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The present invention relates to charged particle accel 
erator apparatus and, more particularly, to radiation 
sources in charged particle accelerator apparatus. 

Apparatus for accelerating charged particles by means 
of magnetic induction effects is .shown and described in 
United States Patent Nos. 2,394,071, 2,394,072 and 
2,394,073, all of which were patented February 5, 1946 
by Willem F. Westendorp and assigned ‘to the assignee 
of the present invention. Such apparatus can comprise a 
core of magnetic material including a‘ pair of opposed, 
rotationally symmetrical pole pieces which de?ne a 
toroidal gap wherein an evacuated container is positioned. 
The core is excited by means of windings that are ener 
gized by a source of time-varying voltage to produce a 
time-varying magnetic ?ux which links an equilibrium 
orbit within the evacuated container and a time-varying 
magnetic guide ?eld which traverses the equilibrium orbit. 
Charged particles, e. g. electrons injected‘al‘o‘ng the equi 
librium orbit from'an electron gun positioned adjacent to 
the orbit within the region of in?uence of the time-varying 
magnetic guide ?eld, are accelerated toihigh energy levels, 
by the time-varying magnetic ?ux during a great number 
of revolutions while the time-varying magnetic guide ?eld 
constrains the particles to follow paths along the equi 
librium orbit. After acceleration to a desired energy 
level, the charged particles can be diverted from the 
equilibrium orbit to a target for the generation of 
X-radiation. 
A major problem in the utilization of magnetic induc 

tion‘ accelerator apparatus and other forms of accelerator 
apparatus employing a time-varying magnetic guide ?eld 
is that of obtaining so-called “thick” target X-radiation. 
Thick target radiation is that obtained from a target hav 
ing a thickness in the direction ‘of travel of, impinging 
particles sufficientto stop‘ substantially all ofthe particles 
and thus to convert a maximum fraction of the particle 
energy into radiation.- In diverting the charged particles 
from‘ the‘equilibrium orbit of accelerator apparatus of 
the above~described ‘forms, the particles are caused to 
spiral‘away‘from‘ the equilibrium‘ orbit until their paths 
intersect the target. Since these paths are necessarily slow 
spirals, i. e. of small pitch, the particles succeed only in 
striking the leading edge of a thick target; whereby many 
particles are lost by scattering through the edges of the 
target without having a maximum fraction of their energy 
converted to X'radiation as desired. I 

it is‘- therefore a principal object of the present inven 
tion‘to‘provide‘ an \e?icient means of obtaining thick target‘ 
radiation from charged-particle accelerator apparatus of 
the ‘forms described.‘ ‘ ‘ 

According to‘ one aspect of‘the‘ invention, a thin target, 
i. -e. a target which‘char‘ged p‘a‘rticlesca‘n traverse without 
an appreciable loss in energy, is positioned adjacent to the‘ 
equilibrium orbit in‘ azimuthallyispaced relationship with 
respect to a‘ thick: target in ‘charged particle accelerator 
apparatus. Bothof the targets are‘ located on the same 
side of, ‘the ‘equilibrium orbit. The relative positions of“ 
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equilibrium orbit ?rst to strike and be‘ scattered by the 
thin target and subsequently to strike the, thick target well 
within its edge, whereby thick ‘target radiation is e?i‘ 
ciently generated. " , 

The features of the invention desired to ‘be protected‘ 
herein are set forth in the appended claims.‘ The inven 
tion itself, together with further objects and advantages 
thereof, may best be understood by reference to the fol-‘‘ 
lowing speci?cation taken in connection with the ‘accom-‘i 
panying drawings in which: 

Fig. 1 is a simpli?ed, partly sectionalized view of mag 
netic induction accelerator apparatus suitably embodying 
the invention; 

Fig. 2 is a sectionalized view of a portion of the‘ 
envelope of Fig. 1 with thick and thin targets positioned 
according to the invention; 

Fig. 3 is a section view taken‘ along lines 3--3 of‘ 
Fig. 2; and . 

