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‘Donald W

':Kerst Cha,mpalgn “INL, “assignor “to

The - Board ‘of “T'rustees “0f ‘the Umversrty of

“Tllinois, Urbana, 111,

‘Application March 22, 1946, Serial No. 656,314

B “4"Claims.
1

‘This invéntion Telates to dh 1nduct1on acdceler-
ator, and- more partlcularly “to-dn’ 1mproved ar-
rangemént for causing the accelerated chaiged
particles, -as electrons to “be “ejected “from ‘the
induction accelerator in"a usable beam.

“This invéntion relatés to magnet1c “n
accelerator” ‘devices which’ generally co, )
evacuatéd doughnut-shaped tube, as of ‘glass or
porcelam “with 'théahs for permdlcally introduc-
ing"charged. particles, a5 “electrons, inito the “tube,
as'a heated filament. permdlcally placed ata hxgh
voltage differential w1th respect to” an assoc1ated
electrode; ‘miagnetic ‘means for causing the
charged. partlcles to circulate in or hedr a cer-
tain orbit in the tube generally termed the équi-
Iib¥itiin orbit, “fora very laige number of Tévolu-~
tions, acceleratlng themm contlnuo sly durmg thls
citeulation, this méaxs comprising eans ‘for
Setting up mdghetic fields “across “tHe 6rbit ard
the space within the orblt in"¢értain desired re-
latronshlps ‘and “for varymg “the stréngths “of
thése “fields; @nd rieais for ut111z1ng ‘the kinetic
energy of the ‘chargéed particlss, 8s by prov1d1ng
a target whlch the partlcles may strike to: creaﬁe
X-rays, or by ‘causing the’ charged partrcles to
Ieave ‘the’tube in-a bHeaim which hay be used for
therapeutic ar other purposés. The c1rcu1at1ng
charged partlcle has a centnpetal force” requlre-
ment varying “with “the’ radlus of its’ 6rboit, ‘and
field stréngth relationships are o provided radi-
ally ‘as ‘to “provide ‘a m’agn‘etic‘holdmg ‘force .also
: varymg as g function of ‘the” ‘radiis, the ‘egliilib-
rium orbit on or abdut'which the part1cle travels
havmg a“radius where these forces are’ equal

The géneral Principles of ‘opération of 4’ mag-
netic induction ‘accelerator sie’ Known to the drt
and ‘have héretofore ‘been »pubhshed in ‘various
Datents and pubhcatlons, partlcular reference in
this’ regard béirig’ dde to my ‘Patent 2, 997,305 of
September 29, 1942, “and “gn “article’ by ‘me ‘en-
titled “The ‘Betatron,” which * appeared in“vol.
10, ‘No. ‘5, “of ' tHe- Amencan Jotirnal “of ‘Physics
(October, 1942). Magnetlc ‘induction ‘accelera~
tors of this’ type'have ‘also ‘been- the stbject of “a
numper ‘of ° other patents and publlcatlons “in-
cluding ‘the follong ‘Slepian -Patent 15 1645304
Steenbeck Patent 2;103:303; ‘Bmith * Paténts
2143:459 and 2; ;289 220 ‘Pénné Patent 2, 193 602;
Baldwin Patent 2,331 788 and My Patent*2;335;-
014, ‘Other articles by me gre:; “The Acceleratlon
of ‘Electrons by Magnetm ‘Induction” “which 2p-
pedred in Vol 60, 'No. 1, of "The: ‘Physical Rev1ew
(July ‘1, '1941) ‘dnd A :20-Millién ' Eléction-Volt
Betdtron “or :Inducticn ‘Accelérator” which “ap:
peared’invol.-13,"No. 9,:0f The! Rev1ew of* Sc1en-
tiflc Instrunients - (Séptémiber, '1949) ,
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The prmc1pal feature of th1s mventlon is that
ab an appr “thi ed

