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Introduction

The electron ring accelersztor has arpeared to con-
stitute a particularly attractive, or at least a con-
ceptually straightforward, means for the acceleration
of ions by use of collective fields, The potentiel ad-

vantages of collective-field acceleration were empha-

sized for many ycars by Veksler. The report by
Kolomensxii at the 1967 Acceleratcr Conference in
Cambridge of an active electron-ring development program
at Dubna,” under the direction of V.P. Sarantsev, stimu-
lated the initiation of similar experizental programs
and related thecretical studies by severzl cther groups.
It was hoped by many at that time that the formaticn of
a highequslity ring of relativistic electrons would
prov1de a helding field as great as at least = few hun-
dred MV per meter and that acceleratlon of the rlng
then would 1 it \,.‘L‘appcu yum.u.x.vc “““““
<0 high energies ian a relatively short
Other potentially useful characteristics cf such an
accelerator were also recognized -- zs the availability
of output beam pulses of short duration and the ability
tc accelerate simultanecusly heavy ilons of diverse
charge/mass ratio,

st o oo

ng programs
ess for several years at a number of laboratories, It
is indeed timely to inquire concerning cur present de-
xree of understanding with respect to the basic physical
phenomana that can act to limit the performarce of an
electror-ring accelerator, It would appear premature

at this time tc attempt to specify the competitive
econoric pesition that such an accelerator could cccupy
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have becn in prog-
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for various applications -- more relevant at the moment
is a guantitative and confirmed understanding of rin

behavicr, and of the implications of this bchavicr.
Macn of the effort during the past years of course
necessarily kas been devoted to the asserbly of experi-
mental equipment and, on the thecretical side, to the
examination of alternative ccncepts Tor ring-formation
Hevertheless, guantitative experiments have
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The stability with respect to collective electron-
ion oscillations,

"opt;mlzed" performanue.

2ingle-Particle Resonances

Early electron-ring experiments® at several lab-
orstories have revealed beam loss or a degracation of
besm nu_a'\_lhr attributable to singl P-ufa'r"t‘lclz: betatron
resonances -- notably at field-index values n = 0.5,
0.36, 0.25, and 0.2,' It is noteworshy that even the
difference resonsnces assoclated with n = 0.5 or 0.2
evidently can lead to unacceptably large axial anpli-
tudes through the resonant coupling of axial and radial

betatron oscillations.

inalytic gtudiss of betetron resonances of course
have been made" for application tc more conventiogal
devices, and the analyses can be directly adapted
describe such rescnant behavior in an electroan-ring
compressor, One's understanding of these phenomena
skould be consildered sound, particularly since the

aralyses can be monitored and the results readily
ckecked by means of computer calculaticns, Thae phen-

omena do exist, however, and should be contrclled in
practical compressor designs.
Significant byam det
betatron resonarce
of the ccmpres51on cycle, 50 as to obtaln a var
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cage"t1%) or use of an Hg-fieldl: may be desirable.
& ¢

Coherent Oscillations

Coherent beem cscillations have been observed, and
in many cases stabilized, in a large number of particle-
bandling devices, There also has been a great amount
cf analytic work devoted to this topic, for which the
results considered most relevant to electron-rinﬁuper-
formance have been summarized in a recent paper, The
collective phenomena of course are driven by self-gen-
erated electro-magnetic fields, whose magnitude and
rhase will be significartly influenced by the surround-
ings and that possibly may be resonant with the vacuwm
chamber within which the beam is situated. It has been
found convenient in recent work to characterize the
effective £+ ¥ x § driving field thaf erises in thie
way by a complex "coupling impedance’, defined as
Zyy = - C &opp/Ty, where C is the orbit circumference
and Ty 1s the current of the associated collective-
oscillation mode, In some instences measurements of
Zy can conveniently be made by electrical means.

The dynamical analysis of a potential collective
instability customarily commences with the Vlasov
equation, which normally is linearized about a simple
(e.8., wanedulated) equilibrium state, and the rature
of complex solutions w to the resulting dispersion
equation are then sought for varicus assumed distribu-
tion functions that can provide some Landau damping.

