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. The Electron-Ring Accelerator Program at Berkeleya

J.M. Peterson, W;W; Chupp, A.A. Garren, D. Keefe,
' G.R. Lembertson, L.J. Laslett, W.A. Perkins '
and A.M. Seésler

20 October 1970

Lawrence Radiation Leboratory
University of California
Berkeley, California

I Introduction

'EarLy'in 1968 a reseéréh group was set up at the Lawrence Rad-

ietion Iaboratory to investigate the excit;ng new concept of accel-

3

~erating ions by means of relativistic electron rings, which had been

introduced and developed by Veksler, Sarantsev, and_ofhef_workefs
at Dubna;l The initial work of our group was reported at the first
USSR National Coﬁference on Particle Accelerators in 1968. 1In this

report I shall review the subsequeht-progress and the present program.

IT Experiment for Forming Intense Rings
The aim of our first major experiment was simply to form and

compress electron rings of high intensity. We were fortunate in

* Research supported by the U.S. Atomic Energy Commissio?
1 V.I. Veksler, V.P. Sarantsev, A.G. Bonch-Osmolovsky, G.V. Dolbilov,
G.A. Ivanov, I.N. Ivanov, M.L. Iovnovitch, I.V. Kozhukhov, S5.B. Kus-
netsov, V.G. Makhan'kov, E.A. Perel!shtein, V.P. Rashevsky, K.A.
Reshetnikova, N.B. Rubin, S.B. Rubin, P.I. Ryl'tsev, 0.I. Yarkovoy,
Cambridge Electron Accelerator Report No. CEAL-2000, 1967, p. 289.
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havingvavailable a high-intensity source of rel&tivistic electroans,
namely the Astron 3.5 MeVQ Loo ampere.lihear induction accelerator
at LﬁL—ﬂivermoré. Z

The épparatus in this expérimenﬁ;? called Compreésor 2, 1s shown
in the fifét figure, in which both radial and axial ‘cross sections
are_iilustféted. A."Weak-fbéussing" magnetic guide field is provided -
by threé pairs of pu}sed coils situated outside & ceramic vécuum
chamber . ‘The three pairs §f>magnét coils are pulsed sequeantially, the
outermost pair serying to gcéept‘the 3.5-MeV injected beam at a radius
of i9 cm‘énd to acceleraté’and COmpress it to a radius at which the
next set of coilé can contiaue fhe compression, progressing in this
manner uﬁtil the beem reaches & radius of 3.5 cﬁ and an energy of 18

.

MeV. The secbnd figure illustrates the time behavior of thevring
radius, ﬁhe kinetic energy, the magnetic field, and the magnetic index;

as

n E;s ,ﬁﬁ; , at the position of the ring during the 500 microsecond
g )

compression cycle.,

The:magnetic index, ’n, was the critical parameter in this exper-
iment becausé of:reBOnant'beam instabilities. Geperally, a begm can
become uqstablé when its radial and axial betatron frequencies, Qr.
and Q, (betatron oscillations per revolﬁtion),vhave an integral. rela-
tionship aQy + 5Qz = c, Where a, b, and ¢ are small integers and are
relatéd to the shape of the magnetic ﬁerﬁurbation that drives the in-
stability. Siance the be$a£ron frequencies Qp and Q, are determined
by a, namély Qr2 = 1l-n and Qze = n, it is clear that at certain

values of a (e.g., 5/9, 4/9,'9/25, 1/4, 1/5, 1/9, ...) beam resonances

e D. Keefe, G.R. Lambertson, L.J. Laslett, W.A. Perkins, J.M. Peterson,
A.M. Seséiéf}'R7W7‘KIIIEBﬁ}“JET;”WTW;”Cg%p ; A.U. Luccio, and J.B.
Rechen, Phys. Rev. Letters, 22 , 558 (1 WQS; ' .
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are possible:and_can cause isrge growth in beam size if the right mag-
netic pertdrbatioh ot hon-linesrity is‘present and'if the-resonence is
crossed sufficiehtly slowly. In the Compressor 2 experimeht.it was
found'necessary'to modify the'n—trajectory of jost the initial, large-
rsdius'portion of the compreSSion cycle (where the magnetic perturbations
are the largest) before a satisfactory compre551on could be achieved.
After this modlflcation the captured beam wes compressed essentlally
-w;thout loss. The J_ntensi.ty of the ring was about & x 1012 electroas
and'seémedhtobbe limited by the injector rather than by any mechadism
in the:compressor.' We observed no ihportaht intensity effects; sside
from a helpful self- trapping mechanism, which occurred at 1nc1dent
beam currents greater than about SO or 75 amperes._ Furthermore, the
ICOmpressed ring was stable for seﬁerai milliseconds, being limited
only by the decay of the magnetic field, which ex}entually brought it
to the conditioa Qr = 1, at which point‘the beam became unstable and
wes lost 'The:effects of ion focussing also were ohserved' By means
of a fast actlng valve, a short puff of gas was admitted to the
chamber, vhich served to loed the'riqg wlth ioas. It was very apperent
, thatrthe ion loading brought the beam to the Qr = 1 resonahce at an
earlier time. |

