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*
COLLECTIVE-FIELD ACCELERATION
Andrew M. Sessler
Iawrence Radiation Laboratory

- University of California

Berkeley, California

| Juiy 4, 1969

The reasons for investigating colleéti?e’methads of acceleration
_;are We}l known. 'Thé primary‘motivation isbtq'obtain larggf accelerating
fields thahAin conventional dévices,vand thus to be able‘to generate high-
energy particies with relatively inexpensivelaCcelerating machines. It
is also éxpectéd that cgliective-field accéleratoré will have the
’capability of‘readily acceleréting diffgrent'species df parficles (and
‘even neutral bunches of parficles),.and also, perhéps, of acceierating .
1lafger fluxes than in conventional deviceé—-either because of less
restrictive fundamental limitsvor.because of greatef dverall efficiency.
And, of course, there ié the motivation.of simply iﬁcreasing our under-
-standing of the behavior of plasmas as én important>branch of pﬁre
science; for_the.sake of any assistaﬁce that understanding may give to
the broblem of attaining'controlled thermbnﬁcléar_fusion, and for thé
insight it surely will give to the charaéter of natural.acceleratdrsé-
whose existenée is manifest from the presence of éosmic rajs 5ut whose
detailed behavior is sfill largéiy unclear to us.

It is not surprising, therefore, that there is considerable

research effort going into the study of collective-field accelerators.

* : ‘ o K
This work was performed under the auspices of the U. S. Atomic

Energy Commission.
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We shall review here the diverse ﬁethods which have beeﬁ proposed for
collective acceleratign. In particular we shall'attempt to noté the
various exﬁerimental programs éhgaged in investigating éolleétive
acceleration. Clearly our survey will be supéfficial, but one hépes
a uséful purpose is served by a compilation of activities in-this>field.
Oﬁr task is lightened by two circumstances. Fifstly,'this véry
" ‘conference haé'a feﬁ ihvited'ﬁapérs in?which detailed reports will be
given on a'npmber 6f collective—field accelerator reseérch.programs.
Secondly, Rabinovich has recently pfoduced an extensive review of
collective methods bf accélergtion;l._We shall only briefly mention (for

completeness) subjects covered extensively in these sources.

1. Collective and Coherent Mechanisms
Veksler, 'in 1956, focused the attention'of.the éommunity of
particle—éccelérator specialiéts updn'the advantages and possibilities
of colléctive—field énd_qohefent-field acceleratibn.2 In collective~
field mefhods, the accelerating field is created by a_group'ofvcharges
and is prOpdrtional to their'ﬁumber. (An example‘is the elec#ron-ring
accelerator in which each ion is accelerated by a field which.is
-propoftional £o the number of electrbns in the ring;)v
In}coherent-field methods, the‘acceierating field on one particle
is propbftional to the number of particles accelefated. (An example is
the acceleration of»a bunch'of éharges by aﬁ electromagnetic wave whose.
wavelength is larger than the bunch size.)
| Both coherent and collective mechanisms contain the possibility
of obtaining very high accelerating fields and the possibility of

accelerating';artially neutralized bunches. In coherent methods there
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is no need to ﬁaintain synchronism between the accelerating wave and
the accelerated particles. -
: Cohefent-field deviée$ are; déspite the attention_deﬁoted to
them, still somewhat in ﬁhe.future; whereas collective-field dévices
- have reéeived considerable attention during the last ten yéars, and

within this very year have produced ions of MeV energies.

2. Electron-Ring'Accelerators
The electrén-ring concépt hés captured the imaéination of the

community of accelerator speciélists. Since the report from\the Joint
Inétituﬁe for Nuclear Research, by Véksler et al.,5 at just the
immediately ﬁreceding International Acceleraﬁor Conference, experimental
-and theofetical programs have been initiatgd'at a number of other
laborétories: Thé Lawrence Radiatioh Laboratory, Berkeley;u’5 The
Institute far,ExperiméntalvNuclear Physics,vKaflsruhe;6'and The Institute
for Plasma'Physics, Garching..7 Major progréss at the’Joint Institute
and the Lawrence.Radiation ILaboratory was deécribed earlier this year;
inVited.papers at this cdnference will describe the presentfstatus éf-'
these programs. "

| Besides the experimental progress towards ring acceleration, much
theoretical effort has been devoted to new methods of ring.formation;

namely, static-field compressors.9’lo’ll

Thesg_compressors should permit

_electron-ring accélerators to produce very large parﬁicle fluxes.b
Attentioneshould also be called to the infefesting experimental

