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THE ACCELERATION OF PARTICLES BY COLLECTIVE FIELDS II

The 'p(o'ssi.bil'i‘il:y' ‘o.f using the cqllective field of a large hurhber of
elect'rons‘tb effect the acceleration of prot.ohs to high energies in a
comp.ac:t‘aecelerator-—or to permit acceleration of heavier ions in a
rhanner not cfiticaliy de»pendent on vthe charge —t'o-ma.ss.' ratio of these
. ione —ha_.e been ﬁoted in an earlier 'Corhment. 1 A most att‘ractive. con-
ceptual form for such an acce‘lerator is the electron r1ng accelerator
(ERA) and in ‘the present Comment we d1rect attention to the basm
phenomena—insofar as we know them —that govern the 'design and opera-
tion ef an ERA. | |

Brieﬂy,. the ERA concept visualizes the use of a compact ring of
 relativistic electrons that cucula.te in a plane perpend1cu1ar to an
external magnetic field. The r1ng is part1a11y neutralized by ions held
in the potential well of the electrons. The electric field of these’1-ons
e,nd the magﬁetic attractiire forces between fhe circulating eiectrpns then
tegether act to overcome the electrostef'ic fvepuls.ion of the 'eleétr_ons_ and
make possible the Vachievemvent ef a configu_fai;ion thet is self—'sta.vb-.llbe‘i,nj ‘
the.absence of external focusing fields. Acceleration of the ..ring IWith'

-its accompanying ions, in a direction perpendicular to the plane of the



ring, can be achieved (at the expense of the az1muthal motion of the
electrons) by the action of a spatially decreas1ng magnetic guide field
. or, alternatively, by means of rf or pulsed electric fields In any case
‘ ‘the ring must prov1de a sufficiently strong "holding field" to pernrut ions
to remain with the ring and thereby be carried to high energy 1n a short
distance An electron ring of»suitable quahty for this purpose might be
formed by compress1ng a rather large and reasonably intense (e.g.,-
~100 A, C1rcu1at1ng) ring in a pulsed magnetic field thereby reducmg :
its major and rmnor radii from R z 20 cm and a=1 cm to, for example,
R = 3cm anda z>0.1 cm. A ring of this intensity ‘(Ne = 2 -3% 10‘12
electrohs) and final dimens‘ions would produce».a' holdihg f'ield of some
tens of MV per meter, | | |

The group at the Joint Institute for Nuclear Research Dubna—
formerly led by Veksler —has’ been the first in forrmng and compre551ng
| rings2 and in demonstrating the acceleration of ions by means of them 3
Major deve_lopment programs, employmg jpulsed compressors, are in
progress a‘t‘ Dubria, Be_-rkeley, Karlsruhe,' and Garching ( Munich).
Related work with Static-field __compression is under way at thev University
of Maryland and elsewhere. The possibilities and problems raised by
the electronQring' 'co,ncept have'beenrreviewe-d recently. vby'Keefe, 4 who
also provides some details Vcohcerning the experime.nta_.l program at .the
Lawrence Radiation-l;aboratory; .Berkeley | |
The Soviet work has already demonstrated—to a certain degree—-i

the validity of the basm ERA concept, but, if an ERA device is to ‘be

useful, it is necessary to achieve rings of high quality; that is, rings .
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of ,sma.ll_dimen_sions -a,na,"'c_‘bﬁ_tai.ni.n‘g large ;mmbefé of elec;c-r.ons., Atiention,
therefore, fnust'be directéd _fo the. -fundamental limitations upon rings. "
After. revieWing, in Secti.on 1, fhe fundainental limits on rings, we _shéll
discuss in Sectio’n. 2 of this Comment the ultimate performance (as pres-
ently foreseen) of an ERA. Finally, in Sectio.'n 3, we attempt briefly to

summarize the present status of the ERA development.

1. Fundamental Limits on Rings

- In this section we desc.ribe 'th_e.physical pheno-mena‘ that provide
basic limits upon'fings and the manipulation 'of. rin‘gs'.' The reader will"
note that—not surprisihgly—some ‘of. the phenomena involved are closely
related to those that have concerned designers of conventional accelera-
tors through the years, while othér.s are more closely related té piasma.
phenomena, many of thch have been studied avs a result of the search

for a practical controlled the_fmonucle’a.r reactor (CTR Program).