At a compression energy of 18 MeV the synchrotron light from
an electron ring is very brlght to the eye and can be photographed
to show the spatial distrlbutlon within the ring. Flgure 3 shows such
a synchrotron-light photograph. Such measurements showed that thevdensity

distribution was Geussian and gave minor ring redii of 1.6 and 2.3 mm



(rms), which wére‘id agreemént with independent probe meaSufements.
From the.inténSityzand the—géometrical-data‘wé calcUiaﬁé a peak electric
field‘bf lé'MV‘per meter, wﬁich already is a level of fieid strengﬁh
that begins to be of intéresf for accelerator application. Fu;thermore,
: we were encouiaged:to find that such an'intehsity couldwbe‘achieved
withbut g?eat difficulty and without bgrriers to higherfinteQSities

becoming apparent.

III Expériment for Accelerating Ions

 Ouf next effort_was an eXperiment for accelerating an electrbn
ring loaded‘with ioné; in this experiment we waated to fofm similar
ringé, load.them with a few per cent of hydrogen ions; and accelerate
thém tofa‘few MeV by magnetic acceleration over a distance of half é
meter.: The épparatus fér this experiment, called Compressor 3, is
illustféted in Figure 4. The design hefe differed from.théﬁ of Com-
preésor 2 in two respects: (1) coil 3 was deVeloped into a solenoid,
the long side of which.was the acceleraﬁing region for the ring and
(2) .coil 1 was elaborated to minimize the variation of the magnetic
index n over the first few centiﬁeters of compression.

Ouf greatest concefn in the design of Compressor 3 ﬁas the problem
of ektracting the compréssed ring from its magnetic well and starting'
it down the accelerating solenoid, where the magnetic field is essentially
éonstant. Additional fdcussing ﬁust be supplied here to avoiq both (1)
axial spreading of the ring (Q, = O) aﬁd (2) radial blow-up as Qp

approaches. 1.0, Positive focussing in each direction is supplied by .



the positive7ions being aécéierated, but these forces are relatively

weak for ion loading of only & few per cent. Image focussing by a

_ ﬁsquirrei—cage" conducting cylinderj is mbré effective and also more

satisfactdfy in that itvraises the axial tune Q, but lowers the
radial tuﬁe Q., thus avoididg the Q. =1 resonance . -

This acceleration_experiment was not a’suécess bgcause we could
nbﬁsform satisfactory rings in Compreséor 3. As a result we did not
get a'chénqe even to try acceleration of a loaded ring of good quality>
in the period availéblevto'us.at the Astron ac§elerator. We had two
difficultieé, the first of which was a pronounced negative-mass effect.
As thé intenéityvof the injectéd beam wag increased to,‘say, 150 amperes,
the radial width ofithe‘ring-incréaséd‘corresponding to an edergy
spread of about 10%, which greatly.diluted the electron depsity in the
ring.'.Tﬁis large negatiﬁeémass effect was due.fo the.unexpéctedly
aarrow eaergy spread imhe besm from the ‘As_tro'r.l injector, which had been
completely rebuilt iﬁ the'period between our two experiments. Whereaé
the insﬁantaneous energy spread of the injector had been about.O.S%
in the’Compressor 2 experiment, the ﬁew iajector hadrno more than 0.2%.
The spread was.measured by using the Compresso: 3 as a magnetic enérgy

., i . . : . 2 ) N
analyzer. Since the negative-mass threshold varies as (Ap/p) , this

‘measurement indicated that the Compressor-3 situation had a much smaller

threshold for this instability.
Our second difficulty in the Compressor-3 experimeat was an
axial blow-up and loss 6f’most of the beam because of single—particle

resonances, The priacipal loss occurred at a = 0.5 (where Qp - Qg = 0).