Fig. 4 is a section view taken along lines 4—4 of Fig. 2} 
Referring particularly now to Fig. 1, there is ‘shown in 

exemplary fashion magnetic induction accelerator appa 
ratus suitably embodying the invention. The apparatus 
comprises a magnetic core 1 which can be laminated to 
minimize the generation of eddy currents therein. Core 1 
includes laminated, rotationally symmetrical, opposed 

\ pole pieces Zland 3 having generally outwardly tapered 
pole faces 4 and 5 for the provision of a‘, magnetic guide“ 
?eld traversing an‘ equilibrium orbit O, as will be more 
fully described hereinafter. Coaxial with pole pieces 2, . 
3 and disposed between pole faces 4, 5 is an evacuated 
annular container or envelope 6 of dielectric material,‘ 
which provides within its interior an annular chamber 7 ' 
wherein charged particles can be accelerated. The central 
portions of pole pieces 2, 3 are terminated respectively by 
?at, surfaces 8, 9 between which are disposed laminated 
metallic disks (not shown) and dielectric support spacers 
1t}, 11. The metallic disks serve the purpose of reducing 
the reluctance of the magnetic path in the region between 
surfaces 8 and 9. 

Magnetic core 1 can be excited from a suitable source 
of time-varying voltage 12 connected as: . indicated‘ ‘to 
series-connected energizing windings 14, 1S surrounding 
pole pieces 2, 3. To minimize‘the current “drawn from 
source 12, energizing windings 14 and 15 can be resonated‘ 
by poWer-factoncorrecting capacitors 16. Within cham 
ber 7 adjacent to equilibrium orbit O and also within the 
region of influenced the time-varying magnetic guide 
?eld existing between pole faces 4, 5 during operationlof. 
the apparatus, there is provided a charged particle ‘source 
17 which is supported from a hermetically-sealed side arm 
18 of envelope 6. More detailed illustration and descrip 

' tion of electron gun structure suitable for present purposes 
can be found by reference to the above-mentionedpatents . 
o‘r‘by reference to‘the United States Patent No. 2,484,549 
of J. P.‘ Blewett, patented October 11, 1949‘ and assigned 
to the assignee of the present invention. 

It is well understood by those familiar with magnetic 
induction accelerator apparatus that energization of wind 
ings 14, 15 by the source of time-varying voltage 12 
results in a time-varying magnetic ?ux‘ which traverses 
magnetic core 1 and pole pieces .2, 3 to provide a time 
varying magnetic flux that links equilibrium orbit O and 
a time-varying magnetic’ guide ?eld that traverses the 
locus of equilibrium orbit 0 and the vicinity thereof 
between pole faces 4, 5. Electrons emitted‘ by gun 17 
at a desired‘timed instant near zero in the cycle of 
magnetic ?ux and ?eld variations are continuously ac-. 
celerated during the acceleration portion of the cycle as 
they execute repeated revolutions along and about equi¢ 
librium orbit 0. As a consequence,‘ the injected elec 
trons can be caused to assume energies of many millions 
of‘electron volts. and then can be ‘.automatically‘diverted 
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from the equilibrium orbit by means of pulsatingly en 
ergized orbit shift coils 19, 20 to produce X-radiation 
in a manner which will be more fully described herein 
after. Means including circuits for arranging the proper 
timed injection and subsequent diversion of the charged 
particles from the equilibrium orbit at or near the end 
of the acceleration cycle are disclosed in the aforemen 
tioned patents and additionally in the United States Patent 
No. 2,394,070 of D. W. Kerst, patented February 5, 
1946 and assigned to the assignee of the present invention. 
_ As has been explained in D. W. Kerst Patent No. 
2,297,305, patented September 29, 1942 and assigned to 
the assignee of the present invention, the time-varying 
magnetic ?ux linking the equilibrium orbit may be caused 
to produce centripetal forces which balance the centrifu 
gal forces upon the charged particles undergoing acceler 
ation at all times throughout the acceleration cycle, pro 
viding the following relationship is sati?ed: 

where A¢ is the total change in flux linking the equi 
hbrium orbit, R0 is the radius of the orbit and B0 is the 
flux density of the time-varying magnetic guide ?eld at 
the equilibrium orbit. The condition speci?ed by this 
relationship may be realized by making the reluctance for 
one unit area of cross section of the magnetic path of 
the time-varying ?ux greater by an appropriate amount 
at the equilibrium orbit than its average reluctance for 
one unit area of cross section within the orbit. 
The ful?llment of the foregoing condition, however, 