'1 1. Ring Self-Fbcusing

An electron riﬁg presﬁrha.bly will first }.Je_v fdrméd, 'ét the injté.ctviv(;r»l '
radius, in a magnetié field that provides substantial rna.lgnetic' focusiﬁg,
as would be chara.c‘ferized by a field-index n = -(r/BZ)(dBZ'/df) appre-
ciably greater‘than zero (but less thah unity). Following compres_sién,'_
however, the field index.n’eces‘sa‘r-ily must be virtually zZero, . to pérmit
extraction and subsequent acceleration of the ring, and axial foéusing
must be provided by self-effects; namely, ions trapped in the ring or

electr'ic -image focusing arising, for example, from a nearby striated

'cbnducting cylinder (striated so as to reduce the defocusing image cur-

'rents). 5 Alternatively, axial focusing ¢an be bbtainéd by .an azin;'mtha.lv’ |



magnetic ‘field which in combiné.tion With the spa..cev-charge field of'vthe_v
r1ng will couple (the h1gh1y focused) rad1al and axial oscﬂlatmns of .
a partmle

A S1m_p1e question, 'th.at as yet is ineompleteiy answered, concerns
the sPatiel distribution of the ions reIativ'ev to the eleotr.ons (and'the
momentum d1str1but1on of these 1ons) as they may f1na11y be formed through
1on1zat1on of neutral molecules by the electron beam. As in the CTR
program, 1t should be useful to supplement analytm work directed toward
the solut_io'n of such questions (much of which has already been done) by
computational "simula’tion experi'ments, ".in which the dynamios of a -
large number of mutually i_nteraoting particles (in the pre sence of appro-
priate boundary surfaces for the electric and magnetic fields) is followed,
each particle being endowed with: a.'_suffic‘iently enhanced vcharge and m‘ass
that the ensemble adequately represents.the- situation of physical interest,
Some members of the Los Alamos CTR program have reoently been work-
ing'wi‘th’the Berkeley ERA group to develop such prog.lf_.ams.—a.. fine

example of interdisciplinar'y ‘cooperation,

1.2. :Single -Particle Resonances
When a single-particle transverse oscillation frequency (wz,- wr)

is simply related to the‘particle gyrofrequency, or —more generally —

Wy
when
-+ = -
Bo, *me, = peg
for integers n, m, and p, there is the possibility of resonant increase
in the oscillation amplitude and hence ‘de'gradation in the ring quality..

These resonances are driven by field variations or imperfections, They

Wt



have been troublesome in practice, ‘although it should be po’s’sﬁiblle‘, by
suitable design, either to avoid them or make the crossing of them

innocuous.‘

1.3, Coherent Instab111t1es
| Correspondlng to the analogous S1tuat10n in more conventional

cyclic accelerators, instabilities of a collective nature can also arise.v
in an electron—ring device. These instabilities can take.the’ form either
of collect1ve transverse or collective long1tud1nal mot1on and in many
cases.are strongly 1nf1uenced by the nature and geometr1cal conf1gura—
t1on of nearby boundary surfaces In practlce, 1t is 1m~portant to -av01d
pronounced electromagnet1c ‘resonance effects_,’.v 'either'vvyith thevacuum
chamber as a .whoie or with a wall of dielectric material.v AIt a'ppears', .
possible, however, to accomplish this by vplac'ing suitable resistiye
materials on the walls,‘i' althou_gh: this subject is by no rneans settled a,ndv. |
is‘ cur‘rently under active investigation. |

VvCoherent instabilities, including collective ion—electron mot-ion\s,'
are likely to be of fundamental importance in 1imiting ERA perrformance—b
just as they are of fundamental importance in the ‘CTvR program. . In |
order to suppress coherent instabilities it is necessary to employ
Landau damp1ng, i.e.; to 1ntroduce a spread 1nto the oscﬂlatmn fre-
.quenc1es of part1c1es in the ‘r1ng ' Th1s is most pract1ca11y done by.lntro- |
ducing an energy spread wh1ch has the undesired side effect of addmg
radial width to the ring, It appears, at our present level of unde_rs‘tand-
- ing of an ERA of the type now visualiaed, that the balance between ring

current and ring size, as dictated by the potential transverse (resistive-
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wall) coherent instability in the compressed state of the ring, cdnstitutes

the basic limit to a successful electron-ring device.