In the event that any of the simplifying assumptions
required for the apalysis appear to be unrealistic,
recourse may be had to alternative techni%ges of a com~
putational nature and simulation programs relating to
phenomena occurring in electron-ring devices have begun
to be applied for this purpose,

Transverse Coherent Stability -- The transverse
stability of a coasting {unmodulated) beam, moving in
the presence of walls of a high conduetivity and a
thickness at least as great as several skin deptas, has
been investigated analyticelly and the results applied
in assessing the possible perfoimance characteristics
of electron-ring accelerators.l The results indicate
that, for the assumed conditions, the transverse collec-
tive stability of a high quality ring beam can easily
be achieved by the Landau damping normally associsted
Wwith oaly a modest amount of energy spread,

Scwe experirents during the latter part of 1970

with Compressor 4 at Berkeley did show, however, a
rzdial instability of this nature at certain »adii and
toe agsoclated radio-frequency signals Ygre cbserved to
te of frequency (M-vp)we/2n with M = 1, The circum-
ces of these particular sxperiments were somewhat
crecial in that, as ore Teature, the thin metallic side
walls of the charber, situated azbout 2.5 cm to either
cf the ring beam, had a surface resistance
= 5000 to permit virtually unimpeded penetration
the pulsed inflector field, Recognizicg this special
ture of the slie walls, Lambertuon pointed out that

L cselllations of the beam current could induce
wall currents whose magnetic fields would ac<t regenert-
tively on the cscillating beam and that a specific
o is (valia For large Ry) would be desirabie, Neg-
7 the scmewhat smsller effect of wall currents
sing from the motion of electros atically induced
charges, the e-folding zrowth rate of o sollective
radial cecillation in the absence of Landau damping
Could ve estimated =s<”
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for o ring of radius R coatelinicr N particles,

Where r, iz the classical electron radius,

&
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Zo =+ /€5 = 377 ohms, and the curvature factor f

is of the order of 1/2. With the parameters character-
istic of Compressor 4 at that time, a ring beamr cf no
more than 5 x 10— electrons thus could be expected to
lead to growth rates of the order of 1.5 psec~l (for

M = 1) unless suppressed b{ Landau dsmping, and for
more intense beams (N £ 10+3) the growth rate to be
suppressed would be correspcndingly greater (e.g.,

32 psech), -

Landau damping of the transverse collective os-
cillations is provided most effectively by energy
spread In the circulating beam and stability requires
an energy spread sufficiently great that2l

|(E C}s/EsE)(AE/E)l > L/,
vhere
S= (M- Velwg

and
Yo

N L
E 38/ = - 2 I-n

l-n Vr

[(M-vr)(l - _f?) + 3 -ﬁ]
= Y
with Ov /O9R typically a negative quantity, Following
a sugges%ion of Sessler concerning the rossibility of
a strong cancellation of terms witnin the square bracket
of the equation for the damping coefficient E 3S/JE,
it was found that eddy currents induced in the wind-
ings of the Stage-2 compressicn coils indeed did re-
sult in the Landau damping coefficient for the radial
mode M = 1 becoming essentially zero soms 20 usec
following injection. Substitution of a coil formed of
stranded conductors served to suppress the eddy
currents and raised the damping coefficient sufficiently
that the radial instability was no longer observed, A
corresponding re-design of the Stage-2 and Stage~3 coils
of Compressor 5 (through use of thin-walled stainless-
steel tubing) kas likewise removed the similar undesired
suppression of E O05/3E at certain radii in that de-
vice, with the result that the calculated value for
this quantity remains above 550 usec™  throughcut the
compression cycle, Thue, althcugh the nature of the
walls of & compression chamber may be modified in future
designs, the effectiveness of the Landau demping co-
efficient for suppressing ccllective raedial instabil-
itles appears to be understcod and reasgonably effective,
Turther control of this damping coefficient can be
obtained, if desired, through tke intro&uction cof a
supplemental azimuthal magnetic fiela,?

An alternative way of examining the effect of re-
sistive walles may be useful Ffor applicatics to an ine-
jected beam with corsiderable radial or azimuthal
structure -~ especially when investizating the dynamical
ceneequences computationally. In introducing this al-
ternative approach, it is helpful first tc thirk of a
line of charge and current sudderly established in the
mid-plane between two parallel resistive walls, At
that ipstant full strength electric and current insges
should arise (s € the side plates will romentarily
chield the extericr region from the beam), and the

. -3 ol = . . .
effective F = £+ v X B Zmage field in the interior
will be srall (e 1/%2) for g close to unity., Due tc
the resictance of the side clates, however, tae induccd
surrents will re-distribute and attenuate ip a, caleul-
able way, with the result that the effective & 4 v » B
Tield at any polat in the inggrior Will grow in magpi-
tude te approach the field £, The changing magnetic
image fleld does not exhibit an identical time behavior
at all points, but for computational purposes the change
of the image-field focusing ccefficient may De conven-
lently characterized by o time constant that caleoula-
blons indicate is of the order of Ty = pgh/2Rg (MKS).
In orbit computations with a beam that is shifting its



location, the effective image field at each of many
sampling points in the interior then may be continually
updated by means of differential equations that contain
the "time constant” T as a parareter:

23 - LlaEd) - @)

where T (F,F) ie the (electric) field inifially
developed at r by & unit line charge at ryk.