only assures stable acceleration for those charged particles 
which are injected tangentially to their “instantaneous” 
circles or orbits. The “instantaneous” circle or orbit is 
the circular orbit along which a charged particle started 
at the proper position with the right energy will travel 
in a time-constant, radially symmetric magnetic ?eld. 
With a time-varying magnetic ?ux as above speci?ed, 
the loci of the instantaneous circles of all the charged 
particles approach and eventually essentially coincide 
with the equilibrium orbit during the latter portions of 
the acceleration cycles. Consequently, meeting the fore 
going condition does not take into consideration the re 
quirements for stable acceleration of charged particles 
which tend for one reason or another to deviate from 
their respective instantaneous circles or to deviate from 
the equilibrium orbit when their respective instantaneous 
circles coincide therewith. Nevertheless, by arranging 
the spatial distribution of the time-varying magnetic guide 
?eld in the vicinity of the equilibrium orbit as speci?ed 
by the following relationship, both radial and axial focus 
ing forces which tend to constrain deviating particles to 
their respective instantaneous circles or to the equilibrium 
orbit can be provided: 

(2) 

where H is the intensity of the time-varying magnetic 
guide ?eld in the vicinity of the equilibrium orbit, r is 
the radius of a particular point under consideration and n 
is a parameter having a value lying between zero'and 
one. The outwardly directed taper of pole faces 4 and 
5 as illustrated in Fig. 1 enables the utilization of the 
condition set forth in Equation 2. It is apparent from 
Equation 2 that the parameter n is a measure of the 
rate of decrease of the time-varying magnetic guide ?eld 
with radius. Both radial and axial focusing forces exist 
if 0<n<1. For a uniform ?eld, n=0 and no axial 
focusing of the particles can take place. In a ?eld in 
versely proportional to the radius (11:1), there are no 
radial focusing forces. Since both radial and axial focus 
ing forces are required to secure collimation of the par 
ticle beam during acceleration, the foregoing limits are 
placed upon the selected value of the n. 

After the charged particles have been accelerated to a 
desired energy level under the foregoing conditions, they 
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must be diverted from the equilibrium orbit to permit 
useful utilization of the energy which has been imparted 
to them. As has been stated above, diversion of the 
charged particles from the equilibrium orbit can be ac 
complished by supplying a properly timed pulse of cur 
rent to orbit shift coils 19 and 20. The application of 
the current pulse to the orbit shift coils modi?es the mag 
netic induction throughout the stable region surrounding 
equilibrium orbit O and causes the charged particles to 
spiral very slowly inwardly or outwardly from the equi 
librium orbit,‘ depending upon, the direction of the flux 
generated by the orbit shift coils with respect to the 
?ux generated by windings 14, 15. During their travel 
away from the equilibrium orbit the charged particles can 
be considered as following paths tangent to their re 
spective instantaneous circles, the radii of which are 
gradually decreasing or increasing as the case may be. 
Since the charged particles do follow spiral paths of 
such small pitch, it is readily understood that the posi 
tioning of a thick X-ray generating target adjacent to 
the equilibrium orbit does not provide an opportunity for 
e?iciently generating thick target radiation. Essentially 
all of the charged particles diverted from the equilibrium 
orbit in this manner will strike the leading edge of the 
thick target, whereby many of the particles will be 
scattered through the edges of the target without a 
maximum fraction of their energy having been converted 
into X-radiation. 
Accordingto the present invention thick target X 