1.4, RVing‘Avccelera.tien:_. 'Self-'S‘tab_ility'v

 In the p‘r-es'ence of an accelerating force the electron and ion dis-
triiﬁutions will be polarized. A censistex_lt solution is not yet in hend,-
but s_ome_eimplified models have éroﬁded esti.rn.a;tes ‘of the maximum
. acceleration that the ring can experiervlce without losing the ions.9 'vOne
of the reasons for developing the simulation c'.a.pabili'ty mentioned above
is,; in fact, to obtain quantitatively ‘Si’gnificant solutions to this verf
i_mportant and complivcated question. |

| The limit fo the exte‘r—ﬁal ac_:‘celere.ting .field tfia.t can be telerated tk

without disr_upting’ a ring can be expressed as a 11rmt on the internal
field that is experienced by an ion in _the ring, namely as a limit on the

holding field E Letting _Nedenote the number of electrons in a ring'

H*

of major radius R and minor radius a, one finds that

E. 2

with n = 2 if image focusing is present and 1 = 4 if t»he'fo,cu-Sing arises
entirely from ions.

1.5. Ring Acceleration: Field Limits

' - The simplest meens of aceeler'ating _thev ring is that of '"magnetic
eipansion, " thr.ough the action.of a radial cornpenenf (Bf) of magnetic‘
field. This method indeed may be adequate for acjhievement of moderate'
ﬁarticle energies, For higher energies the use of rf-cavity fields or |

(perhaps more efficiently) the use of pulsed electric fields may be

[
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fequired, 'ahd‘a.'series c.ofnbiﬂation of electric and magnevtic accelera-
tion sections may b'e_partiéuiarly effécti?re.‘ |
’V:Vi.th.‘maghetic'ac'cgeléf'a;tidn, ‘it istcleal.' tha# the v'va_,rlue o-f Br ?nu»s{:t
not be to<; éreat; and an :ackcelekl.‘atof f(v)vrra cé’i'f:ain finajl é'ne;'gy Vheng::e'
vmu‘s-t: ﬁof be to..o short, els; ;che vab'ivli:ty of the fiﬁg to hold ions Will Be
ekCéAévded.v ‘This re.st;riétio_rl caﬁ.impoée. rathefi étriri:g.ént toierénéés on
the uniformit& 'of the a#ial field in the acceleration region (e.g., so as
to lifnit Bi‘ toa fe\& dozen'_.gzau.ss in an axiél_field ofv some 20 kG). |
‘Similar restrictions exist in the case of accevleration by periodically
applied electric fields, In this latter case it mé,y be useful to attempt
some _Smdothing out of the acceleration forcé'vby -a'lsb introducing some
modﬁialtion of the magnetic fiela, sﬁ.itably phased insofar as is pract‘i:-
cable so that the Bf associated vﬁth a decre‘asing BZ gives a_.-cc_eleraition in
_regions-‘ where the electric field is absent and a corripen'sating' negétive
B to some 'degree.‘ acts in the opposite sense Whe'ré'the'velectric accele-

rating field is strong.

