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SUMMARY

Betatrons, induction electren accelerstors for the
production of high energy z-—radiation, were under develop—
ment in Germany during the war and are also to some extent
at present, This work is reviewed for the most part and
details sre given on the constructicnal feztures of 6 and
15 million volt betatrons and on the theory and design of
15 and 200 million wvolt betatrons. The smaller units, es—
peclially the Siemens 6 Mv are quite successful and more ad-
vanced Than comparable American units, While no large mach-
ines were actually built the projected 200 Mv Widerce de-
sign intreduces new features of value. Betaltron patent
ideas are reviewed.
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EUROPEAN ELECTRON INDUCTION ACCELERATCRS

I. Introduction.

A. History of Betatron Developments on Continent.

The first work on the subject of electron induction
acceleration which appeared in Burope was the doctoral
dissertation( of Rolf Wideroe of Zergen, Norway, which
appeared in 19%7 and which was published in print the
following year 2). This wes coincident with the American
Slepian petent (U.S. Pat, 1,645,304 Oct. 11, 1827), and some
experiments tried at the Carmegie Institute in Washington.
These works lacked requisite details on prinmciples for the
successful production of high speed electrons. Another work
appeared in Englend in 1929 by E.T.S. Walton whose work was
instignated by a suggestion of Lord Rutherford. This alse
was incomplete. :

Developments on the conbinent have heen based on
Wideroe's work. The basic ideas were by Steenbeck in his
patents of 1937 (DRP 656,378 and 698,867)(U.5, Patent
2,103,303 Dec, 28, 1937} in which the necessary properties
of the magnetic accelerating snd guiding fields are
folmulated.

An 4induction electron accelerator was bullt on these
principles and tried with success, it is ¢laimed, although
the intensities of radiation produced were only of cosmic
roy intensity order. Following Kerst's successful product-
ion of 2.3 Mv gamma radiation(3) in intensities eq%ivalent
%o that of milligrams of radium in 1941, Steenbeck 4)
published a belated note on his work in 1943,

This work of Kerst's was = groat incemtive to continent-
ol workers interested in this field, principally Steenback
and Wideroce.

Tt has been learned that only the latter has been very
active however, Steenbeck having been engaged in other metters
during the course of the war,

(1) Dissertation Tech, Hochshule Aachen,

29 October 1927
Ez) Arch. Electrotechnik 21 (1928) pp 387.
3) Phys. Rev. 60 (1941) F. 47. .
(4) TNaturwiss. 19/20 (1943) p. 234.
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Wideroe end the group that came to be associated with him in
the war-time German betatron work were not in sympathy with
the Nazi cause, and were pursuaded to continue their work
for purely scientific considerations.

The betatron develepment was carried out by bthree
separate groups. One was the Megavolt Versuchsanstalt (MVA)
or Mepavolt Research associlation which worked under the
guidance of Dr, Wideroe. Siemens and AEF also had projects.
MVA laid plans for = 15 Mv and a 200 Mv accelerator. The
former was begun early in 1944 and brought te successful
completion in the fall of the same year, The design of the,
200 Mv accelerator was completed about this time and the
construction work turned over to the Brown Boverli firm in
Heidelberg. Recent investigation showed that MVA had no
further connection with this project.

The basic ideas underlying the design of these two
induction asccelerators were published by Widerce in two
papers(l). These discuss the special problems invelved such
es axial and radial stabilization by properly designed
guiding fields, injection and extraction of electrons, the
useful leoad of the apparatus, the meximum electron filling
of the acceleration chamber, dependence on injection voltage
(using auvxiliary lens system), the stabilization of
electronic orbits with electrical lenses, especially for
high radiation energies, the effects of gas molecules,
technical transformer construction details for high energy
production, and finally the fields of application of the
hetatron: cancer treatement, radiography, and nuclear
physics,

In colleboration with the design work of Wideroe, a
considergble amount of theoretical work has been carried out
by Touschek. This is known to have been of invaluable aid
in the development of the 15 Mv accelerator, Turther
theoretical werk has also been done by Touschek in the
starting of electrons in the accelerator. Some of the work
i1s along the lines initiated by Kerst and Serber which were
known tc Touschek, Concerning this latter work, it may be
added that the discrepancies between the Kerst-Serber
theories and experimental results can now be explained.

(1) Widerce, Part 1, Arch F. Elektrotechnik a7
(1943) 3951408 Part 1T remnins in proof form.
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These may be of use in further electron injection studies.

E. Note on Besic Patents in Betatron Field.

The earliest existent patent is that of Slepisn, U.S.
No. 1, 645, 304, which was filed April 1, 1922, Ser. No. 548,
836 and granted Cet. 11, 1927. An avplication was filed in
Germany Feb, 16, 1923 and granted May 23, 1929, (Published
Juns 8) DRP No, 477, 498. Considerable difficulty was had
in obteining the German vpatent because Dr, Schmid of the
German Patent Office contended that The cspplication was
based on an impossibiliby. In support of this Prof. Abraham's
texts were cited to contend that a megnetic field could only
guide en electron but not accelerate it, Reply was made by
the Westinghouse firm that the idea was misunderstocd and
thet no such claim as stated by Dr. Schmid was implied., After
more correspondence it was reluctantly admitted +thet there was
o possibility of electron acceleration and a patent was
finelly granted, Dr. Hoffmen, Chicf of Patent Dopt., Siemens-
Reiniger, Erlangen, gave supporting comment in review of the
patent in 1927, designating it as not involving infringement
of emy Siemens claims, In brief the patent involves the use
of tangential electric fields resulting from the change of o
magnetic flux to accelerate the electrons in a circular orbit.
A yoke similar to that employed at present was proposcd to
provide the change in field. The pateut does not give the
conditions for the stabilization of elsctiron orbits.

The second basic petent is that of Steenbeck, DRP 656,378
of April 1, 1933, followed by DRP 698,887 of March 7, 1935.
Steenbeck was acquainted with the work of Wideroe whose thesis
appeared in 1927 and wrote into the vatent the necessary
conditions for the production of a stable (radially) orbit in
the magnetic scceleration precess which was known to Wideroe.
Steenbeck also supplied the condition in which electrons
could be magnetically focused to stabilize them in the axial
direction, This patent was published Decg, 6, 1940, &n
American license for its use by the American Gerersz]l Electric
Co. was requested from Siemens shortly before the ocutbrezk of
war in 1941. The Steenbeck patent was rot sufficisnt to
construct =z successful induction accelerator. The necessary
condition for the imtroduction of electrons was first stated
in the patent of Kerst, an sarly application of which was mede
and granted in France, French Patent No, 878, 769, Application
Jan. 14, 1942, Granted Oct. 26, 1942, and published Jan. 29,
1943 by the Cie Francaise Pour L'Exploitation des Procedes

Thompson Houston which ls the French licensee of the American
General Electric Co.
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The smnouncement of successful production of accelerated
electrons and X-rays by Kerst(l) and subsequent publications@]

