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Kiev, USSR, 1970

" THE ELECTRON RING ACCELERATOR PROGRAM
-+~ AT THE LAWRENCE RADIATION LABORATORY

Edwin M. McMillan

Lawrence Radiation Laboratory
University of California
Berkeley, California

August 18, 1970
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1. Infroduction

B The cdncept of ;:he el;ectro‘n ring acceleréfor was very stimulating to
ﬁs at the Lawrence Radiation Laboratory in Berkeley, California. After
hearing.about the .excitihg Ap‘ioneering' work of Véksler, Sarantsev, and
other Dubna v'vorkers1 at the Sixth International Conference on High Energy
Accelerators at Cambridge, Massachl‘ls‘etts, in 1967, we examined the con-
cept ana its associétea problems rather carefully. Although there seemed to
be ﬁncertainties and difficulties in the method, such as with beam instabili-
fies and large radiation losses, none of these seemed insurmountable. The
potential advantages of electron ring technology in p:;'oducing' considerably
smaller and less expensive accelerators clearly outweighed the poséible'
difficulties, Also the elegance Qf thé, electron-ring concept was most at-
tractive. Ea;rly in 1968 we set up a research program under the diréction
of E., J. Lofgren and D. Keefe, A. W. Sessler, who leads the theoretical

section of this program, also was instrumental in its initiation.

1 V. ]I. Veksler et al., Cambridge Electron Accelerator
Report No. CEAL~2000, p. 289 (unpublished).
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In February of that year we held at the Lawrence Radiation Laboratory

a Sympoeimn ‘o‘n Electron Ring Accelerators,2 for the purpose of making another

critical examination of this new concept. The participants of the symposium,
who represented_mos_t of the accelerator'laboratories of Europe and America, |
were fairly unanimous in their appraisal - namely', that the electron ring con-
cept had great potent1a1 that it ha.d ‘no obv1ous fatal defects, and that by all

means the: method should be pursued

I1. Experimental Program

The initial efforts of the Electron Ring Accelerator (ERA) group at

LRL were experlments in simply form1ng and compressing electron rings. |

The first,. a p_re11m1nary, low- 1ntens1ty exper1men1_; conducted at the 4 MeV
| microwa\}e electron linac in B.erkeley, served mainly to get us acquainted
with some of the electromc and d1agnost1c techmques that are 1nvolved W1th
pulsed magnetm f1e1ds and nanosecond bursts of beams. ‘ The work w1’ch th1s
prehmmary equ1pment called Compressor 1, was termmated when the ap-
paratus for a hlgh- 1ntens1ty experxmen‘t became available. For such an ex-
‘ perlment a very high 1ntens1ty 1n3ector is necessary, and we were for-
tunate 1n that a very sultable 1n_]ector existed in our own v1c1n1ty - namely,
the Astron 3.5 MeV electron 1n_]ector at LRL- L1vermore. Thanks to

N. C. Chrlstoﬁlos, th1s‘mach1ne could occasionally be made available to
us for periods of a few weeks, |

The vapparatns in this experiment, called Compressor 2,3 is shown

2 Symposium on Electron Ring Accelerators, UCLRL Report
18103 (1968)
3 D. Keefe et al,, Phys, Rev. Letters 22, 558 (1969)
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in the first slide (Fig. _l), in which both a radial and an axial cross section is illus-

trated, A '\'vea.i.k-focus'sing magnetic guide field is provided by three pairs

of pu.llsed coils .'situated outside a ceramlc vacuum chamber, .The compres-

sion cycle is illustrated in the next slide (Fig. 2). The three paire .of magnet coils
are pulsed sequentlally, the outermost pair servmg to pick up the 3.5 MeV

1n3ected beam at a radius of 19 cm and to accelerate and compress it to a

:adms at which the next set of coils can plck it up, and so forth until the beam

has been cémpressed to a radius of 3.5 cm and an energy of 18 MeV. The

slide illustrates the time behavior of the ring radius, kinetic energy, magnetic

field, and magnetic index n (——%—- g§z> at the position of the ring through-
S z .

out the 500 microsecond corhpression cycle.