1.6. . Ring Acceleration: Diffraction Radiation _

Avheavily charged ring moving down an electric a,vccelevra.ting col-
umn inevitably .pa.sses near spatially varying ‘cvonductingﬂsurfa.ces and
hence will radiate energy. It can be shdwﬂ- that the net'gé,irvlbof energy
by th‘e rir_ig will be _i:hat Whiﬁh would -be‘vcomputed'négle’cting suchv radia-
tion losé.es, diminished by the energy reqﬁiredfto pull..‘su‘ch a r1ng pa,ét
the same sequence of passiv‘é (ﬁnexcited) gaps or cavitieé‘.‘ ,EXtensivev-
analytic and‘numerical effort has been dvevotevd to the study of thié"

problem., 10 It has been shown that although the radiation evoked by a



,;8.,_ v

single cavity or gap may be quite large, the r‘a:di'a»._tio'r‘x loss per unit .
length in a truly periedicv structure approaches a cbonsta.n‘_t as the ring -
speed approaches the ire.l'ocit‘y-of 1ight. Numerical computations have
provided estimates of the loss for a variety of structures. 11. Fuxfther ’
attent_ion-‘_must still be giveﬁ, however, to the magnitude of diffraction

radiation in a not-quite -periodic structure of finite length,

1.7. Injector Brilliance

It conceivably coulci be the case that'.tvhle-'p'erformé.nce of Ié.fn' ERA’
would not be limited priniariiy by the phenofheﬁe, thet cont:l;ol vtﬁe >q1‘.1alvity
-of stable ringe, but simplj by.r‘ the cha_l;a.c_teristics of ele.c‘tro.n‘ So_u.rces
available for produ_cihg such rings, . This,‘ vhewvever,A does not aﬁpear. to |
be the case; pulsed linear induction a‘c'cele‘ratoré _al'rerady> have.bee.n bu11t
that give beams of adequate ene.rgy and brightness (pakr'ticle den.'sity in
6 -D phase volume), and they operate reliably and at a :suffic'iently_ rapid
repetition rate. The design of ab linear induction'accelerator.conetfucted
e_xp_licifly to serve as an injecter into an ERA cofﬁpr'eése_xf has been’ |
deecribed by Keefe, 4 and exﬁerimentei's at 'B:erlgeley have been f)leased v
with the performanCe- of .thvis recen_tlly co'rhpleted corﬁp'on'ent. Techniques
for the efficient injection of the electron beam into the c.on"xp'ressor
remain to be adequately. ma.stered, but this latte_r problem—'v'alvtho“u:gh |
very imporvtant—should ievolve no fundamental re strictions beyond those

previously discussed.

2. Performance Expectations for an ERA

7 One could well argue that the physical phenomena described above -

are so "fu'nd-amental that an increased understanding of them is certain
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to make a valuable contribution to the development of rela‘ted fields of

v apphed physics and as’ such prov1de sufficient justification for the

extenswe world- w1de effort be1ng devoted to development of the ER.A

It is only candid to report that this argument has rarely been heard, but
rather EFRA enthusiasts have pointed to the expected performance of the'
ion accelera.tor 1tse1f ‘as the prlmary _]ustlflcatwn of the1r act1v1t1ves

The most comprehens1ve study to date of the expected performance

vfeatures of an ERA is that presented in Ref 8, and it is pr1mar11y upon

th1s work that we draw in th1s section, We refram from attemptmg to
delineate fthe'special uses to which the bea.m from such an accelerator -
could be advantageously a.pplied,' as in the fields of particle physics,

solid-state physics, and biomedicine.

2.4. Ring Formation

Snbstanti_al tnou‘ght has been put into devvising compresvsor.s that
have v'a'rio_us' advantages with r.espect to, the pulsed'type. One intere sting
c'las's‘ of compressors ernploys"’onlywsktatdic'dfieldlsvla.nd thus potentdially
vvould permit a very high repetition rate for ring formation (see Ref. 4
for .a. further description and references pertai_ning to this ¢lass of
compressors), One important flexibility that can be invoked in the design
of a pulsed compressor is to vary independently the magnetic_ flux link-
ing the ring and the magnetic field at the ring orbit. A seco'nd possibilit"y‘
is to retain the ring in a compressed or overcompressed state for an
extended periOd, so that substantial synchrotron_dampinlg can occur, 12
vIt'mus:t be.noted, however, that this last proce_dure can impose qnite

stringent requirements on the degree of vacuum to be maintained in-the
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compreseor if unacceptable loading of 'the"rin‘g by ions from the r'es,iduai"
gas is'vto be avoided—unless eome p‘ra.c;tical.ale means for sub'sequently
shaking these ions loose fro'rnfthe ring can be -devv'isled.v