.preation, by Trivelpiece et al., of iow;intensity electron rings by means

of pulsed‘mgnetic mirror field.'® Very recently, Dandl et al. have

obéerved energetic ions and electrons produced by a plasma instability



L

in the_electron-c&clotron heated cylindrical plasma of the ELMO facility
at Ouk Ridge.’> | | |

| Various theoretical inVestigations may be found in feports from
the various laborafories active in the field; they will not be reviewed
here. Tﬁe diffraction radiatioh by a rapidly moving (y > lj elethbn
ring has received an unbelievable amount of attenﬁion (as it‘threatens to
impose a limit on the ultimate energy attainabie with an electron-ring
accelerefor);‘the(subject is reviewed in a contributedApaper at'this
conferenee; |

3. . The HIPAC

-Dufing'thef;ast few.years the group at AV'CO-Everettll’L ﬁas been
develoPiﬁg e collecﬁive-field'device in which a paftially neutfalized
_toroidal'electron cioud; whieh is contained by an exﬁernel azimuthal
maghetic field, serves to provide a deep electrostatic pofential well
in which ions ere stripped'and eontained until they undergo epergetic
collisions;"Receht experiﬁentai progress15 suggests optimism in regard
to'the'utilit&‘of the HIPAC as a source of highlyvstripped heavy ions;
its use as eﬁ accelerator is more reﬁote. o |

4, Plasma Induction Accelerators

Budker's pfoposal, in 1956, that self-étabiliied relatiVistic
electron beams would be of interest as collective-field acceleratorsl
stimulated the development of deﬁices for generating intense electron

17

.beams. Budker and Naumov developed'the plasma betatron--where the
neutral plasmz should)permit aeceleratioh of larger currents than in
conventionel betatrons. Elaema beﬁatrons'have not, to date, worked wﬂ
to the original expectations, and development programs at CERN and

. _ . 18
Novosibirsk have been terminated. In the opinion of Ferrari et al.,l '
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the limiting instability has been identified (the negative mass) and can
be overcome. An active research and deveiopment'program exists aﬁ the
City University of New York, Queens. .
Recently, the group at the Technicai Physics Institute of the
.Academy of Sciences of the USSR has stafted develoﬁment of linear plasma

19

vinduction accelerators, whére the instabilities should be convective
and hence iess serious than ih a cyclic deviée. It is to be‘hopedAthat
thesé devices will'yield.larger currenté than vactum linear induction
acéeleraﬁors, and produce beamé of better en¢rgy définition and longér
.pulse lengths'than mégavblt-switching accelerators.

It is true that Budkér’s originél proposal is nét being actively -
| pursued at.this time; but new concepts have been dé&eloped,‘ahd intense
relativistic beams are very much of interest for‘coiléctive-field

accelerators.

5. Aéceleration by Pulsed High-Intensity'Electron Beams
' 20,21,22

which produce

pulsed electron beams with peak power between lO:LO and 1012 W;

" Flectron accelerators are now available

namely, electron beams of a feﬁ MeV, with a pulse length of tens of
nanoseconds, and a current in the lOi-amperé range.

The accelerétion-of ions in arc dischérges waé first observed
in 19505 Ilyutto,_in a series of exper iments started in 1960, has been
aﬁle steadily to increase the energy of ionékproduced in unstable‘dis;
charges ffom 1 keV'to‘the‘MeV ra.nge.g5 Ne&ertheless, much exciteménﬁ
hasvbeen éreated_by the dbservationé by Graybill and Uglum;gu early this
year, Sf-BPMeV protons prédﬁcéd by a L4O-nsec, U5-KA peak current beam of

1.3-MeV electrons;_‘
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The electron beam was generated by field emission from 20 sharp
needles (within a 1.25-cm radius) separated mm a foil anode by 2.0 cm.
The'beam having v/7 = [I(amperes)/l7‘OQOv67] e 0.8 passed through
the anode into a 50-cmflong drift-tube chamber containing'gas with
pressure optimally chosen for obtaining beam self~pinching. With the
‘chamber fllled with hydrogen, protons of 4.8 * 0. 9 MeV were produced
hav1ng an average pulse width of 3.0 nsec and a peak current of 100 A
- (i. €.y approx1mately 1015-protons vere accelerated per pulse)." The
_proton energy varled quadratlcally with electron beam current, in the:
range'of 30 tovh5-kA. Filling the chamber with other gases, ylelded
accelerated D2,.'He, and 'Ng.' Independent experiments by Yonas et al.25
have already confirmedpthese_observations and are inbthe‘pr0cess of.
extending them to mega-ampere beams.l . |

Wachtel and Eastlnnd,26 following a suggestion of Veksler,2 have”‘
calculated the acceleration-duevto_coherent-ion inVerse Cerenkov radiation.
Rostoker27:and Putnam28 have suggested the moring potential nell associated
.ﬁithcthe head of a sharp current pulse as_the source of'thetcollective—v

field accelerating force.