~ stimulated an interest irn the induction method of electron

acceleration on the continent and late in Dec. 1541, designs
were under way at Siemens-Reiniger for construction of an
electron induction accelerstor., Dr, Steenbeck gave the basic
specifications which were incorporated intec a design at
Siemens and discussed in conference on 15 December 1942 by
him with Dr. Ganswindt, Mr, Kurt Bischoff, Dr. J. Patzold and
Dr. X. Gund of Siemens. At this time appeared also a design
of Dr. Gund proposing an induction accelerator operated with
a Tixed magnstic guide field, surrounding an alternating
megnetic field passing through 2 central core, & scheme
originating from a paper by W.W, Jasinsky(S) in which the
conditions of the field are howsver erroneocusly set forth.
The design of Gund corrects this error and introduces a
scheme for injecting electrons from a ring cathede form,
flanked by electrostatic guide fields, so that it is possible
to accelerate the electron in spiral shaped courses rather
than in a fixed equilibrium orbit. The advantages and the
basic facts which require consideratien in further patent
innovations may be summarized: The accelerating magnetic
field is contained in an unbroken iron circuit., A complete
half-cycle of operation is pessible., This appears in other
designs too, as pre-magnetization schemes, The electrons
may be introduced into the cccelerator for a large part of
the pericd. This obviates in part the difficulties of in-
jecting electrons in the short time svailable while the
acceleration magnetic field 1s passing through its zerc
point and also the difficulty of inecreasing the electron
orbit acceleration in the initial stages due to spacs charge
effects, A patent application was entered by Siemens—
Reiniger covering these features July 28, 1942 (Aktenzeichen
S 151,465 VIII c/21g).

(1} EKerst D. Phys. Rev. 58 (1540} p. 841.

(2) Kerst D. Phys., Rev. 59 (1941) p. 110 end 60
(1941) pp. 47-53.

(3} W,¥. Jasinsgky. Arch, F. Elektrotch. 30 (1930)
Pp. 590-603, "

This was rewritten to include a number of other features
about which more will be said in a later section of this
reports The revision appears in a second patent application
dated Aug. 8, 1942 (Aktenzeichen s. 151, 603 VIII c/21g}.
Suffice it to say at this point that the applications in-
clude the use of both time—variant and time—invariant guide
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rields, an electron acceleration space divided into two
portions, (an immer stabilizing resion and an outer region
in which a stable orbit is produced) means to decrease or
increase the guide field strength for electron orbit
contraction and expansion, and schemes to release electrons
from the accelerator in a beam by means of deflection plates.

The construction of the pole pieces for induction
acceleration is touched upon to some extent in the patent of
Steenbeck mentioned above, Yoke construction involves few
noveltlies and follows for the most part transformer
construction principles., Tts use is probably covered in the
Slepian patent. The application of radial construction in
the laminated pole pieces is likewise older than any
betatron patents, This feature appears in the Berry trans-
former of 1906 and has been further developed for trans—
former construction by the Brown, Boveri who furthermore
have incorporated welding as 2 means of reinforcement.

This type of comstruction is suitable for the construct—
ion of large induction accelerators and brings with it the
problem of cooling large radially laminated cores. A recent
patent application in this direction is that of the Brown
Boveri Co. assignor Dr, Helmut Bocker in which o radially
leminated core is especially made with helical ducks for
cooling a radial core with air without introducing
dissymmetries which would be disturbing in the field
distribution at the cylinder surface of the core {cf. BBC
Aktennotiz and Sketch, X 363, 607, Aug. 2, 1945).

IT. Activities of the Megavolt Versuchsanstalt
Mépavolt research Establishment] of Wrish
near Erlanpen, Germany.

A, Details of the 15 Mv Induction Electron Accelerator.

1. Description.

The choice of the electronic voltage to be generated was
dictated by the following considerations: Theoretical curves
in which the absorption coefficient of the x-readiation is
plotted against the electronic energy show a minimum as a
result of the decreasing contribution of the Compton scatter—
ing and the increasing contribution of +the absorption due +o
the formation of electron pairs. These minima lie in the
region of 3-10 Mv and it is therefore of importance to choose
& peak value of 15 Mv so that the effective energy will be
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gbout 7-8 Mv in the dssired range for radiographic purposes,
In copper or steel for instance the absorption ccefficient
for 15 Mv radiation is about 1/6 of that for 150 KV X-—rays.
This provides & theoretical six-fold increase in radicg—
graphic range., The medical side of the requirements are a
little different. The absorption curves of water and light
elements have thelir minima at fairly high energies, say 20-50
Mv, For medical purpose, it is necessary, in order to treat
déep—1lying tissues, toc insure the penetration of the radia-
tion s¢ Tthat the deep-lying tissue is reached without ex-
cessive absorption in the intervening layers, At 15 My, the
sbsorption in weter is about 1/3 of the absorption of 1 Mv
radiation, Even with this adventage the bhetatron radistion
is not albtogether satisfactory from the standpoint of the
depth dose administered to points beyond the locality to be
treated, For this purpose, a problem which is still under
way is the utilization of the betatron for producing high
encrgy electron beams in which the dissipation of energy by
gbsorption in human tissue can be localized much mors
effectively.

{2} Construction Details, Core.

The rzdius of the electron equilibrium orbit was chosen
as r = 14 cm. The diameter of the induction pole was chosen
as 220 mm, (radius, 11 cm) and the air gap in the poles was
made 2 ocm. The average separation of the guide poles was
chosen aeg 6.0 cm, and the contour of the guide pole faces was
determined from magnetic measurement and also from measure—
ments by means of the electrolytic trough. This process was
continued until the guide fields had just the properties
required., The guide poles were so arranged with respect to
the remzinder of the apparstus that as a result of the
saturation of the guide field the guide field does not in—
crease in proportion to the accelerating field from e
certein point in the cycle onwards. The approximate data for
the main components (which are slightly sbove the initial
estimates of Dr., Wideroce) are:

Iron Weight 1000 Kg (2200 1v.)
Copper weight 200 Kg  ( 440 1b.)

Total losses 2.5. KW at 50 cycles/sec
Dead load 250 KVA

Driving voltage & KV
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The cverall dimensions and details of core and pele assembly
are shown in figure 1., The yoke is constructed from
laminated iron of thickness equivalent to 29 gauge, .014
inches stock of approximately 1/2 watt per 1b. core loss,
(10,000 lines, 60 cycles}. The lamination stack is not
divided, i.e. no provision is made for cooling the core by
air ducts. It was found that heating was not excessive., The
vertical members of the ycke, in contrast to American design,
extend the full height of the apparatus, and the cross or
horizontal members are held between these by a special
arrangement of clamping frames. This produces four vertical
"shim" gaps. On the upper side these have means for adjust—
ing the height and level of +the upper transverse menher
(yoke)s This carries the accelerating pole by means of six
bolts circularly arranged. By means of a supporting ring, it
also carries the guide pole and coil boxes. The yoke
laminaticns are clamped by transverse bolts through insulat-
ing tubes.,

{b) Acceleration chamber.

The acceleration chambers used were of glass made by the
glass blowing laboratory at the firm of C.H.F. Mueller. These
have a somewhat elliptical cross section. Graphite and
gilver coatings were produced in the inside and the tubes
have either two or three radial openings with stems on the
periphery for evacuation on mounting of +he electron injection
assembly. Vacuum was produced by an oil diffusion pump
backed by & three stage mercury diffusion pump, A liguid air
trap separates the two. The mercury diffusion pump is backed
in turn by a rotary oil pump., This unnecessary complication
of pumps wes due to the scarcity of aveilable and usable
equipment.,

The vacuum was guaged by means of a Phillips vacuumeter
between the two diffusion pumps and by means of an ionization
guagoe sealed to the acceleration chamber at the injection
sten,

Tt vas noted that operation was not possible at pressure
above 105 mm Hg and steady yields were obtained only at
10-6 mm.

