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ERA DEVELOPMENT AT BERKELEY
Denle Keefe »
Lawrence Radiation Laboratory.
University of California
Berkeley, California

September .26, 1969

1. Introduction

The mein interest at Berkeley in research on the electron ring
accelerator lies in its ultimate use ag & high-energy proton.accelerétor

for elementary particle physics. In aiming towards this'goalvwe are _'1

mindful of the'possible application to nuclear ehemistry, bioqmedicine

and other areas of reséarch; and 1t is probable that in the course of o
the advances in electron—ring—accelerator developments it is in these
latter aspects that the ERA could also be of value. _Apart from some

brief generel studies a year—and—e~half agol only a small amount of

/attention has been pald to the details of a'large—ecale acceleratorj

instead the major emphasis has been on trying to establish the
feasibility of the concept and in making experiments to obtain design
information of use in‘future devices. | |
The major advantage of this type of accelerator will, of course,
be its compactness. - For reference, the. typical rate of-energy—gain per
unit length of structure is 1 — 1. 5 MeV/meter in a proton linac and
about 40 Mev/meter in & proton synchrotron. In an ERA one limit is

determined by the peak—field holding the lons within the ring, since -

*Work‘supported by the U, S. Atomic Energy Commission.
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the ring cannot be subjected to a greater acceleration without loss of

the ions. This field 18 glven by

E oy = k[Ne/R(§.+b)],

where Ne = number of electrons, R = major radius, é, b, = minor cross—
sectional dimensions and k is a form—factor that depends on the cross—
sectional digtribution of the electrons in the ring: In experiments by
the Berkeley Accelerator Study Group, already reportedz, rings with a
peak field of 12 MV/meter were formed. Improvement in this number by
even a modest factor will thus lead to rates of energy—gain that seem
very attractive. OFf great_importance, therefore, 18 the production of
considefably more intense rings; ILet me now.déscribe the activities in -
this fleld that are underway at Berkeley.

Since the last conference in thisbseries, two years ago at Cambridge,

3

Massachusetts, when the report of the work by Veksler, et al.~ caused
heightened interesf in pursuing research on golleétive—effect accelerators,
the Berkeley group have built fhree devices_fcr forming electron—rings

and compressing them to small dimensions. Compressor I was in the nature
of a learning device and was operated for a short time with a low—energy
low—curfént electron linac as an injector. Compressor II was used for
experiments on forming intense rings and trapping ions, and the fesults.

of these experiments are given 1n Ref. 2. Briefly the following parameters

were achieved:
N =4x10% R=3.5cm 8 =2.45m, b=1l6mE _=12M/m
e , L ’ . ’ £ ’max »

In their final compressed state, however, the rings were held in a weak—

focusing magnetic field with a field—index value of n = — = == = 0,28,
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The lifetime of the stored rings, determined by the.decay of the favorsable
focusing field, was'about.7‘milliseconds; |

Fabrication of the most recent de&ice; CqmpressorvIII, haé,Just been
completed at Beikeley, and it has been moved'thisvmdnth tovLiverﬁore for
its first experimeﬁtal testing.. Experiments willl bé ecarried out fqr brief
intervaié over the nhext few months. The goal ofﬂthesé eﬁperimeﬁts isy
firét, to study the effects that occur with an ion—leaded ring as the
fleld index gradient is allowéd to approaéh’n % 0, and, éecond;vto extract

the ring from the forming field and accelerate it in a "tapered'-—solenoid

field" (B >3 >0). A description of the design and testing of

Compressor III is the maiﬁ subject of.this talk.

While an increasing number of people, Outsidé the]USSR, haVe made
extensive calculations, gnd predictions (both optimistic ahd gloomy) and
have described novel possibilitiés‘for electron ring‘acceleratién dqring o

the last two years, it is my view that we have all suffered heavily by

. lack of direétvexpefimental experience and information. In order to allow

8 suitable experimental arrangement compatible with ERA component—testing

and the frequent shutdowns for equipment modiflcation, we have begun

construction of a high—current relativistic—electron source, which will

be discussed iater; Iﬁ the meantime.the Berkéley-group.has had limited
access to thé Astron inJjector at the Livermdre branéh of the Lawrence
Radiation Laboratéry, ag an intense aoufce of relativistic electrons.

A Several theoretical efforts continueito be maintained. ‘Somevare
directed to the more.lmmediate pfobiems'associatéd with the experiﬁental
progream, such asj thg field and fieldégradient effects.on the‘electron

ring due to the presence of neighboring dielectrics, the space~chargé
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effeéés in the induction accelerator, the single—particle and collective
instabilities that may be encountered, etc. ILonger—range problems concern
Improvements to the method of ring—formétion — such as statlc fileld
compressorsLL and calculations on the long—standing‘problem of cavity
radiation. Some of these toplcs willl be discussed at other sessions at w

this conference.