This type of anelysis of the electromagnetic prob-
lem, if applied to a line current oscillating trans-
versely about the axis of a resistive circular tube and
the results expressed in a Fourier form, appears to give
agreement (for BRg < Ze/2 and wall thickness < 1,7 8)
with values of the quantity V (customarily employed in
perturbation treatments of beam stability) obtained from
& program25 vased on general methods developed at CERN
by Zotter. To the extent that this is correct, the
quantity 1/t for a growing collective oscillation of
specific frequency, should {as nentioned before) be
proportional to 1/R; when the wall resistance is high
but should be directly proportional to Rg for walls of
rather low resistance [py/5 < Rg < pohw/2 =
o (M-vy)wy/2]. We thus bave been led to employ walls
with a surface resistance consicderably less than 12/7 -~
for example 1/15 7/} (ty 2 300 nsec) -- while provid-
ing cne or more small windows for ilatroducticn of the
inflector field., The adopticn of low resistance walls,
mcreover, also should be favcrable with respect to a
longitudinal collective instability. Dynamical computa-
tions with respect to the transverse instabllity then
indicate growth rates distinctly less than 1 usee™ for
circulating beams of 10L3 electrons in the absence of
Lanéau damping and accordingly, as we have found, a
very moderate energy spread may suffice for the suppres-
sion of this instability.

Longitudinal Coherent Stability -- The potential
longitudinal (ezimuthel] ccherent instability of an
ictence Team has been seen %o develeop and is of ccnsid-
erable interest in connection with synchrotron acceler-
ators, storage rings, ané electron-ring devices. The
necessity of avciding this particular potential insta-
bility indeed may present a mejor limitation to the
attainable perfcrmance of electron-ring devices. Exper-
imentael work at Berkeley on the fermetion of ringe of
various intensities has shown that a greater amount of
energy Spread -5 necessarily present when stable rings
of higk intensity are achieved. The analytic result for
the stebility limit, expressing the maximum permissible
number of particles in terms of a longitudingl cotpling

impedance Zy for the mode ‘M of interest,<"
Z -
. Y R 0 vy
qo= 0T = GA ey (":)
il Qﬁjre [“M{/bi .
(in which |n] = l-n)”l - 7'El =4 (l-n)'; for an

electron-ring de has been confirred experimentally
at CERY -- espegially in a series of careful cxperiments
with the I.E.E.

ke

achieverment of high-quality rings accordingly
requires that the lengitudinal coupling impedance Zpg -~
or, strictly, |Zy|/M -- be kept low for a large number
of modes, Careful design of an electron-ring device
therefore will undertake Lo suppress the coupling im-
sedance For Low modes bty the use of (lcagitudinally)
conducting waterial clcse to the beam, will attempt to
avoii (or teoaey u} clectro-magnetlic resonances, aad
will aim for an inpedsance characteristic that for the
hiysher mode mabers ic close to that characterietic of
& e (]zwﬂ/m « ¥-2/2Y,  celeulations

1 in free cnas
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have been made of the values of Zy/M for a wide
variety of configurations potentially suitable for an
electron-ring device, of which one Y indicated the
utility of situating the ring beam, at the time of its
release from the magnetic well, between a pair of co-
axial conducting tubes and preferably close to the
inner nmember of the tube pair.

It will be reccgrized tkat the locaticn of a con-
ducting surface with little radial clearance to the
beam, in the interests of reducing |ZM|/M, precludes
the presence of substantial energy spread, that will
act to provide Landau damping but that also will lead
to an increased radial spread of the beam. A good de-
sign would need to achieve, therefore, a sultable bal-
ance between these effects, Alsc, of course, a conduct-
ing surface of simple design, if situated et a radius
only slightly smaller than that of the ring beam,
nscessarily must reduce the effectiveness of a pulsed
(cr RF) electric field intended to accelerate the ring
in an electric acceleration column. In the successful
magnetic~acceleration experiments reported from Dubna
it is difficult to see hcw values of |Zy|/M as low as
would be required theoretically for stability could have
been present throughout the acceleraticn. We nmay con-
clude, therefore, that the maintenance of azimuthal
stability under such conditions should be no rore diffi-
cult than is suggested by the present theory.