radiation may be ef?ciently obtained from charged par 
ticle accelerator apparatus by ?rst causing the charged 
particles to be scattered by a thin target and subsequently 
causing the charged particles to strike a thick target. 
Referring speci?cally now to Figs. 2, 3 and 4, there is 
shown a thin target 21 and a thick target 22, both of 
which are positioned adjacent to and on the same side 
of equilibrium orbit 0. Thin target 21, which may com 
prise a thin strip of a low atomic number material such 
as beryllium, aluminum, magnesium, etc., is supported by 
a bent rigid rod 23 that is hermetically sealed into the 
wall of envelope 6 as illustrated. Rod 23 is extended 
downwardly shortly after it enters chamber 7 in order 
that charged particles will not impinge thereupon during 
their acceleration along equilibrium orbit 0. Thick target 
22. which may comprise a relatively thick plate of a 
heavy material such as tungsten, molybdenum, copper, 
etc, is adjustably supported from a rigid rod 24 which is 
introduced into chamber 7 through a hermetically sealed 
bellows 25. The portion of rod 24 extending transversely 
of envelope 6 is likewise removed from the vicinity of 
equilibrium orbit O in order to avoid premature collision 
of the charged particles thereupon. The outer edge of 
thick target 22 is positioned more radially inward than 
the outer edge of thin target 21 so that charged particles 
spiraling inwardly from equilibrium orbit O ?rst strike 
thin target 21. Preferably, the inner edge of thin target 
21 is placed at essentially the same as or at a larger radius 
than the outer edge of thick target 22 when the charged 
particles are shifted inwardly from equilibrium orbit O 
by coils 19 and 20. 
Now it will be understood that when orbit shift coils 

19, 20 are energized with a pulse of current to cause the 
charged particles to spiral inwardly after they have been 
accelerated to a desired energy level as described in the 
aforementioned Kerst Patent No. 2,394,070, the charged 
particles ?rst strike thin target 21. According to the in 
vention, thin target 21 is so selected that it produces pri 
marily a scattering of the charged particles which im 
pinge upon it. In this manner the trajectories of the 
charged particles are changed abruptly, thus facilitating 
the generation of thick target radiation by the subsequent 
impingement of the scattered particles upon thick target 
22. Thick target 22 is positioned farther from equilib 
rium orbit O and at a de?ned azimuthal spacing with 
respect to thin target 21 in order that a maxium number 
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of the scattered charged ‘particlsswill impinge thereupon“ 
The considerations involved the, selection .of the‘ proper 
position of thick target 22 with, respect to‘thin target 21 
will ‘be discussed presently. 
When charged particles such as fast electrons pass 

through target foils such asthin target 21, several proc 
esses occur. First, some'of the energy’ of the charged 
particles is converted to radiation such as; X-radiation.‘ 
This process chie?y involves interaction with the nuclear 
?eld of the target atoms and can be determined by the 
following relation: 

where Wr is the quantity of energy radiated in millions of, 
electron volts, W is the energy of the charged particles, 
N isthe thickness of the target element in mols per square 
centimeter and Z is the atomic number of the material of 
the ‘target element. Secondly,v some of theenergy of the 
charged particles is lost by ionization and excitation, of 
the atoms of the target element. This process princi 
pally involves collisions with atomic electrons and may 
be calculated from the following equation: 

where W1 is the energy lost by‘ ionization in millions of 
electron volts. Thirdly, the charged particles striking the 
target element are multiply scattered. This process is 
the charged particle de?ection accumulated as the result 
of many‘ successive collisions, mainly with the nuclear 

It transforms an initially collimated 
beam into one with a Gaussian distribution in space, the 
root-mean-square angle of scattering being 

¢>t.,.=-.€-,(N)1/2 
As is explained above, the present invention contemplates 
the utilization of the scattering phenomenon in thin 
target 21 to change abruptly the trajectoriesof the charged‘ 
particles impinging‘ thereupon, whereby the particles can 
subsequently strike a thick target to generate radiation 
by the radiation process. The above equations show that 
the scattering process decreases with higher energies of 
the charged particles, hence it is preferable that the 
charged particles not be accelerated to an excessively high 
energy. This effect is illustrated by the ratio of Equation 
3 to Equation 5 which indicates that an adequate scatter 
ing target will generate a considerable amount of X 
radiation at high energies and therefore will itself become 
a fairly thick target due to multiple passages of. the par 
ticles, however the energy at which this becomes ob 
je'cti‘onable can be made higher by choosing a low atomic 
number for target 21. Since ionization loss in target 21 
is undesirable in the present invention, it will be seen 
from Equations 4 and 5 that a minimum thickness should 
be selected for target 21. 

