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THE BLECTRON-RING ACCELERATOR

Denils Keefe
lawrence Radlation laboratory
Unlversity of California
Berkeley, California

For almost two decades there was sporadic
interest(l»2:3: in the concept of acceleration
of ions by collective effects and one uns?cgessful
experiment was reported as early as 1952. 2] a sig—
nificant factor in creating recent asctive attention
was the disclosure(5) at the Cambridge Accelerator
Conference in 1967 of the experimental work at
Dubna by Veksler's group on the specific form of
collective effect device employing an electron ring
as a vehicle for accelerating ions. With relativis—
tic electrons in a ring configuration, and contain—
ing ions, there were reasons to believe that self-
stability problems could be solved. Another factor
of timely concern has been the rapid development in
recent years of very intense (> 1000 A) sources of
relativistic electrons which, of course, provide
one of the essential tools. It was recently ob—
served by Graybill at Ion Physics that the elec—
tric field close to the head of an intense pulse
of 1.5 MeV electrons passing through gas caused
acceleration of hydrogen lons to 5 MeV. While this
is a mechanism that probably cannot be extended in
an orderly manner to give high energies, it 1s an
interesting practical demonstration for non-believ—
ers, that the collective—effect fields are really
present and potent.

After the Cambridge meeting, interest in study—
ing electron—rings ran high at the Lawrence Radia—
tion laboratory partly because of iIntrinsic interest
on the part cf the accelerator and plasma scientists
and partly beceuse of the availability of the 4 MeV
300 A electron source at the Astron facility, which
would permit experimental work tec proceed fairly

soon. Properties and parameters for accelerators
were studied and presented at a Symposium on Elec—
tron Rings held at Berkeley a year ago.( Interest

in an electron—ring esccelerator stems mainly from
three reasons. First, it is & new and different
way to accelerate particles and should be studied
for its cwn sake; second, it should provide an
intense source of heavy ions for Bilomedical or
Nuclear Chemistry research; and third, it may
provide a compact means for accelerating protons

to very high energy. In connection with the last
point we should note for orientation that if we
examine the acceleration—rate per meter of struc—
ture we find for present devices about 1-1.5 MeV/
meter for proton linacs and about 40 MeV/meter for
proton synchrotrons. By comparison we have achiev—
ed (at Berkeley) rings with enough holding power to
accelerate protons at a rate of 12 MeV/meter. This
number should continue to increase as the srt of
making more intense rings is developed and we hsave
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a long way to go before reaching a 1limit, imposed
by the structure, of 500-1000 MeV/meter.

After the symposium, armed with a knowledge
of the parameters we would like to have, we em—
barked on an experimental program to study what
we really might hope to achieve, and of course, to
investigate the feasibility of the principle.

The first piece of equipment to form rings
was & rather simple device (Campressor I) made
from a glass bell—Jjar. It had only two stages of
magnetic compression colls and a very low repeti-—
tion rate (one per minute). Since it was used in
conjunction with & low—intensity electron—linac
the number of electrons in the rings formed was
too small (~ 109) to encounter collective effects.
Nevertheless it was a useful device for learning
sbout single particle effects, for studying in—
flection, and for developing suitable diagncstic
techniques.

A more sophisticated device (Coampressor 2),
intended to form lntense rings with holding fields
in the region of interest and to load them with
lons, was constructed last year and op?rgted for
about 40O hours at the Astron injector!T) in
Livermore last Fall. The results of these experi—
ments are to be found in Ref. 8 and a description
of certain details of the eguipment is the subé ct
of several papers at this c:onf‘cel"ence:(9,lo:ll’l s0
that only a brief summary will be given in this
text.