3 . s * .
G.V. Dolbilov, et al, Proceedings of the VII International Conference

on High Energy Accelerators, Yerevan, USSR, 1969 (to be published).




The coil system wés flexible enpugh.td permit'injection below 'n = 0.5,

but when this was tried, resonances at a = 9/25 and a = 1/k also
caused exceséive beam loss. Théée resonances wére present also in
Compressor 2 but were less-troublesome_there.because_the shape of

magnetic field wes different.

IV Present Program

Thése ihsté?iiitiés.encountered in the Compressor 3 experimen£
are ncw-undefsﬁbod well enough'that we.have designed with some éonfi-
dence médifications for avoilding these troubles. For avoiding the
negative-mass instability we éﬁall‘first'try & tapered foil in phé
incidentvbeam line td provide sufficient instaﬁtaneous energy spread.
Fornavoiding the singlefparticie'resonance instaﬁiiities, we have
shaped the‘magnétic fieid 50 as to;reducé the séCOndland third radial
deri&ati#és Of the magnetic field (d°B,/dR2 and d3B,/dR3), which drive

the n = 0.5 resonance, and similarly we have reduced the azimuthal

magnetic perturbations that drive the /n.='9/25 and a = l/h resonances., .

We are testing these design features in a new compressor experiment that
has just started. We plan to test the extraction and acceleration of

electron rings,loaded-with ions later this winter.

v New Injector Facility

In order to carry out our ERA developmental program in & more

systematic and orderly fashion, we have been building in Berkeley over



the péét:éevéral months'a'qew injeétor_acce;eratbr; It is d linesar
induction acceleratof, similar in prionciple to the Astron injector
except that it has a»éhorter pulse léngth (30 to 40 nénoseconds) and
lower répet;tion‘raté (leéftz), which permit a simplef and less expen-
si§e deéign.' TheAeﬁergy will be 4 MeV, and the nominal peak curreant
is 500 émpefes. The desiga is modulaf,-consisﬁing éf 17 induction
cavifiés dpivenvby ho-nénOSeéond ﬁulses'from Blumlein pulse-forming
lines..-Eéch ca&ity provides 0.25 MV acrosé its»gap. Figure 5 shows a .
typical cavity. The indﬁétionVCOrésvhere are ferrité rather than tape-
wound meﬁal ribbon used heretofore. Thg;e cavities serve not only to‘ 
makebup'ag injectbr accelerator but also as models of the type of
cavities that we visualize as useful fér electrié acceleration of eleétron
brings in a)high-energy proton accelerator. I shall speak more about
thié'COncep£ latér.

The electron gua of our new accelerator, shown in Figure 6, consists
of five of these éavitiés stackéd close togethér and coupled by means
of a ceantral conducting rod that terminates at the fifth cavity and
_carries the emittiné cathode. The cathode voltage thus is the sﬁmiof
the voltagés of the five cavities, which is 1.25 MV.

This accelerator has now been assembled and successfully tested
up to the 2 MeV point, and it is presently being used in compressor experi-
ments.'vOnly field-emission types of cathodes haﬁe been used thus far,
although_the géometry'of the electron gun is compatible with the use of
thermionic cathodes_as well., Field-emission types have been used initially

- because of their greater simplicity, and thus far they seem satisfactory.



Consistent péak'cu:rents of lOCO_ampefes or’more,are easily’obtained,
and the cathode lifetime is acceptable (greater than 2 x 10° pulses).
Furthermoré; the bfightﬁess of the beam'is_adequate'for elect:on—ring
’.formatibni_ The instanedus ehergy”spread has not yet been measured
precisely;' it is kaoown only to be less than O. 5%

The physical layout of this injector and the experimental facility
is shown in Figure T. -Apparatus for the formation and acceleration of |
electron fings is being prépafed for installation iﬁ the experimental

hall at the end of the injector eaclosure.

VI F@turé Possibilities for ERA

For the-future.ﬁe are still optimistic that the electron-ring
accelerator will prove to be successful, both for medium-energy heavy-
ion acqeleration and for high-energy proton accelérators. We have been
greati& encouraged by the results of the electrqn-ring gréup under
Sarantéevh”at”Dubna. Our ovn analjsés of the tecﬁnical and economic
aspects of ﬁhe probiem have also been_encouraging.