ar the edu
‘orbit’ are ‘cauged to sp1ral'-“away from thls'orblt
and” eventually to réach a §bace of° httle or no
magnetic” field strength Tésultihg 'ih €jécti :
the” part1cles from ‘the ‘tube” 1mmed1ately
ing their passage through “Space, "the “§iib~
stantial’ reductlon in"field” ”trength 1n thls space
restilting in suﬂiment chd
charged partiélss’ ‘to prévent their contlnued ‘cir-
culatlon Wlthm the tube

tion “will ve' appaient f¥om the followmg spec1ﬁ-

5 catioh'and the drawings, in ~wh1ch

TFiglife 1 isTa "top plan viéw of ‘the tibe of 4n
indiction aécelérator embodylng my. 1nvent10ns,
partl’y in horlzontal sectlon Flgure 2s & trans-
verse sectlonal v1ew “along the line "2 of Flg—
iife '1; Figtire'3 isan enlarged plan viéw of the
dev1ce for prov1d1ng a Space of reduced magnetm
ﬁeld strength Figure 4 is-a partial; view s1m11ar
to Flgure 1 showmg another form. of dev1ce for
reducing the Iagnetic’ ﬁeld strength in'a certain
space “within the tibe;  Figute 5 is 'anh énlarged
détail view ‘of “the electron 1mect10n structure
Figure 6 is a view of 'the. structure shown in
Flgule 5, look ng from the bottom of such ﬁg-
ure F 3

T Wwith reduced mag-
Hetic field" stfength “ang Figire 8 1s an end ele-~
Vatlonal VleW of the dev1ce shown 1n

of 'a thaghnetic 1nduct1on ‘décelerator have been
fully describéd in “the "patérts and pubhcations
listed “above, the’ descrlptlon of th
structlon and opération of the ‘et
kept'brief, ‘anid’ eference “m4y ‘be made o such
othieér publications to Supplement this” géneial de-
scrlptlon ifdsired.

In“the particuldr-embodinierit 1llustratedhere-
with the tube providilig tHe ‘ahnulsr ¢haniber in
whlch ‘the - charged partlcles c1rculate ‘is ‘Hére
1dent1ﬁed as ‘10, “and ‘it “{s ‘provided at one’ “point
in its® per1phery wrth injector nigans here idetiti-
ﬁed as . The tube is preferably ‘maide’ of por-
celam ‘for‘ease‘in formatlon ‘as-is'more” fully de-
sonbed and” clalmed in- the copendmg apphca-
tion of Almy ‘and ‘Hursh,’ Sérial’ No. 596 460 ﬁled
May 29, 1945 (now’ abandoned) although it hay
be ‘made* of glass ot any other’ su1ta e matemal
and -1t 'is preferably ‘coated ‘on‘the’ 1nside ‘Wwith"a
high resistance conductive coatmg, as’ ‘With s very
thin filin*of palladivm. In g complete ‘maghietic
induction accelerator, ‘s sHowh “in the above-
mentioned: patétits<and publications, the tibe ‘g
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is disposed between two generally circular pole
pieces having main field producing coils associated
therewith. The field strength relationships, to
provide an equilibrium orbit within the tube, must
be such that the rate of change of average field
strength within the orbit is double that at the
orbit. This may be accomplished by using pole
pieces with outwardly tapered or diverging con-~
figurations as shown and fully described in my

above-mentioned Patent 2,297,305, with nothing -

more than the main energizing coils associated
with the pole pieces; or it may be accomplished
by use of main and auxiliary (or flux forcing)
coils to provide the desired relationships, as is
fully disclosed in my copending application Serial
No. 627,481, filed November 8, 1945.

