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RESEARCH ON THE ELECTRON RING ACCELERATOR~< t 

D. Keefe 

Lawrence Radiation Laboratory 
University of California 

Berkeley, Califo rnia 94720 

Abstract 

The de_sirable properties for a source of relativistic electrons 

suitable for ring formation are discussed. The properties of the 

ring in the so- called "compres so r" equipment used, to shrink the 

ring are examined and compared with expe rin;-ent. Problems with 

betatron resonance effects are treated, including possible strate-

gies for circumventing the problems. Finally there is a brief de-

scription of the design of a high energy proton accelerator using 

current technological methods. 

-', 
"'This article is intended primarily to cover ERA research in this 
country; developmentsl~ythe Dubna Group are treated elsewhere 
in this journal. 
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1. Introduction 

The basic concept of a collective-effect accelerator involves the 

use of dense charge clusters to produce fields larger than those nor:" 

mally available externally and therewith to accelerate beams of pro-

tons or othe r ions. This is in contrast to the conventional "single-

particle" accelerator in which the self-:fields of the circulating par-

ticles usually constitute a minor perturbation in comparison with the 

applied electric and magnetic fields. Discus sion of the pos sibility 

and advantage of using the self-fields of intense bunches of electrons 

1-4 ' 
dates back almost two decades, and experiments to form and 

transport such clusters were performed by Alfven and Wernholm 2 

as early as 1952. If the self-fields are large enough to trap the ions 

(as sumed small in nurnbe r), the cluste r can be accele rated and its 

.gain in velocity is determined by the electron mass, thus the ions 

gain energy at a rate higher by the ratio of ion mass to electron mass. 

The central problem is to form a cluster with a high electron denl?ity 

that is also stable. Harvie 1 referred briefly to the possibility that a 

toroidal configuration might be desirable, but the major impetus to 

concentrate on the electron ring as a suitable vehicle was provided by 

the extensive theoretical and experimental studies carried out by 

5 
Veksler et al. One of their suggestions was that by using relativis-

tic electrons with, say, 'I::::; 40, the repulsive space-charge force 

2 1 1 
could be reduced by a large factor, (1 - f3 ) = -2- ::::; 1600' and that the 

'I 
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residual effect could be overcome by the addition of only a small frac

tion of ions, N. ~ N /y2, thus creating a self-stable ion-focused ring. 
1 e . 

In this case, the energy-gain factor for the ions contains the trans-

verse mass, my, of the electrons; thus, for prbtons this factor is 

M/my::::: 46for y = 40. The choice of a suitable y for the electrons In 

the ring therefore involves a trade-off between the ease of stabilizing 

the ring and the lesser energy gain due to the use of collective fields. 

As an example of parameters in the range of interest, consider 

an electron ring with uniform charge density in its minor cross sec-

tion. -If the number of electrons is N , the major radius R, and the e 

minor semiaxes a (radially) and b (axially), then the peak electric 

holding field is 

E" 
peak = 

2eN 
e 

Tl"R(a +b) . 
( 1) 

For N = 10
13

, R = 3.5 cm, a = b = 1 mm we have E k= 131 MV/m. 
e pea 

In order to have a nonzero phase-space volume or bucket for the pro-

tons, acceleration should.utilize a sm~ller field, E < E k' If E 
a pea a 

is taken to be 100 MV/m, then the corresponding effective field that 

need be applied externally to the ring is only 2.2 MV/m. 

Axial acceleration of the ring is effected in general by electric 

and magnetic fields .. If we -use z for the axial coordinate, the axial 

component of force on the electrons is F = - e(E - vB / c), whe re v 
z z r 

is the transverse velocity of the electrons and is close to c. There 

are two cases that are easily understood and achievable geometrically. 

First, there is the case of electric field acceleration in a uniform 

• 

, 
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field' here B = 0 and F = - eE . In the example, if E = 2.2 MV/m , r . z z z 

the protons gain· energy at a rate of 100 MV /m. Second is the case of 

magnetic field acceleration where E = 0 and B >0. (We choose the 
z r 

sense of rotation of the electrons and the z axis to form a right-handed 

coordinate system.) If the field is supplied by a simple tapered sole-

noid the ring will expand in radius as it undergoes axial acceleration. 

A more general case discussed by Veksler et al. 5 involves the situa-

tion in which B alternately changes sign according to whether the ring 
r 

is in an electric-field gap or in a drift space. When I E I> 0, B < 0, 
z r 

and when E = 0, B > O. Thus some acceleration is taking place at all 
z r 

times and the process can be thereby smoothed. It is difficult, how-

ever, to arrive at a simple and economical design of magnet coils that 

will allow this to be exactly ac complished. 

One attractive feature of the electron ring as a vehicle for proton 

acceleration ~s the high degree of order it possesses; this allows one 

to envisage and calculate with some confidence the type of acceler-

ating structure needed to carry it to very high energies. Ion acceler

ation .from very intense electron beams (10
5 

A) traveling through gases 

6 has recently been observed, but how these phenomena can be utilized 

in a controlled way to lead to a high-energy accelerator with reasonable 

properties is very difficult to see at this time within the rap.ge of pres-

ent technology. It seems possible, on the othe·r hand, to design an 

electron ring accelerato r with reasonable repetition rate (10 to 1000 

pps) and intensity (10 12 to 10 14 protons/sec). In addition there are 

othe r obvious applications, fo r example, the accele ration of heavy ions 
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for nuclear chemistry (::::: 10 MeV/nucleon) and biomedicdine (::::: 500 

Me V /nucleon). 

5 
Following the report by Veksler et al. presented at the Cambridge 

Accelerator Conference in September 1967. a major theoretical and 'e.~:

perimental effort was begun by the Accelerator Study Group at LRL. 