Stability with respect to azimuthal collective
oscillation of course is essential throughout the com-
pression stage cf an electron-ring compressor. The
situation immediately followiang injection may, in parti-
cular, be rather aifferent than that just discussed.
Specifically, the beam may have an initial density mod-
ulation of substantial magnitude as a result of the
injection process. The beam also may be composed of
several rather distinact turns, it may have a progressive
energzy variation zlong its length, and the amplitude of
betatrcn oscillations may be significantly great.
Simulation pregrams seem particularly attractive for the
study of the de-bunching (or bunching) of circulating
beams immediately following injection. We aave begun to
make simple computations of this nature at Berkeley, and
the early results appear to be in gereral agreement with
expectations -- it remains to be seen whether use of such
programs can realistically be extended to give insight
into the interpretation of experimental results cbiained
under various conditicons with rings that have survived
for zany huadreds of turus.

Collective Zlectron-Ion CGscillations

The possibility of unstakle transverse collective
oscillations of ions vs, electrons in an electron-ring
accelerator was considered in several early papers,
and recently has been examined in greater detall with
respect to botg dipole and quadrupole modes by Zenxevich
and Xoshikarev, . Ion~electreon instabilities of the type
described by this analysis indeed appear to have been
cbserved in conventicnal accelerators such as the
Zevatron. The work of Zenkevich and Koshkarev cer-
tainly indicates that the achievement of stablility with
respect to this type of motion can restrict the rer-
formance of an electron-ring accelerator -- at least
with respect to the pumber of lons that can safely be
trapped by the electron ring beam. A further, scmewhat
detailed, examinationd3 of the influsnce of Landau
cdemping, of intra-cpeclec forces, and of image effects
cuggests, moreover, that these effects ln praciice will
not preve to be si;nificently helpful.

Radiation Reaction

The radiation reaction experien by an intease
electron ring in pascing throuch 2 pericdic structure



(as in an electric-acceleration col ) was of congider- the electren ring, the maximur effective acceleration

able concern during the past years,” especially because field for trapped ions becomes approximately 83 MV 'm,
it was uncertain whether the energy loss from this which could be attractive for scme applications, al-

mechanism would increase with y,. The situaticn seems though recognition of additional constraints may lead
20w to have bgpome clarified, as a regult of experimental 0 staller estimates for this fiEId.l; Higher values
work at SLAC,E computaticns by Keil,35 and analytic of the guide field B of course could lead to larger
caleylazions.30 e conclusion, as summarized in a re- values of the useful acceleration field [as has teen

cent panel discussion,3' is that the radiation loss per noted by M6hl (ERAN-178)], but such an increase would
cell fortunately exhibits no 7y dependence over a wide nct necessarily be advantageous economically.

renge of energies, the electron-ring dimensions do not .

affect the loss in a critical way, but the reaction Conclusion

force i1s substantial unless the bore of the acceleration

column is large. In conclusion, one can staze that understanding of

beam stability has been, =nd continues to be, particu-

Expected Performance Charscteristics larly important to development of the ERA. The situa-
tion in this regard appears to be reasonably well in
The selection of "optimur" parameters for a com- hard for single-particle resonances and for transverse
plete electron-ring compressor and acceleration system collective motion. Knowledge concerning characteris<ics
would be an extensive task and, moreover, would be in- of the longitudinal instability is being acquired ex-
fluenced by the figure-of-merit considered appropriate perimeatally. There is available a considerable volume
te the application of interest. Information to stimpy of theory pertainiag to thls phenomenon and to electron-
late discussion can be gained, however, by emplo&ing ion collective motion also. Work at present is azctively
current concepts to up-date an earlier analysis3 _— continuing with the object of establishing the connec-
wita particular emphasis on the holding field for pro- tion between experimental observations and the thkeory.
t0as that could be produced by a stable electron ring at  Simulation programs are beginning to aid in extending
the end of compression. To present a highly simplified the theoretical work, and most importantly, it is
sumrary, one may express the useful holding field (in gratifying that the experimental programs of several
the absence of safety factors) as39 ERA groups have arrived st the peint where quantitative
experiments can be designed and conducted to test cur
2 present understanding and to stimulate its further
el = e 1 advance.
nRZGa+db§ %
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