 150 -200 kv/om. The gradient of the slectric potential
clong the accelerating tubes in the aceelerators which exist
o 13 kv/om inm B17-1,5 and 25 kv/onm {along the insulator)

in L1T0-1 reap. Thus they correspond to the gradients of the
known sceslaratora, e.g8./1% . Bo predicting the highoot one-
riies which ean be possibly ashieved in the sccelerators bo-
sed on the deseribed desipgns we ean go out of the poasibili-
tiss af the electrogtatic mscelerators, And if the volbage
value of 10-15 EV on the high-voltsge slectrode is the rea-
lity to-day, it is quite pomsible to design aceslerators with
enaryy of saversl dozens of MeV.

Ta inoresss the power of transff@rmer accelarators it is ne-
gagsary,firvat, to trensfer the needed powar te the secondary
and , second, to provide in the tube & current capable of om-
rrying out this power. It is oot very diffGult to create &
teannforner donigned for high powera. For the given machine
dimenalons the powsr can be increaged by seans of supplying
of 400 opes or by seans of other technicsl ways.As to the po-
saibilities of the accelerating tubes we omn not yet achieve
the highest current which can pass through ths atrong foous-
sing system inasyde the tube. In M4/ there are concerned ay-
stenns for currents that are some orders higher then these the
E17=1,5.

As stated obove pulse transforper sceelerastors oman oug-
tain frequencies of hundreds of eps, Fow it is difficult To
reveale the highest frequencies. But we hope that in the next
yoars electron pulse ascelerators can operate with frequen-
cies of the 200-400 cps with considerable energy carried out
by the beam in pulse. Probably it is availsble to use cathodes
with nutoelectronic emission in such acoelerators,

Fig.B., Arrangement serving for passing & goncentrated elsc-
tron beam through the rotating feil,




Soze aspedts of bens application

Datailed review of application field of powerful electron
and ion beams is not dealed with im this psper. We shall con-
garn only some sopects of aceelerated electronm application.
There are three methods of influence on substance by means of
alsctron aseplerators.

1. direct bosbarding materials with elestrons for oradis-
tion Influsncet

2. application of congentrated beam as gh enorgy carrier
for the thermsl influsnce on material ,e.g. for melting and
welding metals;

5., beam converting into gamsa-radiation for fault detec-
tion or radistion of =maasasive objects. Ao & rule in the first
two cases it is reaponable to carry the beam out of high va-
cuum voluse in which agoeleration took place as it will enta-
il great difficulties to put the object to be processed inteo
the vacuum; sometimes 1t L5 mot possible at all, Pessing & boam
of eleotrons accelerated up to meny hundreds of keV out of
the vacuum through foil offers ne Jiffioulty in the presence
of & preliminary cagnetic scanning, More complicated is the
second case when it Lo necessary to out a beam with ener-
gy comcentTation of dosems of kw/em", Besides of differential
punping windows /15/ we dealed with rotating foll devices.In
the device shown in Fig.B the rotation axis of ocone with fo-
{1 i inolined to the beam direotion. Thanks to this angular
velocity of the foil rotation 4is considerably higher than in
mitber tightening reglon. The focussing path extends on %o
the radius of which san be puffisient redused. This allows to
apply very thin foils and to provide small elsctronm dissipati-
on &t the output. In aimilar way the beam cen also come inte
& vegsel being under pressure.

To genarate an intensive {=radintion flow speedly ro-
tating tarmets beimg in vacuum or in omalted-metal targets Are
used. Enorgy carry-out from surface of the latter ia secured
by svaporation of metal.

Lonclusion

The developments stated obove concern to achievements
of TA regearch that was smade by a nusber of collsborators
of Institute of Nuoclear Phyoics /Movosibirsk/ during the
last 3-4 yoars and is on principle an initial result of
thin work.0onsiderations of posaibilities of such agcelers-
tors are largely conditioned and oin change in the future,

But wo oan confidently suppose that transformer Accele-
ration methods and those dessribed shove in particulsr are
one of the most promissing ways of ereating powerful and low-
gost agoelerntors, Wumerous technologlonl applications of the
machines ptimulated development of low enerpy sets f16/. If
necessary the ensrgies can be easentially increased. As sta-
ted abgve there are also ways to inersase considerably beam
POWETH,

In conclusion the author seizes the cpportunity to ax-
press his thanks to G.Budker for & oteady Interest Loz ny
work,¥.0aponov,8.Vassersan and V.Vechgalavov for creation of
deneribed ageeleratora done in common.
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