Berkeley. A useful source book of the early work in this country is the 

Proceedings of the ERA Symposium held at Berkeley in February 1968.
7 

With the cooperation of members of the Astron CRT Group at LRL, 

Livermore, who have made time available at their unique 4 MeV high-

current linear induction accelerator, it has been possible for the Berke-

ley Accelerator Study Group to carry out a number of significant exper-

iments oriented towards the development of an electron ring accelerator 

f h · h h . 8.9 or Ig ene rgy p YSICS. The first sequence on ring forming and ion 

loading was performed in late 1968 with the so-called Compressor II 

equipment, and the second sequence on ion-focusing and extraction with 

Compressor III is in progress (late 1969). Other groups in this country 

have contributed mainly in the region of theory, e. g., a study of static-

field compression by workers at Maryland, and one of static-field com-

pression and acceleratlon by Christofilos at LRL, Livermore. In addi-

tion. two groups in Western Europe, at Karlsruhe and Munich, have 

experimental programs on electron ring accelerator research. 

II. Fo rmation of the Electron Ring 

The range of parameters most desirable for suitable rings has been 

the subject of much dis<t.UiS sion (d. Ref. 7 ibid. ), but gene rally they 

are of the order of those given as an example in the last section. In 

what follows we will continue to use those numbers as representative, 
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and later return to values that should be achieved in the future. 

A. The Electron Source 

If the typical ring parameters mentioned in the last section are 

used, it can be seen that in principle the ring could be formed by di-

rect injection into a guide field with a 2000-A 1-nsec pulse from a 

20-MeV injector. Although this would pose a difficult inflection prob-

lem, in practice it is not relevant, since no injecto r with such prop-

erties· and suitable repetition rate exists at present. Instead, the 

approach used is to inject electrons at a few MeV into a time-varying 

field established by pulsed air-core coils, whereupon the electron 

energy is raised by induction acceleration (~nalogous to a betatron). 

Unlike a betatron, the 2: 1 condition is not adhered to, and by suitable 

choice of field shape versus time, both the major and minor dimen-

sions of the ring contract, leading to an enhancement of holding powe r 

(cf. Eq.1). This function has led to the terminology "compressor, II 

to describe the ring-forming apparatus, in this country. This is not 

altogether apt, as the situation described corresponds to a combined-

function induction accelerator and compressor. Another situation is 

,discussed later in which it is desired to separate these functions into 

a .high- energy induction accele rator (eithe r circular or linear) fol-

lowed by a static-field compressor whose sole purpose is to reduce 

dimensions without energy change. 

An essential starting point is the high-intensity electron acceler-

ator in the few-MeV range. There are several commercial machines 

3 5 
with currents in the range 10 to 10 A that are used to produce 

"flash" x rays, generally using cold cathodes. Although the German 
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experimental groups have begun to use such machines in initial ex-

periments, their properties are far from ideal for accelerator appli-

cations 0 r research, notably in repetition rate and frequency of 

needed maintenance. For accele rator' research one needs a repeti-

tion rate in the neighborhood of 1 Hz and a pulse number of the order 

5 . 
of 10 between shutdowns for component replacement. The most 

promising approach is to use the linear induction technology that has 

been pioneered by Christofilos and his co-workers 10 for achieving 

high currents. The basic accelerating unit consists of a toroid of 

magnetic material surrounding the beam. A current pulse applied to 

a loop around the toroid accelerates the beam, which acts as the sec-

ondary of a transformer. Energy is stored in high-voltage cables and 

is switched to the core primaries by thyratrons. Following the con-

struction of the first version of the Astron electron accelerator, a 

rather similar model was constructed in the USSR for the exclusive 

pl4ltpose of electron- ring research. Because 'of great pressures of the 

controlled thermonuclear research and other programs on the Astron 

accelerator, the electron- ring experiments at Livermore have neces-

sarily had to be brief and infrequent, and detailed systematic studies 

by the LRL group of various features of ring formation, stability, ion 

loading, etc., must await the completion of the electron induction ac-

celerator at present under construction at Berkeley. This accelerator (;. 

employs the es s ential features of induction acceleration, but is scaled 

down in repetition rate and pulse length to values that are more appro-

priate for electron-ring research. Typical operating parameters for 

the Livermore and Dubna accelerators and design parameters for the 
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Berkeley accelerator are compared in Table I. 

The much shorter pulse length of the new injector allows several 

simplifications. Ferrite is used in place of iron tape for the core ma

te rial, the voltage rating of the gap can be greatly increased, and the 

modulator is small eriough to be mounted directly below the gap. The 

modulator is an oil-filled Blurnlein line, with an electrical length of 

35 nsec and physical length of just over 12 ft. The high-voltage switch 

is a spark gap mounted as an integral part of the Blurnlein line. 

Figure 1 shows, in cutaway f0rm, the way in which two acceler

ating units can be stacked in series with each other. Focusing along 

the length of the accelerator is provided by periodically placed sole

noids. The present plan calls for a gun section of 1.25 MeV obtained 

by stacking five cavities closely in series to excite a single high

voltage terminal. Further increments in energy are provided by in

dividual or paired cavities with solenoids in between. Initially, efforts 

will be made to develop a field.,. emis sion cold- cathode source of suit

able brightness, but if this proves to be unsatisfactory the design in

corporates provisions for later substitution of a barium oxide or press

sintered lanthanum boride hot cathode. Installation and testing of the 

accelerator is scheduled to take place during spring and early sununer 

1970, following which a sequence of detailed experiments with electron 

rings will begin. 