6. 'Electron Beam Schemes

‘A large number of collective-field acceleration methods employing
electron streams have been proposed, but are yet to ‘be studled experi-
mentally. In fact, the very flrst collectlve field accelerator, ‘proposed -
29 in 1952,vwas of thls type.
In general, the main prdblem to be overcome is to maintain large

‘electric fields for the purpose of accelerating ions, while_not having

- these same fields destroy the electron streams. (In the electron-ring‘

13)
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accelerator the corrdinated electron rotary motion serves exactly this

~

purpose.) One soiution is to employ ion-electron forces to maintain

 self-stabilization; a second possibility is to continually replenish

»dissipated electrons, or--éiuivalently--to stream electrons‘continually

through the region of strong field (so each electron suffers only a small

- energy change, while trapped ions experience a large energy gain).

Six different proposals are discussed, in some detail, in the

review paper by Rabinovich.BO We shall, correSpondingly; be very brief.

Lewis has discussed ion drag by a (1ongitudinal) densiﬁy-modulated

electron ‘beam, emphasizing its interest because of its potential high

31

efficiency;

VKovriZhnykhvhas suggested a method of producing a stable density
- 50,32

modulation in an iﬁtense.stream. The electrons move parallel to a

magnetic field and stream'through_arlocalized bump in the field stfength.
If the potential Weli eSSociated with the density increase Were accelerated
byrchanging‘the external field, any trapped:iohs would be accelerated.
.R. Johnson has proposed sweepiné ao eleetson'beaﬁ transversely)
in a method in Which‘electrons_stream through a region in which ions. are
trapoed.33
| Askaryaﬁ has suggested three differen‘t‘schemes.30 One employs
the large axial electric field ffoduced by the changingnf1UX associated

with the passage of the end of an intense bunch. The second scheme is

~similar to that suggested in Refs. 27 and 28 as an explahatioh of the

experiments on ion acceleration. The third scheme is essentially the

impact-acceleration proposal of V'eksler.2
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7. Plasma Waveguides

For a very long time, namely ten years, Fagﬁberg andvhis group
at the Physicotechnical Institute at Kharkbv have beeﬁ studyingeébbth
experimentally aﬁd theoretically--plasma-accelerating structures. The
Asubject has been.rather rgcentlyAreviewed in a very well-writtén pa.per by
Fa‘i'nberg.54 Consequently we shail limit'our.presentation to a few general
remarks, especially as therevisAén invited paper at this conference on
the present stétus of the Kharkov program.l
. There are two strong reasons for developing plasma waveguides:
Large accele?ating field strehgths,'concenfraﬁed.in a'smali volume so that
_the stored energy is small and ﬁhé wall losses aré small, are a possibility.
Simultaheous longitudinal énd radial particle'stability is,.in'principle,
possible. |
' The main problems are (i) to maintain a stable plasma which will |
support high-intenéity Waées suitable for particie acceleration (némely
waves with controlled'phase veiocity); and (ii) tp generate the‘accel-
erating waves ﬁith high'efficiéncy (namélyy waves"restfictéd to’a.nafrow
‘part of ﬁhe frequency spectrumj,. Progress towards solving thesé problems

3L

has been considerable,” but much remains to be done.

- 8. Magnetié Dissipation Acceleration

A h¢W'idea for the accelération of a plasma, due to S. I. Syrovatskiy,

'S

is presentlyxunder experimental investigation at the Lebedev Physics
Institute. This writer has only learned of the work by means of a brief
summary,35 and consequently restricts his remarks to a few lines.