The slectron gun or injector is showm in figure 2 and
follows in principle the design introduced by Kerst, It
consists of a tungsten filament (oxide coated electronm
sources were also used] surrounded by a semi—cylindrical
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Wehnelt cylinder (Faradey cage)l and of two anode plates
insulated from each other. The cage serves, on application
of a patential between itself and the filament, to con-
centrate the electron stream. The split anode, on the two
halves of which different potentials could be applied has,
ignoring for a moment the necessary acceleration of electrons,
& purpese similar to the deflecticn plate of a cathode ray
tube. It is thus possible by applying various potentials to
these plates to give the electrons various initial projection
angles in the plane of the orbit. The necessary correction
of the electron beam in the vertical direction is obtained
by = small rotation of the whole injector system or stem on
its ground glass joint, A small bar of tungsten is fastened
to the imnermost anode plate with its long axis vertical to
serve as the target for x-ray production,

The filament is heated continuously., The injection
voltage impulse 1s applied only for a short time at the
begimning of the acceleration period by means of a special
arrangement to be described below, partly to charge the
entire injector structure to as high a voltage as possible
and partiy to avoid filling the electron accelerator chamber
with stray electrons.

(¢} Connections.

Tigure 3 shows the entire diagram of connections.
Alternating current of 8§ K.V. is generated by a regulating
transformer and supplied to the driving circuit in which the
dead load of the circuit is compensated by a capscitor bank,
the capacity of which may be varied between limits., The
injection voltage is produced by H,V. equipment from which
the potential may be applied at the propsr instant necar the
beginning of the acceleration period by means of a special
grid—controlied high voltage rectifier tube., The driving
circuit of the betatron passes through a small utility
transformer which in turn operates a peaking tremsformer for
Tthe production of a sharp positive pulse to trip or remove
momentarily the large negative potential on the grid of the
control valve,

In earlier experiments, = mechanical contactor driven by

a synchronous motor was used to apply the tripping pulse bub
this gave much trouble due to fouling ¢f contacts. The
circuit diagram alsc shows a 5 KV constant potential circuit
used for applying the deflection wvoltages to the split anode,
the innermost plate of which is conmected together with the
acceleration chamber coating to ground.
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2. Cperation.

The detection of radiation at the outset of operations
is carried out by means of a counter tube, This however
soon becomes useless due to jamming at higher intensities
because of the combined effects of emmission of radiaticn in
small pulses and lack of resolving power of the counter tube
and its eircuit. Tonization chamber measurements are then
resorted to for almost all radisbion measurements, The
counter tube is retained in use for indicating the point in
the cycle where radiation is emitted by passing the output of
the counter tube circult into a cathode ray oscillograph tube
in which the horizontal or time base is driven by the A.C.
driving volitage.

In operation the vacuum is checked, the driving circuit
is energized and the phase of the injection pulse is
determined and corrected by means of the phase shifting
device. On starting the counter plus cathods ray apparatus,
a rediation output is usually observed. By rotation of the
ground Joint of the injector, by aspplication of a suiteble
deflector voltage, by changing the position of the
acceleration chamber in the machine and also by adjustment
of the air gap in the guide field, it is possible gradually
to bring about an optimum yield. Then by keeping these
varisbles fixed quite reproducible results could be depended
on, which were then dependent only on the vacuum conditions.
Measurements with the ionization chamber could then be carried
out.

To check the quality of radiation produced by the
machine various methods wers resorted to: (a} Observation
of the counter pulse in the oscillograph allowed the time of
acceleration of the electrons to be estimated and deductions
of their maximum energy to be made., This in general was
around 13-15 Mv. (b) by absorption measurements on the
radiation, which however are somewhat uncertain because of
the shallow minimum in the absorption versus electron energy
curve, (¢} rapid dying—out of radiation intensity on re-
ducing the amplitude of excitation current and (2} production
of artificial radicactivity by irradiation of wvarious
materials.

This phenomenon is especially pronounced in the case of
silver and copper.

- 13 .



After the expected quality of radiation hed been
established attention was directed to improving the
intensity of the radiation. The goal here was to abbaln
a meximum electron filling of the acceleration chamber such
gs might be expected from the formula deduced by Wideroe
for the effect of space charge.

$ = 4m® A r3{1 ~ n) 2 r Brax

c? (- % r)

This formula usually gives a value about ten times
larger than what may be obtained experimentally. The
experimental result was a radiation current equivalent by
radiation to about 1 kg. of radium, Tt is believed that this
discrepancy is due to release of gases by bombardment of the
walls of the accelerstion chamber and that better results
could he obteined only by the use of baked-out and sealed-
off acceleration chambers,

The scattered radiaticn in the vicinity of the machine
was noted to be guite high. Even behind the thick legs of

the yoke the normal tolerance doss 1s exceeded in 5 ~ 10 min,

3 Program for Further Development,

The progrem of the Megavolt Versuchsanstalt as
described in June 1945 was: (a) further work to incresse
the radiation yield of the ahbove described machine and (b)
to bulild as soon as possible a duplicate of this equipment
for use in medical research so as to allow the first unit to
be used solely for technical development.

Under (a} it was planned to make further expsriments
with acceleration chambers fitted with electron lems systems
whick might, in view of the grester stabilization forces
available with their use, bring about an increase in
radiation output intensity. It was also plammed teo study
the tangential electron injection techniquie of Wideroe once
more because of the possible adwvantage accruing from the
absence of an injector structure in the acceleration
chamber; alsc to study the problem of releasing a beam of
electrons from the apparatus which would be very important
in any event.

Another intention vms the design and construction of =z
30 Mv unit for use in nuclear research, This project was to
have been undertsken at an early date. Design calculations
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have been made along with those for the 15 Mv unit and could
be used for construction specifications once special
electrolytic—trough or magnetic measurements had determined
the proper shaping of the guide poles.

It was felt that an apparatus of equal size but operat-
ing on the premegnetigation scheme of Wideroe would be use-—
ful in testing such questions as to whether or not the final
energy of the accelerator would be affected by radiation
demping as predicted by Iwanenko and Pomerantschuk, which
work has been studied further by Touschek. The results
obtained with the accelerator should have a decided bearing
on the validiby of classical radistion theory,

A final preject was the construction of a 200 Mv.
accelerator using the premagnetization scheme. This was
considered of special importance to nuclear physics since
new phenomena not observed before could be expected at
energies of the order of 1560 Mv and higher., The construction
of this unit was undertaken by the firm of Brown Boveri and
Cos in the fall of 1944, Consultation between M.V.A. and
the B.B.Co. produced a number of designs from which a most
practical one was selected, This was carried to enough
detail so that most of purely transformer construction
problems could be regarded as solved. A reconsideration of
the entire design in view of the possible effects of
radistion damping was under comsideration. Since kthe
occupation the work on this project has been dropped and the
MaV.A. group has had no further contact with B.B.Co, Here
the work had progressed to the point that construction of a
full scale sector model of the large machine was to begin in
order to make operational tests to study the field
distribution in the.sccelerator and slso +to study the
necessary electrical problems involved in the use of pre—
magnetization.