The pole pieces are preferably part of a mag-
netic structure including a rectangular frame,
and the magnetic or main energizing coils are
preferably energized by an alternating current
of considerable amplitude. These coils may be
connected in parallel with condensers, for ex-
ample, in an arrangement resonant at or about
180 cycles per second, and energized from an
alternating current generator of the same fre-
quency, the resonating circuit providing for high
circulating currents. The electron injecting
mechanism is operated, as by excitation of a
thyratron grid by voltage from a pick-up or peak-
ing strip in the field -of the main magnet coils to
inject the electrons into the tube at the beginning
of the rising quarter cycle of current on the posi-
tive side. The injector structure is arranged to
inject the electrons into the tube in a direction
substantially tangent to the circular path, and
with substantial initial energy of at least sev-
eral electron volts and preferably of the order
of 1,000 electron volts or more. The general
principles of structure and design of injectors
are shown in the abovementioned issued patents
and publications, and in my copending applica-
tion Serial No. 617,255, which issued February
21, 1950 as Patent No. 2,497,891, so that the injec-
tor will be passed for the time being and returned
to later in connection with details of particular
relation to this invention.

Interaction between the electrons, moving
with their initial energy, and the vertical lines of
force of the varying field set up through the tube
cause them to be accelerated both radially and
circumferentially. Where the injector is outside
of the equilibrium orbit, as here, the field strength
relationships are arranged such that the electrons
are given an inward radial acceleration and spiral
in toward the eguilibrium orbit as the increasing
magnetic field accelerates them circumferential-
ly. This initial radial acceleration may be in-
creased, if desired, by use of an arrangement of
the kind shown in the co-pending Adams applica-
tion Serial No. 607,416, which issued June 14,
1949 as Patent No. 2,473,123, .

“When the electrons reach the equilibrium orbit
they .continue to circulate at or near this orbit
with an acceleration which continues during the
entire rising portion of the positive quarter cycle
of energizing current, as the magnetic field is in~
creasing during this time; and since the electrons
may have described several thousand revolutions
in the time during which they are thus subjected
to o continually increasing magnetic field
strength, their energy may be worked up to mil-
lions of electron volts. During the time the elec-
trons are describing revolutions in and aboub
the equilibrium orbit, maintenance of the elec-
trons at or near such orbit is effected, in the case
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of radial stability, by proportioning of the fleld
relationships such that the average change of
field strength throughout the area within the
orbit is double the change of field strength at the
orbit itself; and vertical (or axial) stability re-
sults from the curvature of the lines of force in
a vertical plane passing through the orbit.

After the electrons have traveled around in or
near the equilibrium orbit for as many revolu-
tions as may be necessary to give them the desired
high kinetic energy, they may then be causd to
follow a gnerally spiraling instantaneous path,
as for example an outwardly spiraling path, to
some point or space where there is an action ef-
fecting the desired ultimate use of the electron
energy. Most betatron installations heretofore
made have provided a target of suitable mate-
ria] mounted at an appropriate point in the tube
(on the injector structure i, for example) and
caused the accelerated electrons fo impinge
against this target to effect generation of X-rays,
as is more fully described in some of the above-
mentioned patents and publications, or in the
co-pending application Serial No. 534,060, which
issued August 17, 1948 as Patent No. 2,447,255,
of myself and Serber. The present invention,
however, is concerned with means spiraling the
accelerated electrons to a space in the tube where
the field strength is very low relative to other
areas in the tube, to cause a relatively sudden
change in direction of electron movement en-
abling the electrons to be proected from the tube
in an electron beam.

T secure a space of very low relative field
strength by placing in the tube at one point a
field diminishing element or member 12, referring
to the embodiment of my invention illustrated
in Figures 1-3. This member must be of high
magnetic permeability, as ferrous material, the
preferable embodiment illustrated in Figures 1-3
being made of laminations of transformer core
iron with the laminations vertical (speaking with
respect to an induction accelerator arranged with
the axis of rotation vertical, as is common). The