The magnetic index n was the critical paifameter in this experiment’

: because of resonant single-particle ihstabilities. Generally, a part1cle or-

bit can become unstable when its rad1a1 and axial betatron frequencies,

»Q and Q have a relationship of the form aQ + bQ = ¢, where a, b, and ¢

are small integers ( including zero), The importance of any particular resonance

is related to the shape of the magnetic perturbation that drives the instability.

- Since the betatron frequencies Qr and Qz are determined by n, namely Qi = l-n

2 cp s . .
and QZ = n, it is clear that, at certain values of n, resonances are possible

and can cause large growth in beam size if the right magnetic perturbation is

.present and if the resonance is cfossed slowly enough, In the Compressor 2

experiment it was found necessary to ndodify the 'n-trajectory of just the initial,
large-radius portion of the compressmn cycle (where the magnetic perturba-
tions are the largest) before a satlsfactory compression could be ach1eved

After this modification the captured beam was compressed without loss.



The intehsity"df the ring uras abcut 4 x 10;2 electro'ns-,’ and seemed to be |
limited by thewinjector rather than b).r any mechanisrr_l in the com?reSsor. '
We observed no important intensity effects , aside from a helpful self-
trapping rn'e"chanism; _Which occurred at incident beam levels greater than '
about 50 or 75 amp’eres.‘ Furthermore the cornuressed ring was stable fer
several milliseconds ’ be1ng l1m1ted only by the decay of the magnet1c field,
which eventua.lly brought it to the condition n = 0 and Q = 1, at which pomt
the beam‘became unstable and was lost. The effects of ion focussing on
the betatron frequencies also were obse‘rved.v By means of a fast acting:
.valve, a shcrt puff of gas .was admitted to the chamber, ‘which .served to -
‘load the ring with ions. It was very appar'ent that by adding a sufficient num-
ber of ionsAthe beam could be brought to the Qr =1 resonance at a time before.
the field index n reached zero. | | |
Ai"ter corn'prevss'-ion to a radius of 3.5 cm the electrons have an energy

of 18 MeV, 'and the synchrotron light from the ring is very bright to the eye, )

and can be photographed to show the spatial distribution within the ring. (Fig. 3)

Such measurements showed that the density distribution was gaussian and
. gave minor ring radii of 1.6 ah_d 2.3 mm (rms), which were in agreement
with independent probe measurements. Combining the intensity and geometrical

data gives a -peak electric field of 12 MV per meter, which is not yet highbs :

enough to" surpass the best types of present-day accelerators but it encouraged v

us that such an 1ntenslty could be achieved without great d1ff1culty and without
barr_lers to higher intensities becoming apparent. |
Out next effort was an experinﬂent for accelerating an electron ring

loaded with ions. In this experiment we wanted to form similar rings, load
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them with a few per cent of hydrogeh ions, and accelerate them to a few'
MeV by mé.grietic acceleration over a,diétance of half a meter. The ap-
paratus fo’fithi's’expériment,' called Compressor 3, is illustrated in the next
slide (F1g4) ‘The d'esign:chevre.differ.ed from that of Compressor 2 in two respects:
(1) coil 3 Waﬂ:.s': aevelopedvintb a sc;lénoid, the iong. side of >which was the ac-
celerating feéion for the ring, and (2) coil 1 was elaborated to provide a
flatter initial n-trajectory - i.e., an effort was made to miﬁimize the varia-
tion of,the :Irnagnétic index n over the first few centimeters of compression.
Unfortunately, this change resulted in an increase in higher derivatives of
the field, which caused greater coupling to some resonances, as we shall
see later, =

Our greatest concern in the design of Compressor 3 was the problem of
extracting the compressed ring frorh its magnetic well and starting it down
the ac.cele'ré.ting sol.enoid, where the magnetic field is essentially flat., Ad-
ditional focuséing muét. bev supplied here to avoid both (1) axial spreading of
the ring (Qz =0) and (2) 'ravdial blow-up as Qr appréached 1.0. Positive
focussing inv each direction is supplied by the positive ions being acceierated,
but these forces are relativelyb weak for ion loading of only a few percent,
Image foéussing by a laminated conducting cylinder is more effective and
also more satisfact;)ry iﬁ thaj: it raises the axial tune Qz but lowers the
radial tune .Qr’ thus avoiding the Qr =1 instability.