2« Electron Linear—Induction Accelerator

During the past nlne months we have examined the desirable parameters
for an electron source sultable for ERA research purposes. The require—
ment of both a repétition rate of 1 Hz (or greater) and a low maintenance
cost per pulse quickly eliminated the cholce of any of the éOmmercially— '
available flash X—ray machines. The desired parameters of the injector

for the ERA test facility are as followsi

TABLE I
Energy: 2 — 4 MeV
Repetition Rate: 1 —f10 Hz
Current 2 500 amps.
Emittance: ~ 0.06x cmrad at 1 MeV
Pulse Iengthi 35 nanoseconds "

Energy Spreadt Veriable (> 0.5%)
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Design and developmenﬁ'work has centered,aroﬁnd an initial energy
of 2.2 MeV with the future addition of further units to bring the energy
up to 4 MeV. The basic element of the design is the.pulsed accelerating
cavity illustrated in Fig. 1. The four essential_elemenfs in this module
are the cavity, the pulse—forming netwérk, the SWitch, and the charging
supply. In essence the cavity.may be consldered, in high—frequency
terms, as a ferrite—loaded transmission line or, in a low—frequency
analog, as & one—turn one—to—one ferrite—éore transformer. No matter
the point of view, the voltage éppearé across an acceleratihg gap of a
few centimeters in widths A gradlent higher than usual cén be obtained -
because the voltage 1s on the gap for only 35 naﬁoseconds. ‘Because of

the short pulse—length the pulse—forming network has been chosen to be

- a rigid oil—filled Blumlein line, discharged by a pressurized spark gap.

The charging supply is a quasifd.c. (= 1 psec) Marx generator. A test
module has been in operatlon for a few months (x 200,000 pulses) in ofder
to tegt certain design features, such as the cholce of ferrite material
and the behavior of the angled Lucilte 1nsula£or that separates the oll-
filled section from the accelerating gap‘in:high vacuum. . Each module

is nominally rated at 250 kV and all the elements have been satisfactorily

tested up to this time, with the exception of the high—voltage switch.

The accelerstor is conceived to consist of a single—gap "gun" section
of 1-1.5 MeV followed by an accelerating column of pulsed accelerafihg
cavities whose apertures are determined by the beam size at their
respective locations, and whose number 1s determined by the available
finances. At this time, we belleve the most desirable configuration for
the gun is & compact stack of five cavity modules with a coaxial copper

center conductor to carry the combilned voltage‘pulse to the first gap.
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In this way, these five cavities, each of a nominal 250 kV, should provide
a high voltage terminal at 1.25 MV. We are hopefﬁl that, at the repetition

rate envisaged, a cold—cathode configuration of a cluster of needles will

k%

supply the desired current and emittance. If not, this high voltage
terminal will allow the'rather simple éonversion to a hot—cathode source, v
such as lanthanum boride,‘without the complication of the heater supply
being at high voltagé.
The configuration of the accelerating column is not final, but in
general terms will consist of pulsed accelerating eavities, solenoid
focusing magnets spaced about one meter apart, and room for beam diagnostic
equipment and pumping ports. Equipment will alsé be 1nstalled to select
certaln beam pulse lengths, and to allow the energy-spread to be varied.

The electron accelerator should be operating in late Spring 1970.

3. Compressor ITI

a. Ring—forming Stage

- Mentilon wés made in Ref. 2 of the difflculties encountered with
Compressor II because of "single—particle" betatron resonances; in
particuiéf the values n = 0.5 (VR = vz), 0.4k (vZ = 2/3), 0.36 (sz + VRV?IZ),
0.25 (vZ‘= 1/2), were suspected of leadlng to beam loss 1f encountered |
early in the compreseion cycle. These diffic;lties were solved by use .
of . "m—correcting circuits"” to trim the main—coil currents.

This experience suggested a desirable pattern of change of n with
time and the coll configuration for Compressor III was rédesigned