B. Ring Compression 

Prior to compression a ring of large radius and relatively large 

betatron amplitude must be formed by proper injection and trapping in 

the compressor. An injection pipe, or "snout, " is used to conduct the 
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beam from the linear injector into the compressor on a path tangen-

tial to the initial closed orbit. Shielding of the linear path from the 

pulsed field could be accomplished either by magnetic material or by 

an eddy-current shield of copper. The effect of such materials on the 
I 

field inside the compressor would be a reduction in the first case and 

an increase in the second. In the compres sor designs at Be rkeley a 

combination has been chosen of copper-plated soft iron to eliminate 

the field from within the injection snout and to minimize the perturba-

tions outside at the moment of injection. The Dubna group uses cur-

rent windings on the injection snout to approximate the same condi

tions. Once the beam is led tangentially into the compressor an in-

flector, or orbit contractor, is activated to reduce the closed-orbit 

radius by a few centimeters in a time of the order of 10- 8 sec. The 

Dubna g roup injects a single turn at a field 
8B 

condition whe re the field 

. d R·z. b O' 5 In ex, n = '- B ~ IS a out . . In the Be rkeley expe riments suc-
z 

cess has been achieved with radial three-turn inje'Ctiun at an n value 

slightly above 0.5, i. e., a radial tune, vR.::::: 0.7. In this instance the 

orbit contractor applied an additional field over an annular region 

covering about two-thirds of the azimuth so that it corresponded some-

what to a "beam- burnp" effect. The closed orbit radius appropriate 

to the injection energy was allowed to corne to about 2 cm less than 

the snout radius before the contractor was activated by a high-voltage 

pulse that rose in 20 nsec and fell in the same time. Thus the orbit 

position was deflected outwards to the midpoint of the snout, injection 

was begPIl at that time, and as three or four revolution times elapsed, 

the orbit collapsed back to its initial value. Although this sequence 
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of events can be planned on the basis of single-particle theo ry it rap

idly became apparent, from experimental evidence, that self-field 

effects played a large role in the in3ection proces s. 8 In fact, rather 

stable conditions of capture of 4X 10 12 electrons in COITlpressor II 

occurred when the voltage of the in£lector, or orbit contractor, was 

set at zero. Self-inflection was al.so observed in COITlpressor III, al

though more intensity could be achieved by using the inflector. Sev

eral effects of approKimately the right order of magnitude may be at 

work, such as deceleration of the electrons as the magnitude field of 

the ring becomes established, time-varying electric and magnetic 

images in the inflecto r structure, and wake fields froITl an early un

captured fraction of the beam. The mechanism of self-trapping is 

not understood, and is an important subject for future experimental 

study. 

Following injection the magnetic field rises as the sets of nested 

field coils are pulsed sequentially. To be specific, consider the geoITl

etry of Compressor III, which is the equipment now being operated by 

the Berkeley group. Figure 2 shows the arrangement of the coils and 

Fig. 3 the nominal design circuitry. In the course of recent exper

iments several modifications have been made by adding time-dependent 

current corrections in certain of the coils, but the gross features have 

remained substantiall).y as shown in Fig. 3. The variations with tiITle 

of the major radius of the ring, the energy of the electrons, the mag

netic field, and the field index (at the ring location) are shown in Fig. 4. 

In broad terITls, the way in which these quantities vary is not too differ

ent from that in the experiments with Compressor II. 
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A photograph of the equipment is shown in Fig. 5. 

The change in ring parameters duritng the compression phase has 

been discus sed by seve ral authors in Ref. 7, and has been treated in 

detail by Ivanov et al. 11 As :pointed out by Laslett, 12 some results 

follow very readily from the fact that in the axi-symmetric system 

the canoriical angular momentum (pR-RA) is conserved. Here, p = BR 

is the electron momentum in gauss-centimeter, and the field Band 

vector potential A are evaluated at the orbit radius at the time that the 

particle is describing that orbit. Using ~ and.!?,. as before, to repre-

sent the radial and axial extent of the minor cross section due to beta-

tron oscillations, one finds 

a ex: -1/2 -1/4 bex:B n , (2) 

arid the variation of the radial spread, .6.R, due to ene rgy spread in the 

electron beam is given by 

- 1 - 1 .6.R ex: (BR) ( 1-n) . (3 ) 

At least in the experiments with Compressor II it was found that the 

energy spread was small (::::: 0.50/0) and the radial width was determined 

almost entirely by betatron oscillations. The variation of the major 

radius, R, and electron momentum, p, depend on the details of the 

field configuration, but in practice it is found that for placement of the 

coils in a geometry like that in Fig. 2, and for a reasonable compres-

sion sequence, the following relations are appr0ximately obeyed: 

1/2 -1/2 P cx: B ,and H cx: B , ( 4) 

corresponding to approximate conservation of the magnetic moment 

BR2. 
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The equations of motion of individual particles in the ring under 

the action of the exte rnal guide field and the space- charge fo rces have 

. . 11' 13 
been treated in detaIl by Ivanov et al. and Laslett . Some of their 

.' main conclusions can be summarized as follows. The space-charge 

effects for an isolated ring are of two kinds: first, the well-known 

type in which neighbo ring particles in a segment of the beam have a 

net repulsive force although the electrostatic term is largely canceled 

by the magnetic term, and second, that in, which one segment of the 

beam is acted upon by all other segments in the ring, in which case 

both electric and magnetic terms are of the same sign. The first ef-

fect is present in a beam that is linear, the second is a consequence 

of its being a clos ed curve. The outcome is a bias field which pro-

duces a correction to the usual r.elation between momentum, field, 

and orbit radius, viz., 

B = - -...E....R (1 + f.lP), e , 
( 5) 

whe re (to follow the terminology of Ref. 11) 

1 . (Budker parameter, v), . 
'Y 

and P = 2 In {1:! ). 