This experiment was not a success becatise’wé could not form satis-
factory rix.'xg.s‘ in Compressor 3, As a result, we did not get a chance ebven to
try acceleration of a loaded ring in the time we had available at the Astron.

accelerator., We had two difficulties, the first of which was the well-known



"negative-'rnas's’" ‘ins'{:abi'li‘ty.. As the infensity of the injected beam wa‘s in-
creased to:‘abou;t 150 arnperes,- the radialvwid_th of the ring increased, cor-
responding to an energy spread of about 10%, which greatly diluted the |
| electron d'e“n’si‘ty in the ring. This ‘unexpecfediy large negative-mass effect
was due to ;‘:he ve'ry narrow energy spread in the Astron injector, which had
‘ bee!n completely rebu1lt in the period between our two experlments . Whereas
the energy sprea.d of the injector had been about 0.5% in the Compressor 2
experiment, the new 1n_]ector had no more than O 1%, which was determined
by using the Compressor 3as a magnetlc energy analyzer. Since the negative-
mass threshold varies as (Ap/p) , this measurement indicated that the Com- |
presso‘r 3 situation had a 25 times smaller threshold for this instability. “

| Our se:c‘ond di'ffioulty'in:t:he Compressor 3 experirnent was an axial
blow-up and loss of most of>the.be'a'rn because of single-particle resonances. '.
The princ’i.pa_l loss occnrred.at'n = 0.5 (where Q_ - Q‘z = 0). The coil syetem
was ﬂexibie"enough to inject below n = 0.5, but when this was tried, reeo- :
nances atn = 9/25 and n = 1/4 also caused excessive beam 1oss[' |

These instabilities encountered in the Compressor 3 experiment are

now understood well enough that we have, with some confidence, designed
modiﬁcationé which will avoid these troubles. For ayoiding the nega‘tive- ‘
maes instability we/ shall 'ﬁrst‘ try a tapered foil in the incident beam line to
. provide a sufficient in‘stantaneons energy spread, For avoiding the single-
particle resonance in’stabilities, we have tailored the magnetic field so as
to reduee_ the second and third radial derivativves of the magnetic field -
(dZB_Z/dR2 and d3Bz/de3), yvhi_ch drive the n =.0.5 resonance, ano similarly -

we have reduced the angular magneticv perturbafions that drive the n = 9/25

. ‘t)



and n = 1/4 resonances. We expect to test these design features in a new
compressor experiment starting in the last part of August. We plan to
test the extraction and acceleration of electron rings loaded with ions later

this year,

III. New Injector Facility

In order to carry out our ERA deﬁelopmental program in é. more
systematic’:a’nd orderly fashién, we have been building in Berkeley over the
past several months a new injector a.cceler.ator. It is a linear induction ac-
celerator, similar to the Astron injector except that it has a smaller pulse

length (30 to 40 nahosecondsl) and lower repetition rate (1 Hertz), which per-

| mit a simpler and cheaper type of design. The energy will be 4 MeV and the

nominal pe.ak current is 1000 amperes. The design is modular, consisting
ess.entially of 17 induction cavities driven by 40 nanosecond pulses from
Blumleivn.pulvs”e-forming linés, eachbcavity providiﬁg Oi.ZS MeV across its
gap. The next slide shows a typical cavity (Fig. 5). The induction cores here are -
ferrite rather than tape-wound iron-nickel ribbon as in the Astron injector.
These cavities serve not only to make up an injector accelerator but also

as models of the type of cavities that we visualize as useful for eiectric ac-
celeration of electron rings in a high-energy proton accelerator. I shall
speaky more about this concept later.