A rather elaborate beam transport line was
constructed to transport the beam from the Astron
linesar induction accelerator to the ring—forming
equipment. This included several sets of devices
for sensing the beam position and current and for
steering and focussing the beam. In addition,
there was a fast chopper which selected a pulse 20
ns long out of the main pulse. An emittance
measurement device with a real—time television
display all?w§§ tuning of the beam to maximum
brightness. 11

The Campressor 2 equipment is shown schemati-
cally in Fig. 1 and & photograph of the apparatus
1s reproduced in Fig. 2. Although the high vacuum
requirements would have been ideally met by use of
8 bakeable metal envelope the severe prcblems due
to eddy currents dictated that no metal could be
used; hence the vacuum chamber was chosen tc be of
alumina. The pulsed weak—focussing megnetic field



was supplied by three nested coll—palrs pulsed
sequentially in time. The compression from Iin—
Jection to the peak of the field takes 500 usec
and the behavior of severel quentities of interest
throughout this time 1s shown in Fig. 3. The mag—
netic field (at the ring) rises fram 660 G to 1T
kG; meenvwhile the orbit radius is compressed from
19 em to 3.5 cm and the electrons are accelerated
azimuthally by transformer action from 3.3 MeV to
18 MeV. During this time the minor dimension of
the ring shrinks from a few centimeters to a few
millimeters. Of most concern during the course of
the experiment was the behavior of the fileld gra—
dient Index 3B

on the median plane. The curve shown in Fig. 3
represents the n—trajectory finally used toc ob—
tain successful campression without beam loss.
When the experiment was begun, the curve dld not
loock grossly dissimilar except that n = 0.5
occurred very close to injection and n 0.25 was
crossed during the cycle of the outermost ccil—
pair. Crossing elther of these n—values early in
the cycle caused loss of beam. When current
correction programs were added to postpone crossing
both these values of n until later, the previously
severe beam losses were avoided.

The radial tune at inJjection was close to
v N 2/3 80 a8 to achleve three or four captured
turns. The inJection closed orbit was at R = 19
cm and prior to the moment of beam entry a fast
beam bump was applied to push the radial position
of the closed orbit out to the center of the in—
jection snout. As besm entered and circulated for
a few turns (8 16 ns) the beam bump was diminished
and the closed orbit returned to R = 19 cm.

Beam dimensions were examined with a variety
of mavable target probes. Loss of beam was detect—
able on x—ray photomultiplier counters. Presence
of the beam was indicated by radiation in the miero—
wave reglon and, also, near the end of the compres—
sion cycle by synchrotron light. Towards the end
of the experimental run rings were regularly formed

with N, =k x 1012

electrons, major radius R = 3.5 cm, minor rms
dimensions & = 2.3 mm (radiel) end b = 1.6 mm
(axial). The axial and radial electron distribu—
tions in the ring were found to be Gaussian. These
numbers yield a calculated peak holding field of
12 MV/m.

The rings survived for about 6 ms, the life—
time being determined by crossing n » 1 on the
decaying magnetic field. Addition of a 3 ms flat—
top to the field(lo prolonged survival for a
further 3 ms verifying that the beam loss was
connected with the magnetlc fleld and not the back—
ground gas. The lifetime of the beam could be
modified by addition of hydrogen gas and in one
case, by ldentifyling the resonance at which beeam—
blow—up occurred, the tune shift due to the focus—
ing of trapped ions was Av = 0.16.
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To return now to our current plans at Berkeley,
we are at present constructing equipment for Com—
pressor 3 which we expect to operate at Livermore
in July this year. In this device we plan to study,
first, the problems of turning off the external
axial focussing fleld (n - 0) simultaneously loading
with lons to add focussing and so provide axial
stability. In the process the integrel resonance

1
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must be negotiated rather rapidly. A long solenoid
(1 meter) has been added to allow acceleration of
the ring and ions to an axial energy of sbout 10
MeV/proton. This process of scceleration depends
on the decrease in axial field along the solenoid
(radial component B, > 0) to transfer same of the
azimuthal energy of the electrons into axial
energy of the ring.