B. Design Caleulations for 15 My. Betatron.

In the following the desipgn calculations made by
Dr. Widerce for both the 16 and 200 Mv betatrons previously
mentioned will be given in view of their possible value for
design and construction of similar equipment.

1. General Formulation of Theory.

To introduce this material the basic theorsticsl
formulas relating the electron energy Lo the size and the
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magnetic field strength of the induction accelerator will be
reviewed, The basic formulse for energy of an electron
(relativistic) is

W=el =m., o2 , 1 eres)
') [ ——— ] \ ( g
'\‘\ ] — 3 2 /
N i S
where 2 = v/c end U is electron voltage, & and m the charge

and mass of the electron, ¢ tne velccity of light and v the
velocity of electron. Since only U is of direct intersst the

energy equation mey be simplified by letting m, 02/8 = &
giving
;L
U = { - 1} (A)
\k// T /
Rearranging (U + €)2= e =R oy 2 EU 4+ &2
1~ B 2
2 e 2

or - 1 - v

V:C/{—' 5_2_ = 0 /U2+25.U+b2—-62
~, (U+E]2 \/ (U + e)2
=c JU® + 2 &0 (B)
(U +¢& )
Iikewise g — Mg, _ I
m =
, + £)2
\ &,/ (Urt)
()
m=my(U + ¢) = my, (1 + Uk )

£

The energy gained by an electron moving in an electric field
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40 = ds = E(t) v 4t  E:field volts/em (D)

(k) ¢ JU? + 2U0=& at

(U+E}

f

To solve rewrite dU « (U -+ & ) = E(t) 4t

2
c\/U + 2 U

Note that by letting (U2 + 2 &U) = w
then dw = 2(U + &) 4U

/- 1
Thenj Bt) at= 1 (daw = 1 wz = J&
Zc W% 2c %2 C
= 1
o (%)
The 2.m.f. gained per revolution is
d¢ = 27 r E(t)
at
D dt = g :1JU2+29U+0=
2 Tr 2 ©r c

From proportionality C' = C =and

_ilzzﬂr /U2+2onrU2+2EU:CQ2

c 2 nr

Completing the square

4

U2 4+ 2 U + € = (c 9> 2+ €2

z A

(v+¢) = [7c an 2 L &
i\Z’;'LI'_
¥ = ch q) 24 2 (7}
R\‘Z’;‘(I‘
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r‘ Letting B; represent the average induction within the orbit

\/ch 2+ €2 e ()

Expansion of first term on right side by the binomial
theorem shows that only the first term in the expan51on need
be retained for good approximation. Then

vE (’c By T - aﬁ = ['1.5x10—4(Bir) - 0.502J bty
- L

Since U in Mv is dd . 10714

I ._____.a._a...gy..ﬁ

¢ = m r2 By

at
apd Bs = 2 (U+ &) = 5 (U + ) 1014
10
cor 3 x 10 . T (I)
B; = (U +¢®) 104 gauss
l.br

Conditions for magnetic guide field:
Equality of centrifugal force and magnetic force gives

—_—
evBy=m v2 or Bgt =mv =m ¢ \[UB + 2eT
r & ) (U+E)
Ber =myp o+ (U+ el o JUZ 4260 = 1Jv2 + 2eU
e
m, U +E
05 ( ) c (J)
From equation (@)
¢crB; 2=V + 2eU
2
or Bir =2 ‘/UZ + 2 €U (K}
c
Comparing equations (J) and (X)
B = 2 B
X s ) (L)

or the field strength of the guide field must be half
the average intensity of the total flux within the orbit.
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The above basic formulas, especizlly (T) and (L) are
sufficient for the preliminary design of the magnetic yoke
and the guide and induction poles of the betatron,

2. Dr. Wideroe's Design Calculations for the 15 Mv
Betatron. (Started Jan. 1, 1944)

We shall first compute the flux and inductiocn for =
non-saturated betatron, The average induced flux from (L)

and (I) is
Bay (15 ¥v.14 am) = 2 By, ., = 15 + 0.5l
1.bx14
Bgv = 7400 gauss
B14 = 3700 "

From electrolytic trough measurements the maximum
induction in sir is indicated to be

Blnd max. = 3700 x 0,2556 = 11,300 gauss,
0.084 8
Induction flux ¢ ind = = 142 7400 = 4,56 % 10° nemwells.

Fraction of flux carried by the induction pole

5 ind. pole = 117 x § ind. = 3.25 x 1 mexwells.
117  + 48.7

In the last expression the quantity 117 gives a measure
of the ares within the induction pole periphery (n ,92)
multiplied by the corrected prevailing field strength
(11,800 gauss corrected for the distribution at the edge of
the peole).

The figure 46,7 represents the area between the inner edge
of the guide pole and the equilibrium orbit miltiplied by
the corrected average field strength for this region.
Correcticn is made from a curve which gives the prevailing
induction as a function of radius as determined by
clectrolytic trough measurements or flux plots.

The flux in the guide pole is given by:

= 46,7 + 109 + 4 x 4.55 x 108
TI7 % 45,7

L‘;SLI
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The numerator contains the figures 105 and 4 which are
properticnal to the corrected flux in the region between the
equilibrium orbit and the cuter periphery of the guide pole
and an additional estimated lezkapge flux. This gives twoe
fractions of f which add up to more than unity which is as
it should be Tince the induction E, ig definitely only that
part within the equilibrium orbit. Addition of the above
parts gives for the total flux ©to be carried by the yoke

L g o= 7.7 x 16°  maxwells
The stacking factor of the radially laminsted core is
deduced from an easily derived formula fo =1 - 1
n + 1

where 1 1s the number of laminations used per sector.
Wideroe assumes nine in the first design giving fo' = 0.90
which, corrected for increase of thickness due to varnishing
is 0,81,

Estimate of Magnetiring Turns Required:

The ampere turns required for the air gap of 1.96 cm is
given by

I =8 +1 = 0,8 x 3700 x 6§ = 17800 amp turns.

C.4m

For the additional =air gep as well as for the iron path
itself (disrvegerding saturation) & figure of 800 to 1200
ampere turns mey be assumed in eddition. The total number
of ampere turns thus becomes 18,800 to 19,000.

For a winding of 280 turns the current will be
imgx 0€«5 to 68 emp or i,pp = 47 —~ 48 omp. The volts per
turn of this winding are

I

U=4.4¢ £ F 10 = 4.44%50x 7.7 x 10°x 1078
LEX . = 17.1 volts / turn.

Usgp = 280 x 17,1 = 4780 V.
Exciting power or dead load:

KVA = 48 x 4780 = 230 KVA
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In the equipment plammed there will be 20,700 amp turns
or, for a 280 turns winding, about 52.4 effective amperes.
The meximum induction flux is 7.4 x 108 maxwells and tre
voltage 4500 for KVA = 242 KVA. The size of capacitors is

11 microfarads, Capacitor reactance X, =1 = 1 =
we 314 x 11.107°

289.5 ohms.
For 4780 v and 3 capacitors in parallel

I=4780 = 48,5 amp,.
6.5

Computation of the winding:

Assume 4 rectangular wires of 3.5 X 3.0 rm cross
section = 49 mm? and a current density of 1 Amp/mmz. e
shall wind each 140 turn double coil as four individual
coils comnected in series each contzining $b layers.
Average length of winding 1 = 27 x 24.2 = 154 cm,

Coil resistance R = 0,018 x 1.84 = 0,079 ohms per coil.
49

Losses: I8R = 2410 x 0.079 = 190 W. Considering
additional (eddy current) losses we may assume about 260
watts per coill,

Cooling Surface

F=2x (14 x 154) + 2 ™ x 31.2 x 8.6 = 4300 + 1690
The product 14 x 164 is an approximation for:

n (31,22 ~ 17,2)% = 4250 = 5990 cn?,

Thus we have 250 = 0,0418 Watt/cm2 which should give about

550
a 429 C tempe?a%gre rise,
Weight per Coil.
G = 8.9 x 140 x 4 x 15.4 x 12,3.107F kg = ¢4 Kg.