The product f.lP is usually small compared with unity, and the change 

",' in orbit radius is therefore small. However, this "toroidal" space-

charge term enters significantly into the expressions for the radial 

and axial betatron frequencies, v
R 

and v . 
z 

Thus 
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2 
( 1- n)( 1 + fJ.P) -~ ...il!:.... R2 

( a) v R = 
i32-y2 a(a +b) , 

( 6) 

2 
n (1 + fJ.P) - ~ ...1lL R2 (b) 

v = 
z 2 i32-y2 b(a+b) 

The last term in each instance is the well-known "linear" space- charge 

term and leads to both radial and axial defocusing. Note, however, 

that in the range of interest for the compressed ring--namely, when n 

becomes small--the "toroidal" terms involving fJ.P lead to radial focus-

ing and axial defocusing. 

Experimentally it is of great importance in determining the quality 

of the rings to check on the ring dimensions. A simple but powerful 

tool used in the experiments with Compressor II and TIl was a tantalum 

target or "flag" which could be placed at a wide variety of 'radial, az-

imuthal, and axial positions, and which could intercept all or part of the 

beam. When electrons strike the flag~ a burst of x rays is produced 

that can easily be picked ,up by a scintillatdr and photomultiplier exter-

nal to the apparatus. The starting and ending times of the pulse indi-

cate the times of arrival of the largest and smallest betatron amplitudes 

at the flag, and the pulse magnitude and shape gIve information about in-

tensity and distribution in phase-space. For example, if the flag lies. 

in the median plane so that the ring as it is compressed is totally de-

stroyed, then the plot of pulse end-times versus radius should corre-

spond to the path with time of R, the closed-orbit radiUlS, as shown, 

for instance, in Fig. 4. If the experimental points lie to the left of the 

calculated curve it is a strong indication that the injection clos ed orbit 

;.'!l 
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are present,--in other words, that the beam is "hollow" in the (x, Xl) 

phase plane, an undesirable situation leading to reduced holding power. 

Information about a combination of radial and axial oscillation amplitudes 

comes from axial probing with the tip of the flag to produce partial loss. 

Anothe r powe rful diagnostic technique for studying ring dimensions is 

the use of a gated image-intensifier camera to take a "snapshot" of the 

minor cross section of the ring by recording the synchrotron light. 

Photodensitometric meaSUll"ements allow the electron density distribu-

tion function in the spatial coordinates x, y to be deduced.' 

The observations with Compressor II were all found to be consistent 

with a rather simple distribution in four-dimensional phase space; 

2/ 2 2/ 2 2/ 2 2 2 2/ 2 exp(-p 2), where p,=(x a +Xl a l +y/b +yl b l ). In partic-

ular, the projection of this distribution on the xy plane is 

d
2

N 1 2 2 2 2 
dxdy = 21Tab exp -(x /a + y /b )/2, ( 7) 

in agreement with the synchrotron light data, which gave a = 2.4 mm, . 

b = 1.6 mm at the end of compression, where R = 3.5 cm. 

The most tedious and timer consuming task in arriving at efficient 

ring f()rmation is the empirical trImming of the magnetic field in orde r 

to cross certain single-particle betatron resonances. To achieve three-

tUTn in3ieC±ion radially it is desirable to inject near n = 0.5, where the 

radial tune v
R 

Z 2/3. At the end of compression it is desirable to have 

v small, and the n value close to zero, since after extraction the ring 
z 

lTIUSt be launched into a field: with n = 0; hence it is necessary to cross 

several resonances between n = 0.5 and O. Also, the oscillation 
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amplitude of the circulating beam after injeCtion is a few centimeters, 

so that even quite small driving terms may cause growth. As can be seen 

from Fig. 4, the radius of the closed orbit dwells for comparatively long 

times at certain radii corresponding to the peaks of current in the various 

coil sets, and it is important that the n values at these radii be not too 

close to strong resonances. Of particular concern in the Compressor II 

experiments we re resonances cor respon9.ing to n = 0.5 (v
R 

= v z' cou-

pIing type), n =0.36 (ZvR-v z = 1, vR+Zvz=Z, 3v R +vz = 3, sum or differ

ence types), and n =0.Z5 (v = 1/Z, axial type). . z 

By using a low- cur rent small- emittance beam to avoid masking phe-

_ nomena by high-current collective effects, it is possible to diagnose 

which of the single-particle resonances are troublesome. The technique 

for eliminating their deleterious effects was to introduce small time-

dependent current programs in certain coils, with the aim either of post-

poning the resonance-crossing until as late as possible when the betatron 

amplitudes would have been substantially damped, or of crossing the 

resonance quickly. This was successful in Compressor II. The coil 

configuration fo r Compres sor III was cardully designed to avoid the 

known troublesome n values and to allow the addition of current-correction 

circuits. Nevertheless beam loss occurred at n = 0.36 and n = 0.Z5, and 

the loss at the former was difficult to eliminate completely. 

III. Ion- Loading, Extraction, and Acceleration of the Electron Ring 

The ring-acceleration process can begin when the ring has been 

loaded with ions to provide self-focusing and positioned in a magnetic sole-

noid. The solenoid provides no axial focusing. A small positive radial 
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magnetic field component, 0 r an axial electric field, may then accel-

e rate the ring. Between its fo rniation and launching into the solenoid, 

however,comes the important stage of loading the ring with ions and 

reducing the field gradient to zero at the appropriate place for launch .. 

ing,\wherevpon ill = 0 and the resonances v
R 

= 1 and v z = 0 are encoun

tered. Although the accelerating solenoid does not provide axial focus-

ing it is possible that at the launching point and beyond other sources 

of focusing may be presant, such as ions, dielectrics or metal sereens 

. 14 15 to provide images, or an axial wire carrylng current. ' 

Extraction of the ring in the Compressor III experimental is ac-

complished as follows .. At the end of compression when the fields in 

the coils have stopped rising, the ring has a major radius of 3.6 cm 
oB 

and its median plane (defined by B = 0, ~ < 0) is almost exactly cen
r uZ 

tered in the left- right direction in the vacuum chamber. An unbalancing 

circuit is friggered to increase the current in Coil 3L and decrease the 

current in Coil 3R (see Fig. 6). At low current this moves the closed 

orbit (B = 0) continuously to the right and later, when the unbalancing 
r 

current is decreasing, the closed orbit moves back to the center again. 