. member 12 is generally U-shaped or horse-shoe

shaped in cross section, with inwardly extending
arm portions 12a and 12b providing a slot there-
between in the plane of the equilibrium orbit,
this member having a connecting or back por-
tion i2c having a thickness (in the plane of the
equilibrium orbit) of the same order as the depth
of the slot, preferably being at least equal to
such depth. This portion 12¢ must also be of sub-
stantial dimensions in a direction transverse to
the plane of the slot, since its purpose is to car-
ry, without exceeding saturation and preferably
at levels below saturation, all of the lines of force
which would normally exist in the entire area
comprising a projection of this membeyr 12 in the
plane of the equilibrium orbit. That is, lines of
magnetic force entering the top of the deflecting
member 12 should substantially entirely take a
path through the back or solid portion of this
member rather than across the gap provided by
the slot; and the lines of force will take such
path if it is made of sufficiently low reluctance
by the provision of sufficient iron in the unslotted
portion of the member. - The result is that the
space in the slot between the portions 12¢ and
{2b, and even slightly outside of this slot as a
result of the attraction to such portions of lines
of magnetic force, comprises a space of very great-
1y reduced field strength at any time relative to
the field strength existing in adjacent areas in
the tube. In order to secure satisfactory results,
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the field strength in the slot should notséxceed
‘half ‘of -the field-strength in adjacent areas, and
‘preferably should be of the order of only 5% or

'10%,-s0 that ‘for :all ‘practical purposes-it is a .

‘space-of substantially no magnetic field'strength.

The walls of ‘the ‘slot are substantially :straight,
by ‘which ‘is-meant said walls are without sharp
deviations, although the walls need riot necessari-
1y be ‘perfectly straight as they dre illustrated in
Fig, 2.

‘As will ‘be-reéadily-‘apparent from a :considera-
“tion ‘of “Figure -1, ‘tHe equilibrivin “orbit-lies’ well
to the‘ingide (radially: speaking) “of *the Dosition
of the deflectng “element *§2, ‘“Which :is ‘placed in
‘the-tiibe just-atiéad (spedking with-fespect to the
direction of travel of ‘the-electrons) "6f a shoul-
“dered ‘portion ‘providéd <with - a “Wwindow 10 “fa~
‘cilitating ‘exit -of the “electrons from “the ‘tiibe.
This window-may: consist, for’éxample; of ‘apiece
of ‘thin -aluminum or other-inetal foil-i8a over a
“suitable -opening 196 ‘in ‘the -glass or ‘porcelain
‘wall ‘of the tube. In-operation of -this-device
‘the “electrons- are-injected-at a -suitdble time ‘by
‘the structure §{, spiraled‘inward to the equilibri-
* um-orbit, and-accelerated-in ‘a-large numberiof
turns, -as -has -been ‘heretofore ‘described. ‘They
‘are then caused to spiral away from the equilibri-
‘um-orbit, outwardly ‘in ‘this-case, by “anly-suitable
‘arrangement for'changing the-field: strength re-
lationships, as is more fully described in-my ar-
ticle‘in ‘the Review' of*Sciéntific Instruments, vol.
13, ‘pages 387-394 -(September, 1942) or in ‘my
‘Patent ‘No. 2,394,070, “which issued February -5,
1946, The outward pathof electrons is-in a‘spiral
‘with ~continually *diverging ‘turns, with ‘at-least
several millimeters, and sometimes as -much- as
eight-or ten millimeter difference, ‘between the
‘radiiof the last two tutns in the plane of the
deflecting ‘member 2. “Accordingly, even‘though
the deflecting ‘membeér tends to collect lines of
force from several times its own area, the elec-
trons are substantially unafiected in their path if
they ‘are ‘at léast sevéral millitéters - from the
open end of the slot in the deflector member on
the turn-immediately preceding that in which
they pass into the space provided by the slot. In
this'last turn the electrons suddenly find them-
selves in’dh d¥ea of ‘What is ‘Substantially zero
field stretigth, so that there is‘little or no'inward
radial force to counteract centrifugal force, and
the electrons straighten out their path and move
toward and through the foil window 18a to pro-
vide a well collected beam of electrons which
may be used for therapeutic, irradiating, or other
purposes.