A Y"coil" is a double coll having 140 turns total,

Expansion of Equilibr%um orbit by Saturation.

Conditions oj'r2 n rBdr = Br' = 2 By
n re
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We shall increase a fraction of the induction flux to (1 + J)
times that of the remaining flux and obtain a radial expansion
{1 + 2) inserting these conditions in the 1:2 rule:

Yo
— /ng t4
Vs2. 2Bo kL(l +873 + {1 - a}l + 2 )B r.dr

=2 B 1=K A
ro? (1 +4)% o { !

Yow By = By {(Fo) K By (1K 8)
T

So, ro + &

k -
By T (rm} dr = Eorok r 2KITo(l +24) — BOI'O2 A

T 2-K

To rG
[a(l +8) + (l—gﬂ +a= (rR8) (1 +8)% a=947
= 1k
Txample: & = 10, 12, 14, 16, 18, 20%

r, = 16, 5, 17, 17.5 18, 18.5, 19

The flux conditioms for r = 18 cm (expanded orbit) shall now
be computed for an energy of 15 Mv., Assuming that the flux
in the center pole is increased by 0 , = 11% and that the
filux in the guide pole is decreased by b = 8%, we obtain:

Bav.18 ecm = _15.51 = B750 g.
1.5 x 18

Bing.18 om = 7 x 182 x 5750 = 5.85 x 108 max.

4 (cent, pole) = 117 x 1.11 x 5.85 x 10° =
{10 cm) 117 = 1,11 + 96,6 x 0,92

3.48 x 108 max.

0 {guide pole) = 159.7 x 0,92 x 5.88 x 10° =

(10 om) 117 x 1.11 + 96.5 x 0,92

= .92 x 10° nax.

Eg-z 7.4 x 108 mex,

There is & redvckion of 7.7 — 7.4 = 0,3 x 108 or 4% of
the total induction flux compared to the non saturated state.
The smpere turns required will increzse about 15%-
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To diminish the induction in the core i1ts diameter is
increased Lo 22 cm.

B = 3,458 x 106 = 16900 ».
732 x 0.81

Amp. turn 7.4 x 120 = 890 A,T,

Meximum induvection for the remaining portion of the
center pole

Bpax = 3.48.106 + 0,67 , 106 = 13500
n 112 x 0.81

Minimum induetion for this part

Bnin = 3.48 x 106 + 0,242 x 10° = 12,200 ¢.
7112 x 0.8]

Computing on the basis of zn average inducing flux of
12800 g. we have:

Amp. turns = 22 x 11 = 242
Av. induction in air for r = 10 em.

Bav = 3,48 , 105 = 11,100 g.
T 102

To determine the maximum (determining also the ampere turns
required) induction, use is made of the same relstion used in
the unsaturated state

Bmax/Bav = 11300/10350 = 1.09
Waximum induction in air = 11,100 x 1.09%9 = 12,100,
Arp turns {air) = 0.8 x 1.96 x 12100 = 19000 amp. turns.
Total amp. turns for the core {center pole) TA.T, = 20,130 A.T.
The iron of the guide pole now regquires dimensioning so

that the same number of ampere turns are obtained with the
prescribsd flux,

L




Amp. turns {air) = 18000 x 0.92 = 15,750 Amp. turns.
. 1.11

Check: Amp. turns (air) = 17800 x 3.92 = 15,760 in agreement.

da4s

For the iron path the amp. turns = 4380, 1,e, 8 Fg = 200 amp.
turns/em. (Iren path = 22 cm).

Approximating the magnetization curve by a straight line we
have:

B = 13800 + 1.25 x 20 x & cm/A.T.
énd we compute the stray flux assuming:; Iron surface

= 180 cm? for the stray flux. We have for the average of
the effective amp. turns.

Amp. turns = 4380 ~ 120 = 2130 Amp.turns per core.

2
z = 1

Bbx 1,26 x 180 + 1,25 ( =(+ 8.,5¢ ~ 13,B%] . 1BO)
= o1
ap-Y. = 7¥56 T 370

.= 20 max
= 1 att.
4780 masx

Y=2 n x 12,20 x 1,25 Max wr = 34.4
2.8 A.t.

%= 0.0839 [Y = 408
Z

for.r =11 om. 98 =2,6 g = 0,827 x 108 max w.

G = 1.20 = 105 max w.

For the stray flux passing directly %o the pole surfaces
we assume the feollowing spproximate wvalues. The magnetic
conductivity is

X =27 x 11 x 3,3 x 1,256 Mex w, = 142, Max w,
2.0 Act.

do = 2070 x 142 = 0,292 x 106 max w.
7 ¢s = 1,492 x 108 max w.
— 24
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The purely ferritic flux, is

g =309z . 105 - 1,402, 108 = 2,43, 109 wax w.

)
This indicates a ferrvitiliec induction of 2,45/‘Q0 = 135C0 »., in
very cood agreersnt with the assumed value of 13,800 . The
grestest uncertainty is in the direct stray flux gj an

it is useless to atterpt to estimate it exactly. 17

For ths width of the iron we heve

X = 180 = 2,350 con.
5w ., 13.8B x 0.9

An induction of 10,200 is chosen for the yoke, The secticn

required is:
(width} (height)

F:7-7X106 = £33 =2 x 32.2 x 13,0 em®

10.2 . 10% . 0.9 o -
tv. yoks length = 79 + 43 = 122, . 77 s
© o / /
55 /
Necessary Amp. t = (3 x 133) =400 Ak, = = ‘
+ .‘ IE‘} )
Tial weight G =76 x 0.9x 837 on? , 124 | N L
. ! o J ."L/
= 710 kileg. b— 32 Wi_"\[c"g —
.f —
Total losses W = 1.3 x 1.04 x 710 = 980 "f’!‘,{\ (3 /
| e iid

Center of induction pole.

K N ' N ¥ /ﬁ//\\_—\

0.3 % 1.3 x (L63)°

-
I
v
I~
o]
2]
4]
[¢]
&]
i

A e b 2l Chanzed I. Teight = 7.5 x 0.0 ¥ 0.3
T o 112,11 = 25.7 ke,
1 Com .
‘ > Losgas = 257 3
/ — 8/3/44, - HOTST AL
<m AL (1.28)2 = g ™,
JL o IT. Tfeight = 7.0 % 0.9 % 0.9
4 — . RG24 = 3,3 ke,
. ——— )

ke D loss = 78 7.

[a%]

) [
ST e

I,

f

Center strip. {(2mx 14.0 x 2.3 x

0.50)
\\J‘ )
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Guide Pole
T 23N
— T

5

Immer pole shoe.
F2-&

Teight =

3
v
¢

Weight = 7.8 x 180 = 12.8 = 17.5 kg.