- Granting the freedom in- compressor design just descrioed, 1t can
be shown thé,f it is p‘osSible to design a compressor that will produce a
ring of any reasonebly desired (stable) -chéré.c'ter,ﬂ without vviovlating .the
theoretical stability conditions at any time during the compression cycle.
The injector requirements in practice are not difficult to meet, although
for some desired rings the injector energy may necessarily be high.
Thus, if our understanding of the 'stabili‘tyir conditions is correct, 'neither
1nJectors nor compressors need be conS1dered when 1nvest1ga.t1ng the

pos51b1e performance of an ERA.

2.2. Optimum Performance

The various phenomena described 1n S‘ec"cion 1' put s'e'vevre limirs
on an ERA. One must require ring stab111ty (pOS1t1ve ax1a1 focus1ng and
a ring current below the 1nsta.b111ty thresholds) in the presence of accele-.'
ration (with diffraction radiation), and clearly the low electron number
and large minor dimensions (which relex the instability conditione) bare
‘in conflict with a large acceleration field (and hence a compa.ct and
1nexpens-1ve dev1ce). If we further 1mpose certarn pract1ca.l 11m1ts— :

namely, a limit on the average external a-ccelera.t1ng,f1e1d,'i Eent' , and

a limit on the axial magnetic field, Bz,' in the acceleration columné-then
there is only one degree of freedom left in the choice of parameters, -
and this may be eliminated by maximizing the number of ions accele-

rated per ring.
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We .shall not burden the reader W1th deta1ls of the calculatlons

call of wh1ch may be found in Ref 8 but confme ourselves to a numerical
example_l_m whloh all of the phenomena de_scribed in Section 1 have been
evaluated reaéonab_ly Well; and, in peqrtieulaﬁr, vthe axial fie-ld‘_‘Bz has been

<t, 28 5 MV/m.

One finds that the "op'timum ring' has a major radius of 1.2 cm, a minor

radius of 0.4-mm, a nurnber of electrons Ne =1.3% 10.13, and a number

of ions-N =2.% 1011 -Such a ring, if accelerated in an electric column

taken as 20 kG and the average accelera;ting field E__

and then in a magnetic acceleration section, could take ions to 65 GeV
in a total ,length‘_o_f. only 4_()0m—’-a performanee that certainly v_vonld be

impressive.

3. Present Status

As our readers will recog‘nivze,. the:numbers"vpresented ahoo‘e Were
deriw)ed primarily f‘rorn»_ theoreti.oal-eonsiderations a.nd in many 'ryespects"
were based on formulas for which a sou'ml experimental foundation as ’
)tet does not. exist. It is ap_propr‘ia.te, therefore, to end this Comment
with some remarks concerning the accomplishments, to date, in:.develop-
ment of an ER.A |

: R1ngs of h1gh 1ntens1ty (N ‘ > 10 ) ha.ve been formed by the Dubna
and Berkeley groups The. Berkeley group reported4 ach1ev1ng r1ngs
: vW1th a holdmg f1eld of 12 MV/m, wh1ch although h1gh1y encouragmg,
is between one and two orders of magmtude below the f1e1d that we have'
,p.rev1ously indicated as deS1red in an optimum rtng. The only work on:
the auy;o;lor:.;.(..ion uf ‘J.‘i.ugs containing ione in that of the Dubna gronp.‘ who

‘ 3 L3+ .
have reported™ the acceleration of NnH to 60 MeV in an accleration
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"flengthvof 2.5 cm Thes.e ‘rlng.s ha.ve ohara‘c'te1l'1str1cs”lt1.1a1; 11e‘{wit.}11n.an

- order of magmtude .of an opt1mum r1ng, but much work clearly re;na1ns
.'kto 1mprove such rlngs a.n& to extend the acceleratlmn dlsfance to kseveralf
.hundred meters - ’I‘he progress already ach1eved however‘ appe_ars fco_

' p01nt w1th some promse to the beg1nn1ng of a new ER_A

: '1L Ja.ckson Laslett

'v:"_AndreW M Sessler

S

S ax.
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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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