However, above a critical current level a stage is reached when, at a 

value of Zo ~ not only B but also 8 B /8 z vanishes. At this 

t . R 
lme n = - ~ . B 

12 cm, 
8B 

z -ar = 
8 B r r 

- ~ a z r = 0, the magnetic axial focusing is re-

moved, and later when B > 0 the ring is accelerated to the right. AI
r 

though this condition for removal of the right-hand mirror is easy to 

achieve, it becomes a matter of very careful adjustment of the residual 

currents in all the coils to ensure that beyond the release point B is 
r 

kept at a small, rather constant value of the order of 10 gauss. If I B I 
r 

\ . 
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we re too large the acceleration would be so abrupt that ions would not 

be retained in the ring. 

Ions are added to the ring at or near the end of compression by 

actuating a gas valve that can provide a burst of gas molecules near 

the ring in a pulse some' few hundred f.Lsec wide. The numbe r of mol

ecules ionized and trapped, in the ring can be varied by adjusting the 

firing time of the valve and the pressure of gas in the plenum. In the 

absence of other focus'ing methods after the release point, the ion load-

ing must provide focusing sufficient to overcome the axial defocusing 

described byEq. 6(b) with n = o. 

In practice to date, the experiments addressed to extraction stud

ies have used image focusing in addition, and this must be included, 

along with the ions, in extending Eq. 6. The Dubna group used a set of 

copper strips to form a "squirrel-cage" outside :the ring as it was ex-

tracted axially. In CompressorIIi a central dielectric image cylinder 

consisting of titanium dioxide in a thin quartz envelope is mounted in

side the ring. In addition, the outside surface of the quartz is plated 

with longitudinal copper stripes. The purpose of each of these devices 

is similar-to provide neighbo ring mate rial in which the electric image 

of the ring is fully 'developed, but the magnetic cur rent image is sup

pressed. The slotted metal surface cannot support azimuthal currents, 

and acts in this case like a material with high dielectric constant. 

Laslett 13 has written the expressions for the radial and axial tunes for 

the case with ions and images as follows: 

,~ , 
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2 
v R =1-n-fl 

2 r1-ijE 4R (L_f) -(1-f)1:+ 4 1E 
a(a+b) 2 2 (S _1)2 

'( "E " 

+ n[(1-f/2) P + (1-f) K _ ~2L] 

2 
v = n + 

z 

4R2 1 P [( 1-f)E 1M 
- b (a + b) (2" - f) - (1- f) 2" + 4 " 2 

'( (SE- ~) 

2 + :n[ ( 1- f 12) P + (1- f) K - ~ L] ( 8) 

where f = fractional ion charge = N.z./N (= Np/N for protons), and 
lIe e 

SE' SM measure the distance to the electric or magnetic surface in units 

of R. The image coefficients E 1M' E 1E and the terms K and L are dis

cussed by Laslettj 15 in the work described here, where the magnetic 

images are absent, we have 

E 1M = 0, L = 0, E 1E:::: 1/8, K:::: S; _ 1 

The effect of the presence of ions is to provide both axial and radial 

focusing, the effect of the electric images is to provide axial focusing 

and radial defocusing. Table II summarizes the sign of the contribu-

tion to the betatron frequencies when n is small. 

It is clea r that enough ions must be added to ensure axial stability. 

i. e., to overcome both space-charge terms, after the ring has begun 

to accelerate and is away from the region of the electric images. How 

many ions may be added beyond this lower limit and how the balance 
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am.ong the rem.aining contributions should be adjusted is m.uch less 

clear, and hinges on the dangers to be encountered near the radial in-

tegral resonance, v
R

= 1. As n approaches zero and the ring nears the 

release point, generally the incoherent (ion and space-charge term.s) 

resonance, V
R 

Inc::: 1, 'is reached first and the coherent integral res

onance later. Theoretical reasons suggest that one can cross v
R 

::: 1 

(incoherent) unless the spread in betatron frequencies is large. 16 , 17 

One strategy for crossing v
R

inc
::: 1 would lbe to om.it the im.age cyl

inder and rapidly to pulse a subsidiary magnetic field coil so that the 

resonance is traversed in nanosecond tim.es. The alternative under 

. d t· h . t . b 1 inc 1 b f . 18 conSl era Ion ere IS 0 remaIn e ow V
R 

= ecause 0 lm.ages 

(see Fig. 7); later, when acceleration has been begun and the ring is 

m.oving axially with relativistic speed the im.age cylinder can be 

abruptly te rm.inated. 

It was stated earlier that at the point where the ring is released 

for acceleration the conditions B =0, oB /oz = O,mustbe satisfied, 
r r 

There are further conditions required, as pointed out by Pellegrini 

and Sessler, in particular on other derivatives, a B /0 rand 02B /0 i, 
r r 

near the release point. 19 Unless the self-focusing forces are strong 

enough the radial variation of B , acting diffe rently on electrons with 
r ' 

different energies, and the axial variation of a B /0 z, acting differ
r 

ently on electrons of different am.plitudes, can tear the ring apart. In 

this case the com.pact ring will not survive; the individual electrons, 

beginning with those of largest am.plitudes, will be successively ll peel e d 

off" on a slow tillH) scale, near the release point, and accelerated ax-

ially.Under conditions of field agljllstm.ent known to be poor, slow 

'\' 
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spilling of the ring consistent with these effects has been observed in 

COITlpressor Ill. 9 

Axial acceleration of the electron ring after release is designed 

to take place inside a 1- ITleter-Iong solenoid in the COITlpressor III 

equipITlent. By adjusting the residual currents in the cOITlpression 

coils and the currents in triITl coils near the end of the solenoid, a 

"good- field" accele ration length of about 75 CITl can be achieved. In 

a lightly loaded ring with a holding field, E k(MV IITl), the trans-
pea 

verse ITlagn~tic field, Br (gau:s~), ITlust satisfy. 

