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In the conventional Betatron the problems of 
electron injection, beam stability during acceleration 
and beam extraction 'Jere 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 to 
the normal Betatron fields. It should then be possi- 
ble to increase the electron current by a factor of 

104 - lot The toroidal msgnetic field is stabilizing 
for collective instabilities such as negative mass, 
bJt it introduces particle orbit resonances that are 
absent in a normal Betatron. lie 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 135.1 The energy was about 300 MeV and the 
beam current about 100 milliamperes. The maximum 
beam current W:LS limited by space charge during injec- 
tion. Electrons from a 100 keV electron gun were 
injected into an orbit of radius Rrl meter. This 
implies a Betatron magnetic field 3 = 10.6 gauss. 

Y 
The space charge limit is proportional to B*; thus the 
limit is very small. After the electrons have been 
accelerated by increasing B 

Y 
the space charge limit 

is greatly increased. Thus the problem for hig:h 
currents is at injection. 

To eliminate the space charge problem the Plasma 

3etatron was proposed by Budker. 
2 After many studies3 

were carried out, the maximum current reached about 
10 Amperes, much less than expected. The current is 
pro5ably instability limited. The precise instability 
has net been i'jentified, but th negative mass Lnsta- 
bility ir; r.entioned frequently. 6 

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

charge limit is extended. Sal1 "Ironless" Betatrons 
have been developed with an electron energy of 100 MeV 
and an electron current of about 90 Amperes.5 This is 
the most successful method to increase the current to 
date. 

'7c' propose a new method of injection for Betatrons 
that we have demonstrated in our studies of the Collec- 
tive Focusing Ion Accelerator.6 The method has beer. 
called inductive charging and was first used in HIPAC.7 
Electrons ').r‘r, injected from thermionic injectors by 
me ars of a rising toroidal magnetic field. A Betatron 
with this type of injection is illustrated in Figure 1. 
The electrons move in an orbit of radius R because of 
the tcroidal magnetic field Bs., There are no restric- 
tions on BZ as there are on 3 in a conventional 

Y 

FIG. 1: SCHEMATIC OESIGN OF HIGH CURRENT BE-ATPCN ‘#TV 
INDUCTIVE CHARGING. 

Betatron. In the largest "Kersi;" 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 ic- 
jector to be trapped). This involves an increase in 

B of a factor of 1U3 and therefore of 1C ' in the space 
charge limit. 

Particle Orbits 

In order to describe the particle orbits of a 
toroidal electron beam, consider the local coordinates 
(x,y) cr !r, 9 ! as illlustrated in Figure 2. 

FIG.2 COOF!DINAT:S FOR P TCRClOAL 
ELECTRON BEAM 

'Yhe toroidal direction is indicated by z. T>l.e eq:la- 
tions of motion are approximately 
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(Lf 
r - e- ~ (El. - @B&f f $ (vyBs - i'sBy)) 

- e -;(Er - 89 'f + $ (vZBx 

These equations contain the Betatron fields 

s r 
By=B R e=Bo- 

sx 7 
~LR-x- 1'TJ 

B 

Bx 
=s+y 

(2) “xBZ )J 

the toroidal magnetic field Bs and the self-electric 
and magnetic fields 

Er = - 2Ner/a2 

B@=pE , r 

: 

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

assumed a uniform beam for which 

- e (E r -$Be) / myr =wp2 / 2$ 

2 
-15 

where W = hne2/ym and Y = (1 - B2) . 
P 

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

(i) An expansion in the ratio a/R to the lowest sig- 
nificant order. 

(ii) v >s v ,v 
z x Y 

; v z 
= V[l + O(a/R)2..] provided 

that 'J = Rfiy where n 
Y 

= eBolymc. 

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

2' 

n< j&+-&] 

Thus orbit sta?lility can be maintained for combined 
toroidal and Betatron fields. If Es 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 remstn stable through this trar&i- 
tion as ?ong as Eq. (7) is satisfied. 

If we omit the torcidal field B we recover stand- 
ard Betatron e'quations with self-fields. 

'&en electrons are accelerated the orbit radius 
changes according to 

. . 
x - n2x + c. 