We recently made a study of ﬁhe feasibility of a 60 to'lOO GeV préton-

5,6

type electron-ring*acceler&tor. This machine conslisted of a coﬁpressor,
a 320-meter section of electric acceleration, and & final 160-meter
section of magnetic-expansion acceleration. Figure 8 illustrates the

two typésrﬁf-accelergting sections.

‘The electric acceleration column consists of & series of linear

4 V.P. Saréntsev, Proceedings of the VII Iaternational Coaf'ereace on
High Energy Accelerators, Yerevan, USSR, 1969 (to be'published).

2 ERA Group at LRL, "Conceptual Studies for New Technology Proton Accelerators
(50-100 GeV)", LRL Internal Report ERAN- 108, April 1970 (uapublished).

6

C. Bovet and C. Pellegrini, "A Study oa the Choice of Parameters for a High
Energy Electron Ring Acceler r", LRL Report UCRL-19892, June 1970.




inductioﬁ cavities like those in our injection accelerator shown in

a prévioué'slide. The éverége external accélerating field supplied
by'the cavities is 5 MV'per meﬁer. - The solenoidal guide field of 30 kg
is provided by superconducting coils that are interspersed between

the cavities. Althohéh the radius of the electron“riag is oﬁly of

the order of 2 or 3 cm, a relatively large bore radius of 19 cm is
providéd in the electric éavifieé.to keep down the éiectromagnetic energy
loss due to the interaction between the electrons agd the acceleratidg
structure,. Since.th1s electromggnetic loss increases as the‘square‘Of
the number of electrons in the ring, this effect limits thé number of
eléctréné) theilimit in our situation béing 1L to 3 x 1013 electrons per'
ring. It_alsb prevents the‘use of a focussing image cylinder,- which in
an electric column‘could at best occur only intermittently and thus
would gréatly increase the»eléctfomagnetic loss. Anoﬁher result of this
_ eleétromagnetic loss is an axial defocussing effect on the elecffons in
the ring; however, a recent study7 has shqyn that this effect is small
and‘doeé not impose én important éonstraint on the parameters or per-
formance of an electron-ring accelerator.

Ip this example, the electron ripé has a maximum electric field
of 500 MeV/meter and is loaded typically with 1/2% of protons. The
protons éain energy from électric acceleration at the.average rate
of 125,M¢V/meter, thus gaining a total of aboutbﬂo GeV in the 320 meter
v length of the electric columa. In the electric coiumn the average

accelerating rate for the protoans is maintained at only one quarter of

7 E. Keil, C. Pellegriai, and A.M. Sessler, "Diffraction Rediation

Defocussing of an Electron Ring", LRL Report UCRL-20069, Oct. 1970.
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the maximum électric field at‘the ring in ordgr thatipolafization effects
within thg'ring nof becohe‘severe. Since in the:elécfric column>the
intégrit& of'thé_électron—ion ring'is.mﬁintained only throdgh ion
focussing! ﬁhere is ﬁhe greaﬁ danger that.the System can Eecome un-
stable if the centers of the positive and hegative charges become oo
much sepafated. A self-consistent solution of this;ﬁroblem has not
yet beén“fbundl

The_lést section of the accelefator; a magnétic-accéleration
coluﬁn'lSO meters in length, is simply'a slightly tapered, superconduct-
ing solenoid. Ih'it'the'protbn energy.inéreases.by a factor of-abqut
2'en¢ering at 40 GeV and reaching sbout 80 GeV at the end. Ia this
magnetiéléolﬁmd the protoans are allowed'to gain energy at a rate of
one half‘the'maiimum electric field of the ring (rather than 1/4 as
in théféiectric colﬁmn)-because here the focﬁssing ofvthe fing systém
is dominated by the forces from an.image cylinder, éo.thatvpolarization
of the ioﬁs and electrons does not threaten the integrity of the ring.

Thé éonstraints-put on thg paramaters. of the electron rings in
this sﬁudvaere quite severe, vIn addition to the radiation-loss
limitation imposed by the ring-cavity interaction already mentioned,
ring stébility was required throughbuf the whole prbcéss ofvring_
formatioh:and acceleration. The nﬁmber of electrons in'thevring was
kept below the thresholds for the negative-mass instability, the
resistive—wall'instability,-and the transverse incoherent spéce-charge
effect. With all these coanstraiants, plus that of achieving 80-GeV prOtohs

in a total length of 480 meters, the range of possible compressor
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- designs_ie quite limited. One.interesting solution to the problem

of compressof deéign,biuggested by'PelilLegrihi,8 utilizes shrinking of
“the rlng dlmenSlons by the mechanism of synchrotron radlatlon This
vradlatlon—compressicn process has the dlsadvantage of requiring a
‘radlatlon perlod on the order of millisecoads. However, other more
stralghtforward compressor de31gns alsovare poss1ble _One cypical

set of_compressor parameters is

/. ' ‘f ';‘ " ‘Iajection energy '_. 8 MeV
Injection'radius ' " 50 or 100 cm

" Final energy : o - 12 Mev

Fioel Redius 2or3em
Final minor radius _ 0.1 cm

Momentum spread, initial 0.4 to‘l.O‘%v;