B < yE k/55, (9) r pea 

otherwise no protons will be retained. For rings with a holding power 

12 MVln, created in COITlpressor II, one finds that B should be less 
r 

than 10 gauss, which is quite deITlanding on the precision ofcoi! fab-

rication and current adjustITlent. With a significant aITlount of ion load-

ing a higher transverse field is needed to achieve the saITle acceleration. 

20 
In the Dubna expe riITlent repo rted recently by Sarantsev, extrac-

tion fi. e., cancellation of the ITlirror on one side) and acceleration were 

achieved by judicious placeITlent of a sequence of unpowered coils that 

we re sho rted befo re the ITlain field had ,risen to its ITlaxiITlUITl value. 

By detection of terbiUITl produced froITl the reaction N
7
+ Ce S8 -- Tb 6S 

the Soviet group was able to establish the acceleration of nitrogen ions 

to an energy of ~4 MeV Inucleon, and a peak holding power of 80 MV Inu-

cleon was inferred.for th.eir r.ings .. 

For applications in nuclear cheITlistry, where ion energies of the 
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order of 10 MeV/nucleon are required, acceleration by a radial com-

ponent of magnetic field in a solenoid about a mete r in length seems . 

quite adequate. This application fo r heavy ions has been discus sed in 

more detail by Lewis 21 and lGwnovich et al. 22 The configuration ap-

prop·riate for a high- energy proton accelerator will be discussed later, 

and in that case it is probable that the initial m~gnetic acceleration 

will be used mainly as an injection stage into an electric-field acceler-

ation column. 

A variation of the scheme of magnetic acceleration referred to 

above has been discussed by Furth arid Rosenbluth~3 and has many at-

tractive features. They have pointed out that a solenoid placed inside 

the ring allows one to control independently the flux within the ring and 

the field at the orbit, freeing one from the constraint of conservathm 

of magnetic moment .. Thus, the radius of the ring can be held constant

or even dec reased whileac'celeration proceeds. If electron rings with 

high transverse energy (::::: 500 MeV) could be created and high-field 
. . 

nested solenoids constructed with the ring traveling along in the inter-

vening space, proton energies in the range 10 to 100 GeV by magnetic 

acceleration alone could be envisaged. 

IV. Static Field Compressor 

In Section II attention was drawn to the fact that the"compressor" 

system common to the Dubna and Berkeley experiments performed a 

dual role, viz., acceleration of the electrons azimuthally, and com-

pression of the major and minor dimensions, leading to a higher hold-

ing power (Eq. 1). There are considerable advantages to be gained by 

"" 
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separation of these functions, and the concept ofa device to cOlupress 

the diITlensions of the ring without adding aziITluthal energy has been 

. d dId· d b h· 24- 30 S I In_ epen ent y Iscusse y ITlany aut ors. . evera propos-

I 24,26,28,29. I .. t· . t .. t· f· ld a S Invo ve InJec Ion In 0 a ITll rror- ype Ie , i. e., one 

in which B irtcreases with z.If injectfon is at an angle to the axis 
z 

and without a radial cOITlponent of velocity the electrons describe a 

conical helix of decreasing pitch and accUITlulate in a dense ring con-

figuration with sITlall radius at a suitably high-field point along the sole-

noid. Having reached its ITlaxiITluITl COITlP res sion the ring tends to ex-

pand again because of the absence of stabilizing longitudinal forces, _ 

unless a local trapping field is switched on at that point. Vai"iants of 

this technique have been described by Berg et al. 26, 29 and Hultschig.?8 

The requireITlent that the ring be cOITlpact axially imposes very strin-

gent conditions for sITlall eITlittance and energy spread of the injector. 

Th M I · d 26,29,30 h d I .. . t' e aryan group as suggeste severa IngenIous varIa Ions 

and iITlproveITlentsin this concept. They point out that if ions are cre-

ated at a suitable tiITle and density the axial spreading of the beaITl due 

to eITlittance and energy spread will be inhibitied by Bennett pinching, 

and as the pitch of the helix becoITles sITlall su:ccessive turns will be 

attracted to each other by ITlutual ITlagnetic forces. In order to obtain 

high current it would be desirable to inject at several aziITluths, and a 

novel way of achieving this without a proliferation of linear injectors 

has been suggested by Nelson and KiITl. 30 The electron beaITl is pro-

duced from an annula r cathode of large radius to produce a cylindrical 

hollow beanl. Sets of solenoid coils are placed both inside and outside 

the cathode, the inner one being rather short axially. As the electron 
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stream leaves the region of the inner coils a portion of the axial ve-

locity is converted to rotational velocity at a constant radius. Then 

the cylindrically rotating stream can be compres sed into a ring by 

entering an increasing solenoid field, as before. 

Christofilos
25 

has proposed a system in which the axial stability 

is ensured by maintaining an axial focusing field, i. e., 0 B /0 r < 0, 
z 

over a single compression stage. By employing an inner cantilevered 

solenoid to avdid conservation of magnetic moment, the ring can be ac-

celerated at constant radius; during this stage the field at the orbit is 

reduced. Following the accele ration at constant radius the ring is al-

lowed to undergo adiabatic compression in an increasing field until it 

stops. In the ove raIl process the major radius is compressed in the 

ratio of the initial field to the final field, and the mino r radius by the 

square root of this ratio. Several successive stages, each of this type, 

are envisaged to be placed in series, to obtain compression to very 

small dimensibns. The transition between stages may be nanadiabatic, 

and the behavior in the transItion region has not yet been completely 

studied. ' 

In the static field compressor discussed by Laslett and Sessler
27 

no axial acceleration or deceleration is envisaged, and hence there is 

no great s ensiti vity to initial ene rgy spread. They have shown that 

with a suitable configuration of tape red solenoids nested one within the 

other, an axial magnetic field of zero gradient, and varying inversely 

with radius, can be produced. Focusing is provided by an external 

winding to ensure the axial stability of the ring. This weak magnetic 

11 b d . 11 3 1 h . h . we' can e rna e to propagate aXla y, t us caUSIng t e nng to move 
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continually into the stronger field region and compress in radius. 