accordingly. Four, instead of three coil pairs are used. (See Fig. 2.)
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The additional coil pair, Coil 1B, is placed between Coils Z'And 3 and
carries almost the same current as Coll 1A (hence the rather odd nomeﬂ—
clature). vThe method of exclting the céile is shoﬁn in Fig. 3 and tﬁe
desigﬁéd valueé of n &ersus timé are ghoﬁn in Fig. L. It is intended
to inJject close to n = 0.56 (vR = 2/3), to obtain three—turn injection,
to dwell there for some time before crossihg_n = O.S,Iand thereafter to
cross the presumably dangerous Vélues of é rather rapidly without
dwelling too long near any of them. A computer programbhas been
prepared that is capable éf handling twenty coupled circuits and includes
the effects of eddy—currents in the copper conductors of‘even the open
circuitbcoils‘ Extensive magnetic measurements éf'g versus radius and
time alerted us tb the very large effects due to eddy currents gnd these
emplirical data have been Weil simulated in the computer program. Since
one - cannot, however, expect the final cénfiguration to conform exactly
to tﬁat plénnéd) there is also provision for: n—correcting circuits ——
both active and passlve — — to effect small modifications. Thé n—valué
at the end of_compression will be n ~ 0.1 aﬁ'a final radius of.R-n 3.5 om.
Diagﬁostics during ring—forﬁation will'include ﬁhose of Compressor II
and some extra facilities. Two tantalum target pfobes can intercept the
beam at different positions, scintillators detect the‘beam at entry and
after three—quarters of a turn, an air—cored current transformer ﬁeasures
the circulating beam—curreﬁt, while mlcrowave and éptical synchrotron
radiétion can be detected through a variety of sépphire'windows piéced'
radially around the compressor. Further probes that enter‘axially | |

include a collector to detect the cold electrons emitted after the
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hydrogen gas has been ionized, a capaclty probe to measure the ring
current, a sequence of capacitance pick-ups to méasure the velocity of
the extracted ring. Finally, axially and within the ring, either a long
dielectric image cylinder or a small high gradient coil can be introduced
as desired. Some of the diagnostic probes and devices are i1llustrated in

Figs. 5 and 6.

b. Ring Extraction and Acceleration

Perhaps mistakenly, we tend to believe thét the stabllity of the
ring and the technique of accelerating it once i1t 1s moving at high
axlal velocity, may present less difficult problems than extracting
the ring from the fbrming field, l;ading it, énd launching 1t to near—
relativistic speed. It is to the latter problems that experiments with
Compressor III are addressed.

The basic technique planned for extraction is as follows. During
compression, both left— and right-hand coils are excited with equal
currents, but after compression a separate critically damped circuit
(see Fig. 3) 1is switched to unbalance the currents in the left— and
right—hand sides of Coll 3. The peak field in Coll 3L rises to about
50 kG wﬂile that in Coil 3R drops slightly to sbout 16 kG. During this
time ﬁhe median plane and the ring should mo&e about 12 cm to the right
into the long solenoid and the n—value at the ring decrease from 0.l to
zero. Control of the values of the currents in the other coils, 1A, 1B
and 2, 1s necessary té achieve exactly the right condition. Beyond the

spillout point a roughly—constant value of radial fileld, B, occurs to
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accelerate the ring at a copstant rate. Values of Br as low és N 5G
over z‘SO em should be achievable to pro#ide‘gentle acceleration, if
neededu The final axial speed of the ions emerging ffom the righb—
hand solenoid should be about 0.1 ~ 0.2 c. |

Since during extradﬁion, one musf tfansfer the ring to a region
where n = 0 and there 1s the dangef of encountering ﬁhe}resonanceé_

v, = 0 and VR = 1. Because of collective effects, the axial and radial

betatron frequencies are not simély nl/2 and (L—h)l/z;ibut involve many
variables depending on intensity, ilon—loading, magnetic—~field 'sha.iae 5.
proximity of cdnductors and dlelectries, all of.which_in turn depend,
generally, on time.. |

Table II 1s intended as & simplified chart of the effects contri-—
buting to the incoherent v, and VR, with an indicaﬁ;oﬁ of the variables
involved.

The full expresslons for v, and v, are complicated and are given

5

R

by L. J. Laslett.” In brief, however, one cah appreclate from Table II

that one can exploit many combinations of the parameters and in principle

avoid difflculties at v, = Oor v, = 1. In particular by arranging for

R

images in an adjacent dielectric cylinder to be sufficiently strohg it

is possible; for small ion-loading, to maintain vz'>>0, v. < 1. The

R
first experiments with Compressor III wlll explore this regime of

variables. It may be desirable to terminate the dielectric image
cylinder once the ring has reached relstivistic speeds, whereupon the
ring should suffer an abrupt Jump from v, < 1 to v, > 1, probably fast

v R R
enough to avold significant damage.
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TABLE IT

Outline of Terms Contributing to the Betatron Frequencies

Source Typical Terme :5

R
3 v
Ly - : R 4B
D puis et et + —
Magnetic Fleld n B 3R _
"Linear" Space Charge 1 - -
2 2
" a
Trapped Tons N, 2 Ne(l__f)j o . +
‘ Ne 8R
"Toroidal" Space Charge BB In— - +
| (n < 1/2)
Proximity,
Images in Dielectric Dielectric Constant + -

= total energy of electr‘ons/rest mass

= major ring radius

7

R

& = minor ring radius

f = fracticnal cha‘fge of ions
N

o = number of electrons
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R
attentlon has been given at Berkeley to the désign of a‘pulsed coil to

Because the preferred final state is with v_ > 1, considerable

change the gradient rapidly and 80 to Jump across Vg = 1. If current

is maintained long enéugh, the eventual accretion of lons would ensure
Vg > 1 and the coll could then be turned off. Such & coll is being
designed for later experiments with Compressor III.A The power supply
1s somewhat comblicated by the need for.a long pulse length (hundreds
of microseconds) and a shoft rise—time (3’10 ns).

