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In the conventional Betatron the problems of
electron injection, beam stability during acceleration
and beam extraction were solved. The electron current
was limited by the method of injection. We propose to
inject electrons by the method of inductive charging.
This involves a toroidal magnetic field in addition %o
the normal Betatron fields. It should then be possi-
ble to increase the electron current by a factor of

L

00 - 106. The teoroidal magnetic field is stabilizing
fer collactive instabilities such as negative mass,
bat it iatroduces particle orbit resonances that are
absent in a normal Betatron. We show how orbital in-
stabilities can be eliminated. After accelerating the
electrons the toroidal magnetic field is no longer
necessary to ccntrol space charge. It can be allowed
to decay so that the beam can be extracted with a con-
ventional magnetic peeler.

Introduction

The largest conventicnel Betatron was completed
about 1950.1 The energy was about 300 MeV and the
team current about 100 milliamperes. The maximum
beam current was linmited by space charge during injec-
tion. ZFlectrons from a 100 keV electron gun were
injected inte an ortit of radius R=1 meter. This
implies a Betatron magnetic field By = 10.6 gauss.

The space charge limit is proporticnal %o Bg; thus the
limit is very small. After the electrons have been
accelerated by increasing By the space charge limit

is greatly increased. Thus the problem for hignh
currents 1s at injection.

To eZiminate the space charge problem the Plasma

Betatron was proposed by Budker.2 After many studie33
were carried out, the maximum current reached about

10 Amperes, much less than expected. The current is
prooably instability limited. The precise instability
has nct been identified, but thE negative mass insta-
bility 1s mentioned frequently.

3y ircreasing the injection energy and decreasing
the orbit in a ccnventional RBetatron, the magnetic
field By can be increased and therefore the space

charge limit is extended. Srall "Ironless" Betafrons
have been developed with an electron energy of 100 MeV
and an electron current of about 90 Amperes.5 This is
the most successfful method to Increase the current to
date.

We propose a new method of injection for Betatrons

that we have demornstrated in our studies of the Collec-

tive Focusing Ion Accelerator. The method has Dbeen

called inductive charging and was first used in HIPAC.T

Electrons sre injected from thermionic injectors oy
means of a rising toroidal magnetic field. A Betatron

with this type of injection is illustrated in Figure 1.

The electrons move in ar orbit of radius R because of
the tcroidal magnetic field B There are no restric-
tions on BZ as there are on 3y in & conventional
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PIG. 1: SCHEMATIC OESIGN OF HIGH CURRENT BETATRON WITH
INDUCTIVE CHARGING.

Betatron. In the largest "Kers:" Betatron the gyro-
radius was R = 1 meter. With the toroidal magnetic
field, the gyro-radius may be as small as 1 mm (the
only restriction concerns the injector design; elec-
trons after injection must subsequently miss the in-
jector to be trapped). This involves an increase in

B of a factor of 103 and therefore of 106 i the space

charge limit.
Particle Orbits
In order to describe the particle orbits of a

toroidal electron beam, consider the local coordirates
(x,y) or (r,9) as illustrated in Figure 2.

.-
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FIG.2 COORDINATES FOR A TORCIDAL
ELECTRON BEAM

The toroidal direction 1s indicated by z. The equa-
tions of motion are approximately
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These equations contain the Betatron fields
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the toroidal magnetic field B_ and the self-~electric
: R z
and magnetic fields

E = - 2Ner/a2
Be =B Er i

where a is the minor radius of the electron beam and
B = vz/c. N is the line density of the beam. We have

assumed a uniform beam for which

2 2

- { - / =
e \Er aBe) / myr ‘-Up /2y

[Ne

where u%z = hﬂneg/Ym and Y = (1 - 62)

Equations (1) and {2) involve the following
approximations:

(i) An expansion in the ratio a/R to the lowest sig-
nificant order. s
{3 >> ; = 2 i
(ii) v, Jx’vy 5 v, v[{1 + o(a/rR)"..] provided

that V = RQ where {0 = eB /Ymec.
v N o

(iii) The changes in Y are either small due to the
electric field Er or slow due to an induced
toroidal electric field Ez’

If we omit the torcidal field B_ we recover stand-
ard Betatron equations with self-fields.

% - 0% 4 0V2(1 -s)x=0 , (1.1)

. . »
y—ﬂy+9y sy = 0 , (2.1)

2 2
r = wp /2Y2, and 0 = eBO/Ymc = V/R. Assuming, for

y
example, s = %5 the conditicon for orbit stability is
2 2 2 2
QV /2> or n <Y BO /bmme (3)

After acceleration Bo“‘5 kilogauss and y ~ 600 so that

16

-3
n<1.5X 10 em - or the current density limit is

jz < T % 107 amps/cm®. However, during injection at
100 keV, R = 1 meter, EO
107cmm3 is the space charge limit. After acceleration
this corresponds to j < 5.3 X 1072 amps/cm® which is

consistent with observed currents in the conventional
Betatron. In the experiments of Pavlevskii et al.,

V = 2.6X lClOcm/sec correspording tc 500 keV, and R =
3.9 cm. Thus, BO = 370 Gauss corresponds to jZ = 65

= 10.6 gauss, and n < 1.1

amps/cm2 which is consistent with the observations.