- While a deflecting means can be made of any
suitable construction effecting the desired very
great reduction in field strength in a certain
space, I prefer the particular construction illus-
trated in Pigures !-3. Since the back or un-
slotted end is normally in a region of gz mag-
netic field strength of at least 2,000 to 3,000 gauss
and sinee it will carry field strength from at
least double or several times its own Cross sec-
tion, it must be thick and of material of high
magnetic permeability. The particular deflector
means illustrated has a total radial thickness of
two centimeters, with a slot one centimeter deep
and two millimeters wide (transverse to the plane
of the equilibrium orbit), the over-all dimensions
transverse to the slot being one centimeter and
the length of the deflector member (along the
line of movement of the electrons) being about
10 to 15 centimeters.

In order to use a beam extracting arrangement
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of “the kind -just ‘described’ it is necessary ‘that
the electrons be initially injected -from:an injecs
'td’;‘ sstruetiire *which : will 1ot “interfére “With 'the
ultimate “spiralifig ‘path of ‘the ‘électrots “gtithe
end.-of ‘their ‘aeceleration: period; i. e. <either in-
side ‘the *equilibritm ‘orbit orabove or below ‘the
plane of the orbit, or both, if oiitside the: eqiili-
britim. orbit, where theiultiiate spiraling is-to be
autwardly. "While the'space! of redticed magnetic
field strength’eould be-provided to the inside of
the equilibritin ‘orbit“and the “¢lectroins sspiraled
intat the'end of their: acceleration, T Hgve shown
an arrangement whetre thig space-is‘olitside st the
orbit-andithe slections are:piraled outwardly, as
+$his‘testilts in'largér-pitéh changés-between tiirns
‘of ‘the instditanaous électron bath duriig spirdl-
ing, -aid in-easiér-handling of thie beain on ‘the
‘way out- of ‘the ‘tilbe. ‘Where “the “electrons Hie
spiraled outwardly ‘it mdy ‘be: preferable to ‘use
an injector-structure accomplishing injeétion to
the-inside ‘of the eguilibritim ofbit in place'of the
dnjector structure shown. Tn order ‘fo’inject the
electrons mearér the  equilibrigin “orbit from -an
injector striicture outside of such orbit withiouit
at ‘the saime time interfering with ‘the outward
spiraling at the end of -the “acéeleration ‘period,
I have'provided What is-in effect a-dotibleirijector
structure,-as may be best:seen in Figlirés'5 arid 6.
This struéture comprises upper and lower doiible
‘portions -or’sections lere -identified in generdal-as
b and i, Each seétioh comiprises g filament,
as-the filament f4a; a-etp member | #b;-shielding
plates ~He dnd “Hid; dnd “appropriate “mdihting
and connecting-means. -As may: be: bt séen in
Figure’s, theshielding ieans -cups‘and: filaments
are ‘spaced-apart so-as to provide a central i&lot
ab ‘half ‘its ‘center -cbireiding ‘with -the ‘plare- of
the equilibrium “ofBit. “The ‘flameénts ‘dre con-
stanitly -heated, ‘and -at the- appropridte ‘titne *for
injection, a High -negative *potenitial, ‘as Several
thousand volts negative ‘with: respect ‘to the ‘fila.
ment, is-applied ‘to ‘the: cups, “Fesulting <in ‘slec-
‘trons streaming ‘out‘frém the Alaiments with:suh-
stantial initial “energy-and: geherslly tangent ‘to
the ultimate equilibrium “orbit-although ‘slightly

-above-and -below- this ‘orbit “in*their-initidl injec-

tion. “The‘inward-secelérating force is‘such that
‘the electrons- cléar “the injector structure ag ‘fhey
come ‘around ‘in ‘the “first ‘turn, ‘and ‘they ‘then
Sbiral ‘inwardly ‘to ‘the ‘equilibrium ‘orbit Where

‘their'vértical and radial oscillations ate gradusily

dampened until they are reévolving fdirly-stable
in the equilibrium orbit during the major por-
tion of their acceleration. When sufficient ac-
celeration has been effected and they are started
in their instantaneous outward spiraling path,
they remain in or so close to the plane of the
equilibrium orbit that their path for the last
couple of turns or so passes through the slot in
the injector structure (1, so that this structure,
although to the outside of the equilibrium orbit,
provides no impediment to the ultimate path
desired.