Logss = 17.5 x 1.3 x (1.78)% = 72 watts,

1 Outer 7.6 x 2 mx 13.8 % 0.8 x 1x
éﬁiji:_,,,ﬂﬁef«- v 2.4 = 1.4 kg.

IL;;J,Q—,] -4 !i—— 24 Con,

Losses estimated =2t 3 watts/kg.

Total weight 20.7 kg. Total losse

s 76 watts.

Summary of weight and losses for whele machine.

Weight Losses
Yoke 710 kg. 980
Two Induction poles 64 166
Two Guide poles 42 150
iren 816 12668 watts
Two copper coils 188 500 "
Totel 1004 170C w.
Volts per turn for r = 14 cm.
=2 % fx gy l07% =314 x 7400 x % x 142 x
10-8 = 1473 V.

For r = 17 cm.

14,5 + 314, 1078 x
0.94 = 14.3 + 3,22

il

— 96 —~

(172 — 142) 3700 x

= 17.62 V.
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C. Procjected Designs for 100 Mv and 200 Mv Betatrons.

1. The 100 Mv. Betatron with Air Gap,

In passing to a description of the 200 Mv. design scme
oublished notes on (1) on the 100 Wv intermediate design may
be reviewed. The basic considerations on the construction
of very large betatrons depend largely on experience gained
in the construection of cyclotrons and in the construction of
very large transformers. To keep the power requirements down
t0 a minimum the air gaps of the machine must be kept to the
smallest figure by the dimensions of the acceleration
chamber,

(1) of. Widerce, Archiv ¥, Elektrotechnik 37 (1943) p. 391408,

For a given electron injection voltage the radiation load
increases approximately as the square of the air gap while
the power, together with iron end copper losses, increases in
epproximately direct proportion.

Tc obtain a most economical design the transformer
construction developed bty the Brovm Boveri Co. may be
adapteds This has a radial construction in which the radisl
leminations are welded at the top and bottom. 1In this type
of construction an exactly circularly-formed iron section is
obtained and the reguired guide-pole shapes are essily
designed and adapted. The necessary cooling ducts are like-~
wise easily incorporated into the core,

The minimum amount of iron is used if the yoke is
continuous as in a shell transformer. This lends itself +o
a rugged construction having & small yoke height and large
cooling surface, It also offers a certain amount of
radiation protection by shielding the acceleration tubse,
access to which it obtained by averturcs cut into the yoke,

A preliminary design for a 100 Wv unit is shown in
Figure 4, Here yoke, corc, and iron return form s common
iron unit constructed from radizl laminations. By removal
of the 10 ton upper half, access is had to the windings
and acceleration tube. The core is crossed with air ducts
to remecve the 13.6 kw iron loss (0.35 mm laminations with
loss of 1.1 w/kg). Tho mexinum induction of thz core is
14,500 gauss Tor a stacking factor of 77%., The yoke and
iron returns are able to dissipate 28 K,¥, by surface
cocling. In these parts the stacking factor is teken as

90% and the meximum inductions chosen are 14,50C and 12,500
gauss respectively. The total?weight is 20 tons.




The air gap for an equilibrium orbit of radius = 60 cm is
5 em and sbout 20,000 effective ampere turns are required to
produce in it a guide field of 5,600 gauss. To accomodate
the sxciting winding (46.5 kg of copper, assuming a current
density of 2 amps/mm ) 2 window of 80C cm? cross section is
provided. Thus a space factor of 12.4% is obtained, allowing
insulation of the winding to 30-60 K.V. This voltage is
so chosen that it will be the most economical one,
considering cost of capacitors. The copper losses of the
transformer will be 56 K,¥, and the required dead load
7500 KVA, The purely constructional costs aside from
development and research is estimated at 80,000 RP, for
the betatren, 120,000 RM for the capacitors and the
possible total cost 1s about 200,000 RM, comparablc with
thet for an 8-12 Mv (deuteron ensrgy) cycletron,

(2) Improvement of Yield by Means of Auxillary
Lenses.

It is tho hope of “ideroec and his group %o increase the
¢lectron filling by means of electrostatic or electro-
magnetic lenses. In the 100 Mv unit it was planned to £ill
the air gep as completely as possible with the acceleration
chambsr and to provide multiple injectors and guide fields
on its periphery. Allowing fTour guilde fields for each
oscillation of the electron, 28 cathodes will be required
for 7 oscillations per revolution., With an average
electron beam of 1 ma (V; equals 300 kv) the frequency of
the injection voltage will be 17,000 cveles for a 100 Mv
betatron operating at £0 cycles. This gives a charging
veriod of 2 x 1070 seconds per cycle. The average
charging current for these times must therefore be 1
ampere and regquires, assuming an efficlency of 10%, a
total cathode emission surface of 500 mm®. For 28 cathodes
this amounts to 18 mm? per cathode. Cathode windows will
also have to be of this order of size. To prevent any
electronic charges bullding up on the accsleraticn tube
the outside should be neutralized and erounded.

(b) General Estimste of Weight, Size and Cost.

X-rays may be produced by saturating either the
induction or the guide fields. Increasing the frequency
of cperation rapidly increases the power demands. A review
of the power and cost of large accelerators has been
summarized by Wideroe im the feollowing table,
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Mvers

| Meximum Volbage U 190 @ 200 | 400| 400 80O 1000 |
: M ‘ |
o i i | | K
Acc. tube radius P 0.8 1.2 L 2.4 3.6 4.3 8.0m
Iniection voltage E 300 | 300 | 00 300% 700 700 kv
Av, eleetron cur— 4 é 2 4 6; 8 10 ma
rent 50 cycles % - % | ,
Av.rsdiation lozd 100 ¢ 400 11600 | B600| €400 10000 kw
Core losses 48 % 400 (3200 ]OBOOIZEGOO 50,000 kowr
Efficiency | 67 % 50 | 33 25! 20 | 16.7 4
r |
Magnetization load, | , o ! 20 | 120 270| 470 | 750 Wvars
!
Core height l.OZmE 2.04) 4.08] 8,12} &#.18 10.2 meters
Core diameter 2.44 ? 4,881 976 [14,64119,62 i 24.40 m
iCore weight 20 ; 1601780 14320 | 10240 20,000 tons
Copper weight 0.5m 4 321 108 256 500 tons
ist,cost Betatron 0.08| 0.64| 5.117.3 | 41.0 | 8 x 10° R”M
Est.cost capaci- 0,12 0.48] 1.9] 4.3 | 7.7 | 12 x 105 M

tors

All of these figures are based, of course, on the atove
dascribed 100 My design.