They quote an example in which the ring is compressed from R = 57 

cm to R = 7.3 cm, and demonstrate that the coil currents required

and the properties of the helical- winding to supply the moving well 

are quite reasonable. 

Implicit in the design of all static-field compressors is the avail

ahility of a high energy electron source (20 to 30'MeV). It is some

times stated that the static- field compres sor eliminates the problem 

of providing pulsed magnetic fields. The problem is not eliminated 

but transferred into the injection accelerator, where, however, more 

efficient solutions-may be provided. Such an injector could be a linear 

induction accelerator of the the type discussed earlier (Sec. II) ex

tended in length by a factor of five 0 r more, or it could be a high

current betatron. The pulsed compressors at present used for elec

tron ring experiments are, in essence, variable-orbit betatrons, but 

it is likely that the smaller volume of pulsed field needed for a con

stant radius betatron injector would give greater efficiency and a higher 

repetition rate. Certainly a high energy electron source based upon an 

extension in energy of the type under construction at Berkeley imp'oses 

no new technological demands-at least up to a repetition rate of 1000 

Hz. 

It should be noticed that the static-field compressors mentioned 

above fall into two classes: those in which the electrons are consid

ered to be already formed into a ring to begin with and those in 

which th(' I·jng fonnation and compression take place together. The 

latter category of mirror-field compressorw, if they were to work, 
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might offe r the additional advantage of relieving the injecto r of the 

requirmnent of very high output currents, since they should be capa-

ble of accepting a pulse length very much greater than the few tens of 

nsec required for the first category. 

VII. Future Investigations 

Of major importance to the future utility of electron ring acceler-

ators is a continuing program to stri:ve for rings of higher holding 

powe r. At pres ent, rings with holding fields in the range of tens of 

megavolts per meter have been achieved, enough to establish this type 

of collective accelerator as an extremely attractive device. However, 

a careful experimental program of studying injection, and understaIid-

ing collective instabilities and their relation to the geometrical and 

electrical environment near injection, is needed to find ways of achiev-

ing higher ring-currents. Discussions of many of the electron collec-

tive effects and ion- electron interactions are to be found in Ref. 7. A 

- _ 32 
brief summa ry by Ses sle r of the major limiting effects indicates 

that an increase by one to two orders of magnitude in the n~mber of 

electrons per ring should be possible. An electron source of high 

brilliance is needed to achieve compact rings in the region of N ::::: 10
14 

e 

In this way the holding power should ce-rtainly be increased to several 

hundred MV 1m, and perhaps to 1 to 2 GV 1m. 

Parallel with these studies on stacking more intense rings is the 

need to study the behavior of electric-field acceleration. Magnetic 

field acceleration alone is capable of giving proton energies up to some 

tens of GeV, and is certainly adequate for producing heavy ions for the 

-, 
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needs of nuclear chemistry and biomedicine. But, for a high energy 

proton accelerator of 100 GeV or greater, electric acceleration is 

necessary. Both of these topics will be actively pursued at Berkeley 

upon completion of the electron accelerator. 

At the time of the Berkeley Symposium 
7 

seve ral conceptual de-

signs for a high- energy proton accelerator using electron rings were 

developed, and various sets of operating parameters were discussed. 
, 

Furthe r expe rimentsparticularly on the topics just mentioned, . are 

needed to give guidance concerning the most desirable and realistic 

parameters. There has been some further evolution in thought on the 

mechanical and electrical aspects of the accelerator design~ In Ref. 

7 an efficient method of induction acceleration of the ring was pro

pos ed (Pulsed- Line Acceleration~l, but was recognized to involve a 

development program to learn how to fire a very large nUITlber of 

spark gaps in sequence with jitter times of the order of a few nsec. 

This may indeed prove appealing in the future, depending on the out-

corne of expe riments with lase r-trigge red gaps. In the meantime 

development of ferrite-loaded cavities for the electron source (cf. Sec. 

II) has suggested that a similar approach could be used for an acceler-

ating column fo r the ring. The introduction of fe r rite means that the 

space factor is worsened, leading to a significantly reduced average 

longitudinal electric field. It has, however, several advantages: 

relaxation of the tolerance for jitter to a comfortabie point, reduction 

in the number of spark gaps per cavity from four or five down to one, 

use of a technique upon which the development work is essentially 

complete. and a laterally more compact structure. Brief examination 
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of mechanical and electrical requirements indicates that a column 

with an average field of several MV /m is quite feasible. 34 

Attention has also been paid to the practicality of using both elec-

tric and magnetic accelerating sections in series. For example, to 

obtain protons of energy E, one could use electric acceleration first to 

an energy E/2 and the .rings could theneRte:r a. s0lenoJd .. withdecreasing 

axial fi el<l, allowingdlh,e, ring, radius, ,to (expandiana the; \l<rln-gitudina:k!1!ne rgy 

to inc,rease. 'If the axial velocity of the ring entering the magnetic ac

cele rating section is i3
L 

== (1- /'1 L 2) 1/2, !the initial transverse electron 

energies described by 'I, as before, and the final values on emergence 

are denoted by i3L ', Y
L

', 'I' after the ring has expanded, we have, 

f rom cons e rvation of ene rgy in the static field, 

NpMp'lL + Neme'lYL = NpMp'lL' + Neme Y''I L ', 

'I L''I + NpMp/Neme 
or = = y + 18 for 1% loading with protons. 