The exact course of further experiments at
Berkeley and Livermore depends on the outcome of
the upcoming experiments with Campressor 3. If 1t
works and we learn how to accelerate lon—bearing
rings with confidence, then one change in approach
that would become immediately possible is to aban--
don our present system of crow-barring the magnetic
field. Instead, the pulsed fields would be supplied
in & resonant fashion and the power losses per cycle
cut down by a factor of five or ten. An cbvious
element of the on—golng program is, of course, to
study the formation of more intense rings and how
to circumvent the instabilitles or other factors
that may limit the holding power. The advantages
of the ERA concept are directly related to the
holding power of the ring.

Two mejor toplcs to be studied in the future
are electric acceleration and static—field com—
pression. A form of electric acceleration that
sounds very attractive for a high—energy proton
accelerator was proposed by E. C. g%rtwig and co—
workers at the Berkeley Symposium.( This so—
called "pulsed line" system envisages acceleration
of the ring by an induction field that is present
in the accelerator only in the immediate neighbor—
hood of the ring, and is therefore only a few nano—
seconds 1n duration &t any one location. In other
words instead of the electric accelerating energy
being stored in the entire structure at any one
time (as in & system of RF cavities), it 1s prope—
gated along the structure at the speed of the ring
and occuples only a few feet at any one time. This
1s & system we intend to model soon. The subject
of static—field compression 1s one of considerable
topical interest and there will be tw? gafﬁss at
this meeting bearing on this subject. 13, The
obJect here is to use dc magnets — — which could be
superconducting — — to compress a ring of large
dimensions and shrink it to a ring with small msjor
end minor dimensions and therefore of high holding
pover. The ring would then be launched into a dc
accelerating solenold field and later, if desireqd,
sccelerated electrically. This would supply con—
slderable relief from the problems of supplying
considerable guantities of pulsed power to the
guide—field structure. In addition superconducting
coils would almost certainly be used which would



permit considerably higher fields to be employed 2. H. Alfvén and 0. Wernholm, Arkiv Fysik 5, 175

and alsoc help in the achievement of high vacuum. A (1952).
central advantage of this form of compressor is the 3. V. I. Veksler, CERN Symposium on Accelerators,
possibility of achieving very high repetition rates. 1956, vol. 1, p. 80.
Since a static fleld compressor would not result in k., aG. 1. Budker, CERN Symposium on Accelerators,
azimuthal ecceleration of the electrons in the ring 1956, vol. 1, p. 68.
they would have to be injected at quite high energies 5. V. I. Veksler, et al., Collective Linear
(several tens of MeV). A linear induction accelera— Acceleration of Ions, in Proc. of the Sixth
tor to supply such high Injection energy would be Internstional Conference on Accelerators,
gquite ungainly and it is probeble that a high—current Cembridge, Mess., September 1967, CEAL~Z2000,
betatron would be the type of injector employed. p. 289.
Since the compressor used in the Dubna and Berkeley 6. Symposium on Electron Ring Accelerators,
experiments were, in essence, high-current betatrons Berkeley, Februery 1968, Lawrence Radiation
this form of injector could be reletively ccmpact. Laboratory Report UCRI~18103, February 1968.
T. N. C. Christofilcs, et al., Rev. Sci. Instr.
In conclusiocn, we should note that there wes 35, 886 (196k4).
Just one paper on electron rings at the Cambridge 8. D. Keefe, et al., UCRL-18671, December 1968 (to
Accelerator Conference eighteen monghs ago while at be published in Phys. Rev. letters); alsc
this meeting we notice thirteen pspers submitted on R. W. Allison, Jr., et al., UCRL-18498,
this topic. This 1s certainly s rapldly—emerging October 1968.
subject that should become in the future a more 9. R. T. Avery, et al., UCRI~18538, March 1969.
significant part of accelerator conferences. At 10. W. R. Bsker, et al., UCRL—lthT, March 1969.
least we at Berkeley hope that 1s the way the future 1l. R. W. Allison, Jr., et al., UCRL-18522, March
lies. 1969.
12. A. Faltens and C. Kerns, UCRI~18564, March 196g.
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