In the experiments novw beginning, a small éuasi—d;c‘ coil, with a
radius smaller'than the compressed ring, will be used to-produce known
changes in fiel&—gradienf. It can be used to stﬁdy the behavior of
the ring as the integral resonances are approached, for various values

of ion-loading.

Ce Résults
Compressor'III was moved in early Augusﬁ 1969 to LRL Livermore ,

where the Astron linear induction'eiectron_éécelefator will be used as

an electron source. So far, less tﬂan 100 héurs of useful beaﬁ time has been

obtained: A special beaﬁktransport line (éée Ref. 2) wasviﬁstélled and

after ﬁﬁning, resulted 1in a peak Injection current of 200 Amps a£'3{h

.MeV in a phase space area of approximately.0.0Gﬁ ém rad. The aéceptance

of the compreséorvis approximately 0,0vacm rad. | |
Rings with N_ = 3 i lO12 have been regularly formed and’compréssed

to final dimensions; R = 3.6 cm, a .

RMS
tion has resulted in very little trouble in crossing the betatron

& zhmm;iv“ The new coil configura—

resonances previously of concern. The survival time of the rings was
typically very loné,iviz; ~ 20 milliseconds. During this first experimental

run, the compressor pressure was about 6 x 101 T, considéerebly higher than
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ultimately planned. Nevertheless, no apparent deleterious effects due to
the high background rate of ionlzation were observed.

Experiments were performed usiné the inner éoil to change the gradient
in the median pléne of the compressed ring. By decreasing the local n—
value from n = 0.1 towards n = o, the ring could certainly be déstroyed oy
but at this time the interpretation of the data 1s still uncertain.

A more interesting sequence of experiments involved activation of the
left-right imbalance circuit at various currents, both with and without
the image cylinder in place, and at various levels of gas pressure. As
the level of the Imbalance 1s increased, the ring 1s moved greater and
greater distances axially to the right, later returning to the median plane
_where it can be inspected for survival. In this way, it was subjected to-
a variety of excurslons in n—value eventualiy approaching n = 0, and with
different conditions with respect to gds loading and image forces. There
has not been time quantitatively to reduce these data, so that I can give
*only our hurried impressions. The effect of lons in increasing the betatron
frequencies seems to be substantially less than simple calculations predict.
Loss 18 belleved to have occurred at VR = 1 (incoherent), but 1ts magnitude
18 uncertain. Nelther the measurements nor calculatlions are yet precise
enough fo‘say how narrow the resonance width is but we think 1t 1s very
small (Av < 0.01). By activating the rest of the spillout circultry, viz,
the correcting currents in the other colls, the electron ring has been ’
detected on a probe many centimeters beyond the spillout point, having perhaps

suffered some smell lose at the presumed v_ = 1 point. Whether the ring

R
has remalned a compact structure or contains accelefated ions 18 not yet
known. There has not yet been time to determine the best combination of

currents and ion~ldading to achieve proper acceleration.
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4., " conclusion

Experiﬁents_will continué with'¢ompre850r IIT to study and define
the_coﬁplicated interaction of variables needed -to achieve: extraction
of a compact ring, éither by staying below VR évl: qr Jumping quickly
across this_valﬁe; It ié expected that a new electrén‘accelerator will
be ready by late spring 1970 tC_Carfy’out further experiments. |

vThe Berkeley program on ERA,funder ﬁhe.overall direction of E. J.
Lofgrén; is aﬁ éffoit in which many people are deeply involved. Among
the principal members of the accelerator stu&yvgroup responsible for
the work summarized here are:'

 Physics Aspectsx W. W.-Chupp, G. R Lembertson, L. J:
Léslett, A. U.‘Luccip,.w. A. Perkins,‘J. M. Peterson, J. B. Rechen;
A. M. Sessler; - 1 ) ‘ | | |
valéctricaiiAépects}F“A: Féltens,»E. C. Hartwig, C. D. Pike.
., Mechanicaleéﬁéctsj_ R{-T;lAvéry,:H. P.- Hernandez, J. R. :
Meneghett, W. W. Salsig. o -

. The experimental dbservations with Compressor 3 that are reported

: here would not have been possible without the,enthusiastic cooperation

of N. C Christofilos who made available the unique facilities at the

' Astron 1nstallation 1n LRL Livermore. The hard work and help of the

staff at the_Astron accelerator were also indispensable.
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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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