2. Projected Design of 200 Mv Betatron.

Ho attempis were made to go on with this after it became
knowm 1n 1943 that a 100 Mv unit had been completed and set
ince operztion in the U.S5. Ik was then felt that nothing
legs than a 200 Mv machine would be worth a proiect and
stiention was also turned to a new design in which the air
pap of the machine was eliminsted,

iven with this feature the diameter of the machine would
be about & meters. Since Dr, Widerce has close connections
with the firm of Brown Boveri whe furthermore are skilled in
the construction of large transformers, this firm was
enzzped Tor the desipgn and construction but not for the
installation. For the labtter phzse an independent contract
wes plenned to take effect on the completion of the machine.
Construction work, accoerding to Dr., Widerce'!s plans and
corputations, was begun in August 1944, In nid-October a
first crude design had been made which was discussed at
length in Heidelberg. In this conference the M.V.A, was
represented by Dr. Wideroe and Dr. Kollath and the Brown
Boveri firm by its Director, Dr. Meyer-Delius, Chief
Comstructlion Engineer Otto Weiss, and Dr. Helmut Boecker,
detail designer., The construction of models and a swall
experimental unit for study of special problerms was also
considered at this time., Exact calculetions were to be
completed before the end of the year., In November, M.V.A,
recelved some guestlons and designs to whick reply was
rade by letter. In Jarmuery, the first plans for construc—
tion were complete and the M,V.A. was informed, but it was
too late for another conference and discussion of these
plans., Since that time, the M.V,A., group has had no
contact with B.EB.Lo. and all work on this project came to
an end with the occupation of Germeny early in 1944,

(2) General Description of the 200 Mv unit.

The conference held at Heidelberp eveolved a

design which had the following general charscteristics,
Referring to Figures & and 6, A radially laminzted
iron core of 1320 mm, diameter was to be surrounded ty
ring—shaped radially lamineted parts of about 200 mm.
width, These carry the guide polss which have an
average separation of 7 cm, and also the compensating
windings. About these are placed the mein exciter
windings divided above and below the median plane.

To complete the magnetic induction circuit four
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nentels 90 degrees apart were provided or the circum—
ference. A difficulty arising from this feature will
be discussed below. The preiimirary problems of the
original design included the purcly mechanical
construction of the laminated parts of the mschine, the
fastening of the guide peoles to the machine, the
division of the transformer to facilitate installation
of the zcecclerstion chomber, pumping, ond electrical
conncetions, and adiusiments to guide poles, Tt was
planned to purchase shout 40 tons of 0.35 mm.
trensformer sheet (29 gauge) having a core loss of
abovt 1.1 w/kilogram. This matcrisl hod a price of
ahout 80 pfennigs por kg.

"The upper ncle shoes were to be capable of being
raised, ond the four mantel yokes were to be displaced
radially to allew access to the acceleration chamber,
Tho spacos botween the mentels give access for leads,
ete. A spocial difficulty was in the cvacuation and
cooling of the exciting windings and it was proposcd
to mount the inncr winding directly adiacent to the
corc in a statlonary oll case,

(b) Final Form Decided Upon.

The general Teatures of the final form evolved in
the above design work are showm in Figurc 8. In
vertical section is shown the central core with its
cooling system consisting of a number of parallel
helically shaped cooling ducts winding through the
body of the core and comnecting at the upper and lower
ends of the core to the compressed alr inflow and
return ducts 5. The core has a stacking foctor of
about 704, By meens of ledges about its periphery a
ring of radiclly laminsted pleces malking up the pole
shoes are reld in proper position, =nd so that the
upper pole shoe ring may be raised tozether with the
connecting ring 3, This carries om the lower side
the main A.{. cxciter winding and the D.C.
premagnetizing winding. The oripinsl intention to
complote the gap-less magnetic circuit by msans of the
four mantels led to the difficulty that the uniformity
of the magnetic flux in the guide poles will kbe
disturbed by the locking of the mantels to the gulde
poles at only a few points. Io aveoid this difficulty,
it was proposed to add an additional ring 3
{horizont#lly leminated) which serves the purpose of
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smoothing the flux from the core into the mantels 4.
This is broken between adjacent mantels with a zig—zag
jeint to aveid nn electrically continuous circuit about
the flux passing into the guide poles. The figure
shows the principal =nd compensating magnetizing
windings 8 and 9, and the direct current

premarnctizing windings 10 and 11.

B8y elimincting the air gap in this design a high
centrel accelerating flux is produced by the mein
windings. These windings also serve to produce the
ruide field which at all times has to bear o fixed
relztion to the inducticn flux to meiptoln a stable
clectron orbit, In this design it is furthermore
croposed to promognetize the guide field so that it
will be operative over a half a cycle instead of a
quarter cycle, thus permitting the induction field to
‘asccelerate the electrons for more than o quarter
period, This princinle is illustroted in the
apceompanying figure, Fipure E.

The air gap of the earlier design provided the
nocessary relationship between the induction and guide
fields by insuring their proportionality. Since the
use of it lcads teo unnecessorily large power regquirements
cn attempt is made te provide the necessary relationshilp
by a winding on the inner coil space (compensating
winding) or which 1s impressed = fixed votential of
the corrssponding megnituds. For practical purposcs
the msin magnetization winding and its compensating
windings mey be cornceted to the seme driving source and
the flux vs. induction relationship may be regulated by
. proper proportioning of the windings of the two coils.
Tor fine adiustment o regulation transformer may also be
cormocted inte the circuit, TFigure 7 shows the manner
in which these windings nre to be encrgirzed from power
sources and the neccssary compensating ftranslormer
conncetion to nsutralize the A.C. voltage induced in
the U.C. winding.

For this design the following windings were planned:
(Sec Figure b)

1, An alternsting current winding.placed outside
of the guide pole.
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A compensating winding correspondingly placed
about the induction pole to depress the A.C,
magnetization of the core to such an extent
thet the average induction of the core is only
tirice that of the induction nt the center of
the guide pole (i.e. fulfiliment of nsceesary
1:2 relation).

[
®

3. A premagnetization winding for the guide nole
of which the induction is to wvory from O to
o maximum.

4. A compensating winding corresponding to the
above which whilc in principle is not
nceessary 15 used to prevert an uvndue leoding
of the mechine by a D.C. magnetizatior with
vndesirably high induction znd saturation
characteristics. )

Further general electrical charactoristics on the

design arc:

Totel induced [lux 105 x 108 mexwells
Induction in core 15,000 gauss
yoke 13,800 "
mantels (4) 12,200 "
guide pole 15,000 "
Total iron weight: 26 tons
Volts/turn at equilibrium 366 volts
orbit
Max. cnergy 200.5 My
Operating power driving 7,500 kva
circuit
Overating power cormpensating 4,800 kva
windings
Resulting net lo=gd 3,100 lva
Iron losses ebout £7 kw '

The details on exact form of the guide poles wuve
net determined, there being a feature to be worked
out during the construction.

(c] Stablization of Orbit and Inprovement of Crkit
Control.

The magnetic stabilization forces, brought sbout
by the suitaeble shaping of the guide poles, zre known
to diminish with an increase in size of the betatron
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while retzining the same sectional dimensiomns of the
acceleration tube. “Tideroe and Touschek have made a
theoretical studv of the additional stabilization that
may be achieved by electron optical lenses. These may,
in their simplest form, consist of a set of series
connected coils spaced closely around the circumference
of the accelcration chamber, the axis of each belng a
tangent te the orbit. The principal advantage of such
a lens system 1is that a greater electron filling of

the tube should be possible.

The maximum beam current is, in theory, determined
by the effect of the mutual repulsicn due to Coulomb
forces of the electrons. These forces are coempensated
again by the magnetic forces mentioned above, Fxcess
electrons thus inijected are driven out of the beam and
end on the walls of the acceleration chamber, The
repulsive forces decrease with time after injection of
the e¢lectron and are greatest at the instant of

injection while the electrons are still relatively slow.