After the charged particles have struck thin scattering 
target 21 and have passed therethrough, their trajectories 
are of course affected by the restoring forces of the above 
described time-varying magnetic guide ?eld. Essentially 
none of the charged particles will be on its respective in 
stantaneous circle, hence each will oscillate about its own 
instantaneous circle. The path followed by each par 
ticle about its own instantaneous circle has a radial fre 
quency equal to \/1—nf ‘and an axial frequency equal to 
V1717, where f is the equilibrium orbital revolution fre 
quency. According to the present invention, it is pref 
erable that thick target 22 be in azimuthally spaced rela 
tionship with respect to thin target 21 such that target 22, 
will intercept the scattered charged particles at the position 
where the charged particle beam is most Widely dispersed. 
With thick target 22 placed in such a de?ned position it 
is possible to intercept nearly one-half of the scattered 
charged particles upon their ?rst revolution. Some of 
the remainder of the scattered charged particles pass 
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6 
are scattered, again. Many of these, reyscattered particles; 
strike thick target 22 thereafter, along withmany ofythe 
particles which did not strike target 22 upon their ?rst 
revolution and were not re-scattered by target 21. 

It has been, found that the charged particle beam is 
radially most widely dispersed at a particular azimuthal 
angle with respect to thin target 21. This angle is de-, 
?ned by the following relations: 

where at is the azimuthal angle between the maximum 
dispersion of the particles beam and thin target 21. 
Accordingly, when the charged particle beam is deflected 
radially from the equilibrium orbit, placement of‘ thick, 
target 22 approximately at an azimuthal angle 6; de?ned 
by Equation 6 produces maximum generation of thick 
target radiation. The essentially 180° separation of, the 
targets illustrated in Fig. 2 should be employed for, an 
apparatus having a value of 0.75 for the‘ parametern, as 
a substitution into Equation 6 shows. ' 

It Will be understood that targets 21 and 22 can be posi 
tioned at greater radii than equilibrium orbit O and orbit 
expansion utilized to direct the charged particles to thin 
target 21. In addition, the targets may be positioned 
axially above or below equilibrium orbit O With thin target 
21 located approximately at the radius of the equilibrium 
orbit. In this latter event the accelerated particle beam 
must be shifted axially as described in the aforementioned 
Westendorp Patent No. 2,394,072; furthermore, since ‘the 
frequency of the axial oscillations of the charged particles 
about their instantaneous circles differs from the frequency 
of the radial oscillations, thick target 22 must be posi 
tioned at a di?erent azimuthal angle with respect to thin 
target 21 in order‘to secure the advantageuof obtaining 
the most widely dispersed particle beam. With axial orbit 
shift the azimuthal separation of the targets may be deter 
mined approximately from the equation: 

where 6.. is the azimuthal angle between the two targets, 
From the foregoing description it is readily. appreciated 

that the present invention makes possible the generation 
of thick target radiation with high e?icienoy in orbital 
charged particle accelerator apparatus. Thick target radi; 
ation is very desirable in many radiographic applications 
inasmuch as thick targets provide broader X-ray beams 
with a greater total quantity of radiation than do thin 
targets. The present invention is not limited to utiliza 
tion in conjuncion with accelerator apparatus which em 
ploys magnetic induction phenomena alone, but can also. 
be used with synchrotron apparatus such as that disclosed 
in United States Patent No. 2,485,409, patented October 
18, 1949 by Willem F. Westendorp and Herbert C. Pol 
lock and assigned to the assignee of the present invention. 
Further application of the present invention can be made 
in connection with non-ferromagnetic accelerating appara 
tus, e. g. the apparatus disclosed in United States Patent 
No. 2,465,786, patented March 29, 1949 by I. P. Blewett 
and assigned to the assignee of the present invention. In 
general, the present invention has application in all types 
of orbital charged particle accelerating apparatus having 
a time-varying magnetic guide ?eld essentially satisfying 
the condition of Equation 2. 
What I claim as new and desire to secure by Letters 

Patent of the United States is: 
l. A charged particle accelerating apparatus having an 

enclosure de?ning a stable accelerating region containing 
an equilibrium orbit and traversed by a time-varying mag 
netic guide ?eld, a thin target positioned within said en 
closure and at a smaller radius than the radius of the 
equilibrium orbit, and a thick target positioned Within 
said enclosure with the outer edge of said. thick target 
at a smaller radius than the outer edge of said thin target 
but not substantially smaller than the inner edge of said 
thin target so that charged particles emerging from the 
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equilibrium orbit ?rst strike said thin target and subse 
quently strike said thick target. 