The basic concept is to have plasma in a static magnetic field

having a large spatial gradient. An externally applied electric field j

.
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causes an g_x B plasma motién which is so arranged that the plasma
@enSity.decreases while it moves into. a region of larger magnetié gradient.
At a critical point the field is no longer carfiéd By-the'piasma, dis?
placement currents develop, and a large electric field_(suitable for
acceleration) is generated. The vafious necessary condiﬁions on the

fields, the geometry, and the plasma. are briefly mentioned by.Rabinovich.35

9. Coherent:Aéceleration by Electromagnetic Waves

'Of.éourse conventional accelerators use electromagnetic waves
for acceleration, as does a plasma waveguide (Seétion‘7)--but not for
coherent accéleration.. It might be'remarked;'apropos of'eléctromagnetic
,Waves;.that a nﬁmber of workers héve'been intfigued by thé.pdssibility

36

" of employing lasers for (noncoherent) acceleration,”  but even presently

available tera-watt power levels are only-adequate to ﬁroduce electrons
with'tené of MeV energy.57«

-The basié concepts of coherent acéeleration were diséussed by
Véksler;2 the'extensive litefature since that time is covered in a

33

critical revieW'article by Motz énd Watson. Some‘discuésion may be
found in Refs.vjh and BQ.

Theoretical and éxperimentai WOrk haé; in general, been'éonfined
to rf frequencies (although if has been suggested that éoherent accel-~
ération might be possible at laser frequehcieshoj. The basic theoretical
: problem is pl@sma ;tability during the acceleration process. Muchb'
attenﬁion has been gi#en'to a gdnfiguration in which a stafic magnetid
field (in the directioh of the wave vectof).is employed; the field strength
‘being adjusted té givef(approxiMate) resonance between the rf frequency

and the cyclotron frequency.
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Experimehtal work.has beén in progress for more than five years
at the Lebedev FPhysics Institute and the Radiation-Technoiogy Institute,
Moséow, and at Saclay,'France.hl 450 far, the Soviet work has primarily'
been devoted to identifying modes of instability of a dense plasma,
although acceleration of ions (in a rf-cyclotron-resonance device) to é

few keV has been acéoﬁplished by Consoli et ai. at Saclay;hl

10. Opinions

It is wrong to think that science consists of opinions, but it
is equally wrong to thing that opinions do not influence the course of

science. Thus, in a review paper it is appropriate not only to report,

in as impartial a way as ﬁbssible, the present status of activity, buﬂ '

also--in a clearly separated manner--to express editorial opinions

concerhing the importance of and the prospects for progresé.in'the

various endeavors. In this section the writer, as suggestions for his

colleagues' reflectioﬁ and discussion, presents a few of his opinions
concerning cbllective-field'accelérators,

The author‘é enthusiasm for electron ring accelerators is well
documented. As a high-eﬁergy accelerator (more thah a GeV/nucléon) it -
seems the closest of all the collective-fieid devices to success; as an
éccelerétor for extreme energies (more than a TeV) it is the only
colleétivé—field device that pfesehtly.appeafs not té require new
inventions. The questionvof diffraétion radiation is still 6pen,
aithough this writer believes thatbit dées not imposeia limit on the
" ultimate energy capability of the device; static compreséors appear to
leave the ultimété average intensity capability equally open.

The plasma induction accelerators are, to this author, most

intefesting as sources of beams for collective-field accelerators. They

*
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are subject, however, to severe competition-from the new class of mega-

volt switching devices, and perhaps will be of interest only‘for intense,

energetically homogeneous beams of very long pulse length (in the micro-

second fange).
| Th¢ HIPAC, as an'ionvsource; the aufhof finds an interesting device.
He is, at this point, not very reéponsiVevto fhé plasma waveguide schemes.
They seem to be difficult to deveiop ahd not to offer any pérticular
advantéges'qver supercoﬂducting linacs. A :

e The acceleration by electron streams is a most”éxciting develoﬁment,

bu£ the futu;e of this work is presently unclear. TFurther experimental and

' theoretiéal work ‘is required before the limits on ion energy and conversion

efficiency can be ascertained. Perhaps the straightforward'approach (as

in the present experiments) is limited, but a number of the theoretical
schemes look like attractive possibilities for the future.

In the area of coherent acceleration the writer considers the

‘situation not very advanced, at present, as far as high energy is concernéd.

Perhaps electron rings will someday be the basis of a high-enefgy coheréntQ
éccelergt;on‘device: ‘either'through‘the use of electromagnetic-wave accel-
eration of rings, or--more interestingly-—asvthe essentiél cpmponénts of'
én impact accelerator.

In summary, the development of a number of different collective

'_'field devices for the low-energy regime appears likely, and their charac-~

teristics can be expected»to*affdrd a wide spectfum of-differeht capabilities.

For high enefgies, only the electron-ring accelerator preéentlyvappears to
be a serious possibility, whereas the lure of coherent acceleration remains
as attractive as ever; and, although not so remote as when first suggested

by Veksler, nevertheless, it is still a goal for the future.
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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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