The effsctiveness of the electron lens will be greatest
in the early stages of the injection process. Wideroe
has estimated that in the 200 MV design it is possible
to increase the stabilization foreces for 10 kV
injection about 1350 fold and that this in turn would
increase the circulating current from 0,1 to 135.0
microamperes. In the 15 Mv betatron the stabllization
forces are greater and the relative improvement to be
expected is much less. The improvement factor is
about 45 which would increase the current from 0.5 to
22.5 microamperes.

It was learned on a visit to MVA that the magnstic
lens system had been tried on the 10 MV betatron
without any marked success. It was, however, not
regarded as an asbandoned project but was included in
the experimental research woerk to be followed,

A further subject of concern in the design of the

200 MV machine was the possibility of the energy losses -

in the machine by radiation damping announced by
Iwanenko and Pomersntschuk (Phys. Rev, 65 p. 43). The
consequence of their theory were discussed by

Dr. Touschek and Dr. Lenz or Hamburg. Their view is
that as a result of radiation damping a radiation with
a frequency of the order of 107 to 108 cycles is
generated. This radiation behaving like visible
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radiation, may be reflected by the metallized walls of
the accelerztion chamber, This would fortunately hinder
the passage of the damping radiation out of the machine
25 in & wave guide, and eliminate the fear that this
would be a decisive factor in the operation of very
large machine. Certainty on this point however, d4id not
prevail and it was hoped to study such efforts
experimentally on a smaller machine before completion of
the large machine, It was believed that a possible
remedy lay in increasing the driving frequency
considerably.

(a) Preliminary design calculation of Dr, Wideroe for
200 IV Betatron:

Equilibrium orbit radius R

= 70 cm.
For premagnetization 3 :(u ;RO.Bl] 10%
B :(2995%69:25} x 10% = 9550 gauss

147 x 105 maxwells

= 7 (702 ~ 80%) B+ £ [(x)8F3u
2 k

S¢ =702 (7 ),8550

1l

= 19.5 x 108 max. +g, = 11300 Bu

in which "€ . is the iron stacking factor = 0.75

B == (147 — 19.5) 108 _
w é.?B x 11,300 = 15,000 gauss

Caleulation of the yoke height (Induction = 12,500 g)
E.n, B L Bu= TR LE L. Bg L& = .30

or h = Etu. Bu . EE = 0,75 x 16000 % 50 =7 om
2 0.9 x 12500 2 "

Yoke flux for R = 74 cm 1~

% = 147.10% + 9550 " (782 — 70%) = (147 + 18)10° =
2 165 x 105 max.

Bo = 165 x 10° = 13,100 gauss
0.9 % 2 5 x 72 x 30

- 35 -




An opplication of C. H. F, Miller A 3224 of 25/9/44
describes an electron injector in which the equilibrium orbit
is allowed to pass without obstruetion through the injcetion
structure. The application alsc includes the use of a
manifeld of such injector units about the necelerator orbit.

A wery late applicaticn C, H., T, Muller,

Dr. Mi/Ro/160 Jan. 26, 1945 described an iron-less betatron,
The scheme, in which inductions considerably greater than
10,000 gauss are possible, 1s to consist of & coil of fow
turns, and an aceceleration tubc of relatively small
dimcrsions. The coll is of a hemispherical shape to give
proper direction to field lines and proper distribution of
fivx through the orbit of the acceleration chambsr. Because
of' the high power requirements due to lack of iren, this is
to be operated by a sudden dischorge of electricity stored
in a capacitor bank., It is aolso proposed to include proper
proportioning of the induction end guide fieclds, to divide the
winding and endow its parts with different time constants

by preper design of self inductance or by inclusion of
externel circult inpedance. The application further includes
possible use of iron in such parts of the equipment where
ficlds of 10,000 gauss are to be used, Iron, however, is

not to be used in regions of most intense fields, that is,
20,000 to 100,000 gauss.

V. Summary and Conclusion,

The principal betatron developments which have been
carried out during the war bty several German firms and
orgenizations have been discussed in some detail, In the
way of eveluction of these developments, especially in
comparison with developments which have procecded
simultensously in the USA, the following notes may be added:

The developments seem to have the same heritage in
preceding scientific literature; the main reference sources
are the work of Wideroe and the patents of Steenteck and
Kerst, on which developments agresing fairly closely in
general principle have been made., The success of these
developments hos been of various degrees. The work of
Wideroe and the associated groups at MVA and BBC hove
resvlted in an cpercting 15 MV sccelerator which is
described above, and some projected desiznsg., The Xeray
output of this mochine, reported to bs as high as 1 kg of
radium and as low as 30 g at various times of experimental
work, compares fairly well for the upper figure with
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A

Americen 20 MV machines, allowsnce being made for the difference

in upper energy. The technique of electron injection, while

subject to theoretical investigation, lacks considerably in

refinement, perhaps partly due to the difficuitiesz encountered

in pursuing experimental work at all. The machine of Wideroce

presents o somewhot different design from that of Kerst in thet

saturaeting guide poles are used. This feature, however, has

opened up some design possibilities which could not be

foreseen in the Kerst design. In the Kerst squipment, guide

fields are produced on the same pole unit earrying the

accelerating flux. A further advantage to be emphasized is

the weicht expansion which in the ecase of the 15 MV machines

is 1200 kg or about 1/2 tons. This is to be compared to a

20 MV mochine weighing around 4 tons. On the basis of

energy, proportionnl to size, and weight proportional to the

cube of size, a weight of 203 x 1.5 or about 3.5 tons maximum
153

be expected. This is 2 matter however in which the air

mey
gep chosen makes a big difference.

-~
o
o

i

The most interesting and remarkeble development due to
the Wideroe group has been the design of a 200 MV unit in
which very considerable economy in iron may be found. An
interesting compariscon may be made here, in the way of
weight, between this design which is to weight about
40 tons for o 200 MV rating and the 130 tons of the American
General Electric 100 MV machine. In the 200 MV design
certain improvements, such as the use of premapgnetization,
are considered, It mzy be premature and optimistic to
believe that these ultimate refinements in betatron design
will be realized until they are demonstrated on a smaller
scale unit, however, they excite admiration for inginuity
and good design.

The most successful betatron devclopment observed is
Perhaps that of Sicmens—Reiniger in their 6 MV unit operating
at 550 cycles. This urit also hes good output for its size
and weight and operates with almost unbelievably—steady
output. “he nctunl detdils of electron injectiom follow
american practice to some degree with the difference thot
inside injection is emploved. Some interesting difference
exist in the eolectron starting. X—-ray production occurs as
in larger Americen machines, by orbit expnrnsion, but some—
whet different orbit expansion and arrongements are used.
The most intercsting feature, it must be emphasized, is the
adaptebility of the unit te various arbitrary alterations
for the purpese of testing schemes of electron injiection and
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scecleration. American accelerator developments have advenced _
to the use of sealed-off tubes made of porcelain. The use of. e
porecelain, however, was anticipated by Steenbeck who, in 1943,

veed a tube of such material.

Infortunately, in this investigation, no visit could be ;
mede o Berlin, Tt is understood that the ARG was also active
in The betatron field and that its work was largely based on ,
the proliminary achievemgnt§ of Widerce and Steebeck. ?'Sfﬁlez
Kold wis e Zoeedotothe s
In connection with the developments reviewed ebove are to
e roted many intcresting and ingenious tecknical deteils,
A review of the patent applications indicates a wenlth of
ideas which have only in part bcen systemstically studied,

Prepared by:

H. F. Keiser,
Technician
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