The electron gun of our new accélera'tor 'c0n$ists of five of these
cavities stacked close> foge,the_r and coupled by fneans of a central conducting
rod that terminates at the fifth cavity and carries the erﬁitting cathode. The
cathode volté.ge thus is the sum of tﬁe'voltages of .fhé 'five éavities, which is

1.25 MeV,
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This "electron gun ha"s'been tested 'successfully now for two or three |
months. Only ﬁeld-emlssron types of cathodes have been used thus far, al-
though the geometry is compatrble wrth the nse of thermlomc cathodes as well .
Field-emission types have béen'used initially because of their greater simplicit_y_,
and thus far »t':h'e'y seem satisfact'ory, except possibly in regard to life time. : v
Peak currents of 1000 amperes or more are easily obtained. Furthermore,
the brightne.ss of the beam s_ee'rns adequate for electron ring formation. The

 instantaneous energy spread has not yet been measured precisely; it is known

only to be less than ?().5%“.«‘

The physrcal layout of this 1nJector and expenmental facility is-shown
on the next slide (Fig. 6) Apparatus for the formation and acceleratlon of electron
rings are be1ng prepared for 1nstallat1on ‘in the experimental hall at the end

of the 1n_]ector enclosure.

IV. Future Possibilities for ERA

For the future we are‘optim.isti'c that the .elect’ron ring accelerator will :
prove to be a successful competltor to the more convent1ona1 types of accelera-
tors, both for medmm-energy heavy-1on acceleration and for hlgh-energy pro-
ton accelerators. We have been greatly encouraged by the results of the
electron-rrng group under Sarantsev at Dubna. Our own analyses of the tevchni-v-
‘cal and economic aspects of the, problem have also been encouraging. »

We recently made a study of the feas1b111ty of an 80 GeV proton-type
electron-ring accelerator. The design considerations for an electron ring ac- *
celerator are quite different and more involved than for a synchrotron. For a.

synchrotron the only important parameters to be chosen for a given final energy

and intensity are the machine radius and mJectron energy, Whereas for an
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electren ring accelefator the final proton energy depends critically on the
ion loadmg rat1o and the geometry of the ring 1tself "

In our study we considered only a high-energy proton-type of electron
ring machi‘ne eonsisting of a compressorv a seetion of electric aceelerét;lon;
and a fmal section of magnetlc expansmn acceleration. The next slide shows |
the layout schemat1ca11y (Flg 7) “The el_ectr1c acceleration cplumn consists of a
series of 11near 1nduct10n cav1t1es simila;' to those'in our injection accelerat-
or. The average external acceleratmg field supplled by the cavities is 5 MeV
per meter. The solenoid gu1de fleld of 30 kg is provided by superconducting

coils whlch are 1nterspersed between the cavities, as 1nd1cated in the next

‘slide .(Flg 8) Although-the radius- of the*electron rlng is only of the order of

2 or 3 relatively large bore radius of 19 ‘c'mv 1s provided in the electric cavities to
keep down the radiation loss due to_'the ihteractiog’ between the electrons and
the accelerating structure. Since f:his radiation loss increases as the square
of the number of electrons in the ring, this effect 11m1ts the number of elec-

e f“.V J}.’! b N
trons to effew tmme.s 10:(3 per nng in this situation, It also prevents the use of

a focussmgemage cylinder, whlch in an electrlc column could at best occur
only intermittently, which would greatly increasethe radiation loss,

In this example, theelec’troh ring has a maximum electric field of
500 MV /meter and is loaded typically with 1/2% ef protons. The protons

gain energy by electric acceleration at the average rate of 125 MeV /meter,

thus gaining a total of 40 GeV in the 320 meter leng'th‘ of the electric column.

‘In the electric column the average accelerating rate for the protons is main-

tained at o'nly one quarter of the maximum electric field at the ring in order

4 C. Bovet and C, Pellegrini, LRL internal report
ERAN-73, June 1970,
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,tha.t pola.rlzva.tlon effects W1th1n the ring should not become severe. Since in

the electrlc column the mtegnty of the electron- ion ring is mamtamed onl}r

through 1on focusmg, there 1s the great da.nger that the system can become e

'»unsta.ble if the centers of the positive and negat1ve charges become too rnuch

separated ._> A self-consistent solution of this problem has not yet bee.n found
The problem of time J1tter between the voltage pulses appearmg at

the .cavities is manageable by conventional electronic techniques. Relative

Jitter times.of 1 ns Or less have been achieved in the firi‘ng of the five cavi-e