2. A charged particle accelerating apparatus having an 
enclosure de?ning a stable accelerating region containing 
an equilibrium orbit and traversed by a time-varying mag 
netic guide’?eld, a thin target positioned within said en 
closure and at a smaller radius than the radius of the 
equilibrium orbit with its nearest edge a predetermined 
distance from the equilibrium orbit, and a thick target 
positioned within the enclosure and in azimuthally spaced 
relationship with respect to said thin target and on the 
same side of the equilibrium orbit with its nearest edge 
approximately at the same radius as the farthest edge of 
said thin target, whereby charged particles emerging from 
the ‘equilibrium orbit ?rst strike said thin target and 
subsequently strike said thick target. 

~ 3. A charged particle accelerator apparatus having an 
enclosure de?ning a stable accelerating region containing 
an equilibrium orbit and traversed by a time-varying mag 
netic guide ?eld essentially satisfying the relation 

_ d (log T) 

where H is the intensity of the time~varying magnetic guide 
?eld within the stable accelerating region, r is the radius 
of a particular point under consideration and n is a param 
eter having ‘a value lying between zero and one, a thin 
target positioned within the enclosure and at a smaller 
radius than the radius of the equilibrium orbit, and a thick 
target positioned within the enclosure with the outer edge 
thereof at a smaller radius than the outer edge of said 
thin target and not substantially smaller than the radius 
of the inner edge of said target, the azimuthal separation 
of said targets being approximately determined by the 
relation ’ . 

,=”—2’<1—~n>—1/2 
where 0r is the azimuthal angle between the two targets, 
whereby charged particles diverted radially inwardly from 
the equilibrium orbit strike ?rst said thin target and sub 

' sequently said thick target. 
4. A charged particle accelerator apparatus having an 

enclosure de?ning a stable accelerating region containing 
an equilibrium orbit and traversed by a time-varying mag 
netic guide ?eld essentially satisfying the relation 

=_J_1%£L 
d (log 1") 

Where H is the intensity of the time-varying magnetic 
guide ?eld within the stable accelerating region, r is the 
radius of a particular point under consideration and n is 
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a parameter having a value lying between zero and one‘, a 
thin target positioned within the enclosure'adjacent the 
equilibrium orbit with its nearest edge a predetermined 
distance radially from the equilibrium orbit, and a thick 
target positioned adjacent the equilibrium orbit with its 
nearest edge essentially at the same radius as the farthest 
edge of said thin target, the azimuthal separation of said 
targets being approximately determined by the relation 

where 0r is the azimuthal angle between the two targets, 
whereby charged particles diverted radially from the equi 
librium orbit strike ?rst said thin target and subsequently 
said thick target. , , 

5. A charged particle accelerator apparatus having an 
enclosure de?ning a stable accelerating region containing 
an equilibrium orbit and traversed by a time-varying mag? 
netic guide ?eld satisfying the relation 

a_d (10g H) 
_ d (log r) 

where H is the intensity of the time-varying magnetic 
guide ?eld within the stable accelerating region, r is the 
radius of a particular point under consideration and n is 
a parameter having a value lying between zero and one, 
a thin target positioned within the enclosure adjacent the 
equilibrium orbit with its nearest edge a predetermined 
distance axially from the equilibrium orbit, and a thick 
target positioned within the enclosure adjacent the equi~ 
librium orbit with its nearest edge essentially at the same 
axial distance from the equilibrium orbit as the farthest 
edge of said thin target, the azimuthal separation of said 
targets being approximately determined by the relation 

=1’ -1/2 6.. 2(11) 
where 0., is the azimuthal angle between the two targets, 
whereby charged particles diverted axially from the equi 
librium orbit strike ?rst said thin target and subsequently 
said thick target. 
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