'I' + 18 

If the ring were allowed to expand in radius by a factor of 3, say from 

'I = 40 to 'II = 13, then the protons would gain a factor of 2 in energy. 

This method of combining electric and magnetic field acceleration may 

be most suitable when rings of relatively modest intensity are used, 

(10) 

for then 'I must be chosen rather large to ensure that the holding power 

(proportional approximately to '12 for ring formation in the pulsed com-

pressor) is adequate to retain the protons during electric acceleration. 

If very intense rings were available it would be preferable to place a 

nlagnetic acccle rating solenoid upst ream rathe r than downstream of the 

electric accele rato r. 
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Apart from the lower cost pe r unit proton ene rgy, it is desirable 

to exploit magnetic acceleration to the maximum to avoid the substan-

tial energy loss by "cavity radiation" that will occur when the ring 

passes through the periodic structure of an electric column. The mag-

nitude of this effect and its dependence on '{ L have been the subject of 

a rema rkable variety of studies and have led to an almost equal variety 

of results. A detailed discussion and comparison of the methods of 

handling the theoretical calculation has been given by Sessler. 35 The 

original formula derived by Kolpakov and Kotov
36 

for the energy loss 

of a charge· Q in passing through a hole of radius R, in a cavity of 

length G, was 

b.E ( 11) 

Although the re is still lack ofag reement among those working on this 

subject, a cur rent estimate 37 is that the los s shown in Eq. 11 should 

be multiplied by a factor (1 + i GIRl. which typically is about 2 or 3 

for geometries under consideration. At this time the cavity- radiation 

los s is believed to be an annoyance but far from limiting fo r the elec-

tron ring accelerator. 

VIII. Conclusion 

As regards the immediate future of the Berkeley program, exper-

iments will continue with Compressor III to study and define the com- . 

plicated interaction of variable needed to achieve efficient formation 

and successful extraction of a compact ring. It is expected that the 

new electron accelerator will be ready by late spring 1970 to carry 
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out furthe r expe riITlents. 

The Berkeley prograITl on ERA, under the overall direction of E. J. 

Lofgren, is an effort in which ITlany people are deeply involved. AITlong 

the principal full-tiITle ITleITlbers of the accelerator study group respon

sible for the work sUITlITlarized here are: 

Physics Aspects: W. E. Chupp, A. Garren, G. R. LaITlbertson, 

L. J. Laslett, A. U. Luccio, A. Nakach, C. Pellegrini, 

W. A. Perkins, J. M. Peterson, J. B. Rechen, and A. M. 

Sessler. 

EJ.~ctrical Aspects: A. Faltens, E. C. Hartwig, and C. D. Pike. 

Mechanical Aspects: R. T. Avery, H. P. Hernandez, J. R. 

Meneghetti, and W. W. Salsig. 

The experiITlental observations with COITlpressors II and III that 

are referred to here 'w,ould not have been possible without access to 

the unique facilities at the Astron installation, and the enthusiastic 

cooperation ,of N. C. Christofilos and his co-workers. 
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Table 1. Parameters for electron linear induction acceleratol1s. 

Astron accele rator Dubna accelerator Berkeley 
(typical ope ration), (typical ope ration), (design) 

1969 1969 

.25 
Energy (MeV) 4.1 1.5 (4 by late 170) 

Repetition rate (Hz) (5 - 30) 1 - 10 

Current (A) 850 200 ~ 500 

I 

33 X 10- 2 (1-3)X10- 2 -2 
VJ 

Emittance at full energy VJ 
~ 20 X 10 I 

(cm- rad) 

Pulse length (nsec) ::::250 ::::200 35 

Cathode Ba rium oxide Barium oxide Field emission 
(hot) (hot) ( cold) 

Core material Nickel-iron tape Pe rmalloy tape F,e'p.i"i t e c:: 
() 
!:d 

Voltage per co re (kV) 10 - 12 10 250 ~ 
I 

~ 

'-'> 
~ 

Number of cores :::::450 :::: 100 9 (later 16) 
VJ 
lJl 
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TableI!. How various effects alter the betatron frequency. 

Origin of effect 

Magnetic field gradient 

"Linear" space charge 

Trapped ions 

IIToroidal l1 space charge 

Electric images in cylinde r 

Sense of contribution 
to betatron tune 

v 
z 

+ 

+ 

+ 

+ 

+ 

.', 
.> 
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Figure Captions 

Fig. 1. This cutaway drawing shows two pulsed accelerating cavities 

stacked in series. Each cavity is to have a voltage of approx-

im.ately 250 kV. 

Fig. 2. The coil system. and vacuum envelope of Com.pressor III. 

Fig. 3. Schem.atic of power supplies for pulsing the coils. 

Fig. 4. The calculated variation of major radius, kinetic energy, 

field, and field index with time during cornpres sion. 

Fig.·5. A photograph of Com.pressor III in August 1969 before being 

mov~d to the LivernlOre site for experim.ents at the Astron 

facility. The coil support fram.e for the com.pression coils is 

clearly distinguishable as well as the actuators for certain of 

the radial probes. The accelerating solenoid and trim coils 

are visible to the right of the com.pression chamber. 

Fig. 6. The variation of magnetic field at the ring radius versus time 

during compres sion and extraction. The fields in the left-hand 

and right- hand solenoids are also shown to indicate the la rge 

changes needed to effect extraction. 

Fig. 7. The variation of the radial and axial betatron tunes (squared) 

as a function of tim.e after activation of the extraction circuit. 

For moderate ion loading (4.2%) in the presence of image focus-

ing both the resonances v = 1 and v = 0 can be avoided. R z 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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