" Mdmentucl spread, final 0.7 to 1.0

| Number of electfons - 1.5 to 3.x-lO13

Alcﬂougﬁ in my talk I have characterized this eiectron-ring
acceiereﬁcf_as an 80-GeV machine, one should realize that in this
type of device the actual output energy is a strong function of the
amount of»icn loading and of the detailed properties of the electron
ring. For a fixed set of hardware in the electric and‘magnetic columns,

the output energy could be 100 GeV at an average'intensity of 5 X'lole’

8 .

.C. Pellegrini, "Synchrotron Radlatlon and Ring Formatlon in the Electron
Ring Accelerator" LRL Report UCRL-19815, May 1970. . :
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proﬁons ?er second (assuming a 100-Hz repetition rate) but is limited

to 60 GeV qﬁ,an inﬁehsity of 2 X 1013-protons per secoad (éssuming
Optimum'oPération in each case). |

-The éost df'such an 80-GeV'acceleratof also-ﬁés'estimated, based-

_on our experiencé in building superconducting megnets, linear

induction accelerators, aad coaventional aCCelerator‘components. The
result of £his cost study was the estimate that, for protpn machines

id the highAenergy range,'an eleétroh-ring acéélerator could be built

at a cost that is cdnsider&bly less thaa that for a coaveational
synchrotron. |

Heévy;ion acceleration by electron rings is, of course, éonsiderably

simplerrthanvhigh-energy proton accelefation._ A heavy-ion accelerator
would consist of & compressor and a short magnetic-expansion column

and thus_wquid be small, relatively simple, and not 1imited by the
electromaégetic loss encountered in anvelectric—accéleration column.

ZEWeiconcluQe'from these consideratioans thét:éiectron—ring technology
shows great promise for the future of auclear éhysics and that its-
develdpment should be puréued with‘vigor. |
'Manj'peOPle have participated in this ERA program at LRL:
Berkeley. Among them are: N \ |

E.C. Hartwig

E.J. Lofgren A. Entis W.W. Salsig
J.B. Rechen L. Smith A, Faltens R.T. Avery
R.W. Allison‘ A.U. Luccio H.D. Lancaster VH.P Hernandez

D. George . C. Pellegrini W.R. Baker J.R. Meneghetti
' | C. Bovet F. Voelker -
A. Nakach R.G. Nemetz
J .M. Hauptman

C.D. Pike



Figure 1 -

Figure 2:'<
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Figure Captions

Croés—éectlon views of the Compressor 2 apparatus.

_Variation~6f parametérs during the compression cycle.

Uppér curves: radius of the ring and electron kinetic

' energy . -Lover curves: _thé magnetic'ihdex, n (right

Figure 3 -

Figure U -

: Figuré 5 -

Fi'gure‘ 6 -

Figure 7 . -

Figure 8 -

ordinate), and'ﬁhe magnetic field at the ring (left
ordinate). SR ‘
Observations of the electron ring.‘(a) Microwave and
-x—ray‘éignals when the ring was destrbyed_by a reson-

ance about 40 microseconds after injection. (b) Similar

 traces after the n-trajectory was modified to avoid re-

sonances when the ring was at the larger radii. The

beam loss at 6 milliseconds is probably due to & Q. =1
resonance encountered because of the long time decay of
the magnetic field. (c) Photograph‘of the syachrotron

lightﬁfrom'a ¢ompressed ring. Exposure time was 0.5

‘microsecond. The structure within the image of the spot

I

is due to structure within the camera.,.
Cross sectlion view of the Compressor 3 apparatus.

Cross section view of a cavity of the linear induction

accelerator.
Drawing of the five-cavity electron gua.

Dfawing of the linear induction accelerator aad eiectron-

‘ring experimental ares.

Drawings of sections of the electric-acceleration column

" and of the magnetic-acceleration column.
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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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