Another embodiment of my deflecting arrange-
ment is illustrated in Figure 4, comprising a sub-
stantially rectilinear block 12’ of high magnetic
permeability. This block may, for example, be
about one centimeter high, one-half centimeter
thick (radially of the device) and several centi-~ .
meters, as three to fifteen centimeters, long. This
attracts to itself sufficient lines of force to pro-
vide a space, within a couple of millimeters or
so of its inner surface, wherein the field strength
is less than half that of adjacent open areas, suf-
ficient to straighten out the spiral path of the
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7
electrons and cause them to pass out of the win-
dow {0¢’ in the tube 10’.

still another deflecting member embodying my
invention is illustrated in Figures 7 and 8, this
embodiment of my inventions being more analo-
gous to the member illustrated in Figures 1-3
and described in connection therewith. While
the embodiment of Figures 7 and 8 is illustrated
as a single piece of material 127, again general-
ly U-shaped, it will be understood that it may
be of laminations arranged parallel to the axis
of circulation of the electrons in a plane passing
through such axis. This form of defiecting ar-
rangement differs from that of Figures 1-3
primarily in that the back or base portion f2¢’’ is
considerably wider (in a direction parallel to the
axis of the induction accelerator) than the outer
dimensions across the leg portions 12¢’’ and
12b’’, providing suitable iron for the lines of
force and their changes of direction without
reaching or substantially exceeding saturation.
Any exceeding of saturation in the iron of the
deflecting member, or any portion thereof, tends
to result in lines of magnetic force passing across
the slot therein, so that this must be minimized
in so far as is possible.

The deflecting arrangement or means for ex~
tracting electron beams which I have shown and
deseribed here operates on a prineciple different
from that shown in my above-mentioned Patent
2,394,070. 1In the structure shown in that patent
it was necessary to time and relate a magnetiz-
ing current on the electromagnetic deflecting ar-
ragngement in a properly coordinated time and
amplitude relationship to the rapidly changing
main field through the tube, and this presents
many difficulties in practice. By the arrange-
ment shown here I provide an arrangement which
does not require any special energization, tim-
ing or otherwise, and which operates by getting
vid of the magnetic field which would otherwise
be present in a certain space in the tube, rather
than by trying to create a different magnetic
field, the present arrangement being very simple
and effective in operation.

While I have shown and described certain
embodiments of my invention, it is to be under-
stood that it is capable of many modifications.
Changes, therefore, in the construction and ar-

rangement may be made without departing from ;

the spirit and scope of the invention as found in
the appended claims.
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I claim:

1. A magnetic induction accelerator compris-
ing a closed vessel having therein a deflecting
member of material of high magnetic permeabili-
ty, said member having a portion with a slot in
the plane of the electron orbit and a portion in
the same plane with a thickness of the same order
as the depth of said slot, the slot in said mem-
per providing a space of greatly reduced field
strength relative to adjacent areas. ]

2. Apparatus of the character claimed in claim
1, wherein said member is formed of laminations
lying in planes perpendicular fo that of said
orbit and generally radial thereof.

3. A magnetic induction accelerator compris-
ing a closed vessel having therein a deflecting
member of material of high magnetic perme-
ability having at least a portion in the
plane of the electron orbit, said member being
formed of laminations lying in planes perpendicu-
lar to that of said orbit and generally radial
thereof, said portion heing thick enough and
having other portions extending at least suffi-
ciently far therefrom to always disturb the sym-
metry of the accelerating field and to provide
a space in the plane of the orbit immediately
adjacent said first mentioned deflecting portion
wherein the accelerating field has a strength
less than half that in other adjacent areas in
said plane.

4. A magnetic induction accelerator compris-
ing a closed vessel having therein a defiecting
member of material of high magnetic permeabili~
ty, said member having a portion with a slot
in the plane of the electron orbit and an im-
mediately adiacent portion of substantial thick-
ness, the walls of said slot being substantially
straight to provide a space of greatly reduced
field strength relative to adjacent areas.

DONALD W. KERST.
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