Waen both toroidal and Betatrorn fields are in-
cluded the orbit equations are:

-
A<

x + 023} - Q%% + Qy‘(l-s)x =0 (1.2)

»
+
<<

. .

v o+ :‘ y - Q% - Q% + Qyzsy =0 (2.2)

where {1 = eB Nume.
Z z

For s = 1/2 these equations can be combined and sclved
with the transformation

t
¢ =fY (xriy) - exp -2\ O _(z))at ()
YO 2 J 4
o
Equations (1.2) and (2.2) are replaced by
. 2
. W
C+y-(C=0 (5)
. . 2
2 2 O 2 102 1d l - 1 ﬁl\
where W< = OZ +2b, " - L - ST Y "k Ay/

If all quaptities in w2 are clowly varying the terms
involving Y can be omitted. The solution by the W.K.B.
method is

) ® 0t Yas (6)

¢ = A exp i (
w Jo

The space charge limit is w?z o or

ng Bzg )
n <y "l“§'+ (7}
Lttme STme
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Thus orbit stebility can be maintained for combined
toroidal and Betatron fields. If Bz is permitted to

decay after acceleration, the orbits will be initially
adiabatic in the large B_ and will become non-adiaba-
tic as B_— 0. They remaln stable through this transi-
tion as fong as Bg. (7) is satisfied.

When electrons are accelerated the orbit radius
changes according to
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Y increases by a large factor. Qz = eBZ/Ymc decreases;

if the Betatron conditions are satisfied {i_ stays
nearly constant; (02 decreases. The net refult is
compression or R‘<Ro after acceleration.

According to Eq. (7), when ¥ ~ 1 and B is small
the toroidal field B_ is necessary to handle the space
charge. After accelération ¥ and By are large; BZ is

no leonger needed for space charge and can be permitted
to decay. Thus the final state will be that of a
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conventional Bstatron where beam extraction has been
done with a magnetic peeler.l

As a result of B — 0 the orbit radius will grow
according to Eq. (8).% The net change of radius from
acceleration and letting B;~ 0 will be small. In
Figure 3 numerical calculations of Eg. (1.2) and (2.2)
are shown for By = 7.5 k-Gauss, BZ = 25 k-Gauss initi-

ally, Y= 100 and s = .45. 1In the sequence BZ“ 0, the

change from adiabatic to non-adiabatic orbits is
apparent and the growth in orbit radius is slight.

FIG. 3. NUMERICAL CALCULATIONS OF ELECTRON

ORBITS IK THE HIGH CURRFMT BETATRCN.

Because of magnetic field imperfections tuz in Eg.
(5) is a periodic function of time with period T =
2m R/V. This leads to integer and half integer reson-
ances. For a conventional Betatron the standard
Betatron conditions V = Rﬂy and { By> = 2By guarantee

that all resonances are avoided. With a toroidal field

the resonance condition is

B ul
w= /% 2L = MQQ =2 meren = 1,2,3...etc.
S T (9)

During acceleration V changes until it reaches c, then
Y changes; after acceleration we plan to let BZ“ 0.

Therefore it is impossible to avoid these resonances.
We have investigated a model in which

Q (l)=ﬂ‘ asStsT

( o (@ .q
Z Z % Z

1+P) 0s<tsa

w(l) = W(1+Q)

The results are that i? only the toroidal field (Cé) is

perturbed the resonances do not lead to growth. If {}
is perturbed there are narrow bands of growth. For k4
sufficlently large P, the growth and vand width vanish;
i.e., the noroidal field can be designed to control
the rescnances.

Betatron Experiment

We are developing an experiment at U. C. Irvine
with the objective of accelerating 1 k-amp of electrons
to 5 MeV . The torus has a 40 cm major radius and a
5 cm minor radius. The toroidal magnetic field rises
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tc 12 k~-Gauss in about 100 wWsec. and decays in about
600 Mesec. The Beitatron field rises to 1 k-Gauss at
the major radius in 1 millisec. The field irndex can
be varied from .2 to .2. The method of injection is
illustrated in Figure %. I% is directly based on the
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FIG. 4. BEITATRON EXPERIMENT

6

experience with CFIA. A local mirror is created into
which injection and trapring takes place. The diapag-
netic current in the copper washer decays on a

short time scale compared to the toroidal field. The
electrons trapped in the mirror are ejected along the
field lines as the mirror collapses. Based cn previous
laboratory experiments we expect to trap enough elec~-
trons to produce 1 k-ampere after acceleration.

*Work supported by the Defense Advanced Research
Project Agency and the Office of Naval Research.
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