1y

ties in &the electron gun section of our 1n3ector accelerator although the J1tter

will be larger for the much larger number of cav1t1es in the electric accelera- |

t1on section, it should be adequately covered by the 15 ns pulse length appl1ed

to the cav1t1es. - "
The last secl:ion'of the accelera‘t_or,' a magneti’c-:eccelelration col.ur‘nn'

150 meters in length, is simply Ia slightly tapered,' vsup'erconducting solenoid.: "

This is plece'd after the electric-acceleration‘ columns beCause, as wasg pointed

out by Keefe’-,5 magnetic acceleration acts as a multiplier of energy, while‘

electric'a'ccel"eration is additive. In ‘the._ma.g'net_icfacceleration column the

. proton energy increases by‘ a factor of about 2 entering at 40 GeV and reach-

ing 80 'Ge'V at the end. In thls magnetlc column the protons are allowed to

gain energy ata ra.te of one half the maximum electric field of the ring (rather

than 1/4 as in the electrlc column)_because here the polarization of the protons -

from the electrons is less important.. The focusing of the ring'systemb is v

dominated by the forces from an image cyhnder, so that polar1zat1on of the

ions and electrons does not threa.ten the 1ntegr1ty of the ring.

5 D. Keefe, Particle Accelerators I, 1 .(1970)
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The constraints put on the parameters of.the electron rings in thiSf
study were quite severe., In addition to the radiation loss limit ation imposed
by the ring-cavity interaction already mentioned{ ring stability was required
througho;.lt the whole proceés' of ring formation and acceleration, The num-

. ber of electrons in the ring was kept below the thresholds for the negative-
mass instabiziity,i the resistive-wall instability, and the transverse incoher-
ent space éharg'eleffect. With all these coﬁstraints plus that of achieving 80
GeV protons in a total length of 470 meters, the range of possible compressor
designs is quite limited. (One interesting alternative soiution to the problem
of compressor design suggested by Pellegrini utilizes shrinking of the ring
dimenéioné fhrdug‘h the action of synchrotroﬁ radiation; this possibility is un-
der investigation,) |

Although I have characterized this electron ring accelerator in my
talk aé an 80vGeV machine, oneA should realize that in this type of device the
actual outpﬁt energy is a strong function of the amount of ion loading and the
detailed properties of the electfon ring., For a fixed set of hardware in the
electric and magnetic columns, the output énerg.y"could be 100 GeV at an
average intensity of 5 x 1612 protohs per second (assuming 100 Hz repetition
rate) but only 60 GeV at an intensity of 2 x 1013 protons per second (assuming
optimum ope.ration in each case). |

One constraint imposed during this c-onceptual study was to assume
that only state-of-the-art technology would be used, e.g. voltage holding capa-
bilities, jitter times, etc. that have commonly been achieved. We are still,
however, in the learning process and technological advances are being made

quite rapidly. For example, the peak applied electric field assumed in the
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studies (5 MV/m) is now thought to be too low by a factor of two; thus pro-'-

tons of perhaps 200 GeV could be produced in the accelerator described.

Cost est1mates for constructmn of electron rmg accelerators can-

not be very rehable part1cu1ar1y in view of the rapidly changmg technology,

but our studies of costs have convinced us that an electron ring accelerator

has a potential economic advantage over a conventional synchrotron, and

that its developﬁlent should be pursued with vigor.

FIGURE CAPTIONS

Fig., 1.
Fig, 2.

Fig. 3.

Longitudinal and transverse sections of Compressor 2.

Ring rad1us (R), kinetic energy (T), magnetic field (B), and f1e1d.
1ndex (n) versus time (t) in Compressor 2. :

Synchrotron light from electron r1ng in Compressor 2. Eachex- -
posure consists of 15 pulses. The structure of the 1mages is
caused by a grid in the image mu1t1p11er used,

Long1tud1nal section of Compressor 3,

Accelerating cavity of Berkeley injector.

Berkeley injector and development facility,

Schematic diagram of a proton accelerator,

Electric and magnetic aceelerating columns,
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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 1mp11ed 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 cohtractbr 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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