Y 
2!1 - s)x = 0 , (1.1) q =l**i2 = $+2 (2) . . 

y - n*y + n 2 
Y 

sy=o ) (2.1) 

8 = Wp2/2?, and ii = eBo/Ymc = V/R. 
Y 

Assuming, for 

example, s = L 2, the condition for orbit stability is 

I‘ly*/2m2 or n <YBo2/4~c2 (3) 

After acceleration Bo- 5 kilogauss andY -600 so that 

n < 1.5 X 1Cl16cm-3 or the current density limit is 

5, < 7 x 107 amps/cm2. However, during injection at 

100 keV, R = 1 meter, Bo = 10.6 gauss, and n < 1.1 

107cm -3 is the space charge limit. After acceleration 
this corresponds to j < 5.3 X 10S2 amps/cm2 which is 
consistent with obse&ed currents in the conventional 
Betatron.1 In the experiments of Pavlevskii et al.,5 

V = 2.6xlc1°~m/sec corresponding to 500 keV, and R = 
3.9 cm. Thus, Bo = 370 Gauss 

a.zlps /ml2 

corresponds to jz = 65 

which is consistent with the observations. 

Wren both toroidal and Betatror. fields are in- 
cluded the orbit equations are: 

i - ;+ -*+G2;-R2*+n 
Y Y 

2(1-s)x = 0 (1.2) 

where 12 z = eBs/Ymc. 

For s = l/2 these equations can be combined and solved 
with the transformation 

t 

5 =F(x+iy) . exp - $1 ns(t')dt' (4) 
0 0 

Equations (1.2) and (2.2) are replaced by 

. . Ill2 
5 +--c=o 4 (5) 

1 /+\ =n2+*ny2-411*-=& $-r,-;j; 
2 

where W 2 
z 

If all qua@ities in Co2 are clowly varying the terms 
involving Y can be omitted. The solution by the W.K.B. 
nethod is 

t 
5 = A exp i \ w(t' )dt ' (6) 

fi JO 

The space charge limit is w2z o or 

Y increases by a large factor. RZ = eBs/Ymc decreases; 

if the Betatron conditions are satisfied i: stays 
nearly constant; n2 decreases. The net rexult is 
compression or R<R after acceleration. 0 

According to Eq. (7), when Y -1 and BT is small 
the toroidal field B is necessary to handld the space 
charge. After accel%ration y ar.d 3 

Y 
are large; BZ is 

no longer needed for space charge and can be permitted 
to decay. Thus the final state will be that of a 
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conventional Beta:ron where beam extraction has been 
done with a magnetic peeler.1 

As a result of B - 
accordLng to Eq. (8). 

0 the orbit radius will grow 
The net change of radius from 

acceleration and letting Es'0 will be small. In 
Figure 3 numerical calculations of Eq. (1.2) and (2.2) 
are shown for 3 = 7.5 k-Gauss, 3 = 25 k-Gauss initi- 

ally, Y= 100 aid s = .45. In thz sequence BZ4 0, the 

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

1 _ (-i 
,,;i 

*, 

14 
j\ \ 

, --/-.--. i 
‘, .---i ‘b, 

FIG. 3. NUMESIZAL CALCTJLATIONS OF ELECTRON 
3RBITS IF THE XIGH IXJRRF~'~ BETATRON. 

2 Because of magnetic field imperfections w in Eq. 
(5) is a periodic function of time with period T = 
2ri R!V. This leads to integer and half integer reson- 
ances. For a conventional Betatron the standard 
Betatron conditions V = RRy and ( By) = 2By guarantee 

that all resonances are avoided. With a toroidal field 
the resonance condition is 

w = jv = g where n = 1,2,3...e;c.(9) 

During acceleration V changes until it reaches c, then 
y changes; after acceleration we plan to let Bs'O. 

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

c/ (l) = n (1+p) n (2) = n 
7. z Olt.sa z astsT 

z 

w(1) = *(l+Qj tlJ(2) = l!G 

The results are that if only the toroidal field (Qs) is 

perturbed the resonances do not lead to growth. If R 
is perturbed there are narrow bands of growth. For ' 
sufficiently large P, the growth and band width vanish; 
i.e., the :oroidal field can be designed to control 
the rescnances. 

Betatron Experiment 

We are developing an experiment at U. C. Irvine 
vith the obzective 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 toroldal magnetic field rises 
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to 12 k-Gauss ir? about 100 Usec. and decays in about 
60: pcec. The Betatrsn field rises to 1 k-Gauss at 
the major radius in 1 millisec. The field index can 
be varied from .2 to .e. The method of inSection is 
illustrated in Figure I+. I: is directly based on the 
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FIG. 4. BETATRON EXPERIMENT 

experience with CFIA. 6 A local mirror is created into 
which injection and trapping takes place. The dianag- 
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 on 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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