
RD-A142 383 HIGH CURRENT INDUCTION RCCELERRTORSIJ) NAVAL RESEARCH i/i
LAB WSSHINGTON DC C A KAPETANAIUJS ET AL. 12 JUN 84

UNCLARSSIFIED NLM-29F/G 28/7 N



J

.'.

'S "

1.0 LL. 28jL
-L 32

' IIIII IIIIIIIII( -is 111112.2

9MICROCOPY 
RESOLUTION TEST CH-ART

NATIONAL SU9(Au Of STANDAIRD$ - 963 - A

13.6

w=.



L 4 4

ti~' 'p f
C I

'j:1 M~..

-~ NIL Msmuiami.. Rapes 5259
'3 4. 4K ~ ~

-4

p
a--Hick CSunafr Aalaretnn

~ewwwwaeewewCt 
.

C.AZj*sraxAsas
~ d

t
~

44 - JSg~F~~j 5i

~
.b.# *1 <3fr A

* jt flit

* . *

433~# K)"

* '~#a~-p "~'~

* 04 ~Th -. 9
'4,

t -. ' (

0?
-~ ~ ~

V

Vt' 1 S N
'~ ~' -'

A<t.

...................................
S

tL I'

-p..,-Vi 165
0

A K



- " " -, 7-. * '-- "' " +"• . . " " + +

-- 4

"%

REPORT DOCUMENTATION PAGE

LU'NCLASSIFIED

2+ flZ.dSP.C, ON DN OOCmo SC--eo+L+ Approved for public release; distribution unlimited.

4 * IKRMO1%RANZAT,)N REPORT NyMBER S 5 MON.TOWRNG RGANIZAT ON ptS';A, .yM8ER F

NRL Memorandum Report 5259
ie NAME :F -EP'PMNG ORGANIZATION bOPF'CE ST.ASOL I& NAME 3F MOIRO RA AT

/ f dPT.l+-db,.

Naval Research Laboratory Code 4704 Office of Naval Research

Sc ACORESS , , t, Ind /I "1 .11 't ADDRESS U I mtAdf'

Washington, DC 20375 Arlington, VA 22217

B. %AME OF PN.NG SPONSORNG B O .CE SYMAB;L 9 PROCUREMENT INSTRUMENT OEN"'CAT ON N1,MBEA
ORGANiCATION I1 apPL' ab,r

ac AL;ORESS .mnmj tIP tmd' 10 SOURCE OF FUNDING NOS
PROGRAM PROJECT TASK W MORK c mT

E -.E ME NT .O IDO NO

--.... II,~ ... .. m, ... 61153N RRO11-09-4E'DN180-207
High Current Induction Accelerators

12 PERSONAL AUT.IORISI

C.A. Kapetanakos and P.A. Sprangle
Q3& T'Pe OF REPORT r3b TIME COVERED 14 DATE OF REPORT - V,. MI, .)1, 15 PAGE COUNT

Interim PIROM TO June 12, 1984 32
16 SUPP.EMENTrRY NOTATION

17 CCSA 'I COOES I SUBJECT TERMS ,iCotinue OM cP'eOP It OAcull,-, ld ,drnItSf4 6. b.,lck numb*-
• ,EL0 -OUP SUB GA~EL ORuP SUBOR Accelerators Induction accelerators

Electron beams

19 ABSTRACT C . ., Iif It lctl l And md-Iftl 6 b6o 1" J amnber'

High energy accelerators capable of producing high current electron beams are rapidly becoming an active
area of research. The main development effort is currently being focused on induction accelerators. As a
result of their inherent low impedance, these devices are ideally suited for generating intense beams. If this
high current branch of accelerator technology is successful, it may have some very profound implications,
far beyond the research laboratories.

2() OSB
t , 

AVAILABILlTr OF ABSTRACT 21 ABSTRACI SECURITY C ASSIP CAT,)N

'.CLASS .... NNL MI PD X SAME As RPT - DrC .SERS UNCLASSIFIED
%22, NAME 1, EPN-L O.'U.2' PP~N NUMBER fc P CE SIMSOm.%In, d' Io ,+

C.A. Kapetanakos (202) 767-2838 Code 4704

DO FORM 1473,83 APR EOT ON O I mAN 73'S ORSOLE'E

e-----------------.---J... ... ..... .. .. .
.- ,~~~~~~ .- ., f ' , -, . .' %, i,,,+ .' . -*,, -... .-....-.... ,'..,:...,...-:+ .



".' CONTENTS

I. INTRODUCTION .1

II. LNEAR INDUCTION ACCELERATORS (LIA) ...................... 4
A.

A. A stron-type .............................................. 4
B. Radlac-type ............................................. 7

C. Auto-accelerator .......................................... 9

III. CYCLIC INDUCTION ACCELERATORS (CIA) ...................... 11

A. Conventional Betatron .................................... 13
B. Modified Betatron ........................................ 16

V. COMMENTS .................................................. 18

REFERENCES ................................................ 27

'I 0"
-: tca-v ,;, ],o ".

i ""

-- .
'a"2-V

I a.*'O,

. . . . .. . . . . . . . . . . . . . . .
• ,'t,3'. ', .. '.,'... ' ..', .-... . -" ' .",. ,. .. -. ",.'t.' ." .,,, -'," ,'.,,,. ,,'',"".,,,,.% "',. . "" .',' ., ' .-". " "- -""



HIGH CURRENT INDUCTION ACCELERATORS

I. Introduction

In order to probe deeper into the sub-nuclear structure of matter,

physicists over the last fifty years have advanced the technology of high

energy accelerators to a remarkable level of sophistication. These

accelerators have been designed to operate at relatively low current levels

primarily to avoid complications related to beam self field effects.

Accelerators such as the SLAC Linear Accelerator at Stanford University

currently produces electron beams with energies as high as 32 GeV and peak

currents of approximately 120 mA. Although of fairly low current, these

devices have proven extremely successful in high energy physics applications,

since by irradiating the target over an extended period of time a detectable

level of collisional events could be obtained.

In addition to low current high energy accelerators, a new technology for

producing ultra-high current beams -3 has sprung out of x-ray flash research

in the early 1960s. Unfortunately, the new technology was limited to peak

beam energies below 15 MeV. These ultra-high current beams typically last for

a fraction of a microsecond and have peak currents as high as 10 MA. Such

beams contain enough energy to melt holes in millimeter thick aluminum targets

and have self field energies comparable to the beam kinetic energy.

Over the last several years, it has become apparent that electron beams

having both high energy and high current could have exciting applications in

the generation of high power coherent radiation4 , x-ray radiography and

national defense 5.

Among the various accelerating schemes that have the potential to produce

ultra-high power electron beams, induction accelerators appear to be the most

W promising. Induction accelerators are inherently low impedance devices and

4 Manuscript approved March 8, 1984.
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thus are ideally suited to drive high current beams. The acceleration process

is based on the inductive electric field produced by a time varying magnetic

field. The electric field can be either continuous or localized along the

acceleration path.

The current level of sophistication of induction accelerators is

considerably lower than that of conventional low-current accelerators. This

is not surprising since the fiscal and human resources invested in

conventional accelerators far exceeds those invested in developing high

current induction accelerators.

Quite naturally, induction accelerators are divided into linear and

cyclic. The linear devices are in turn divided into Astron-type6 - 0 , Radlac-

typell - 12 and auto-accelerator. 3- 14  In the first type, ferromagnetic

induction cores are used to generate the accelerating field, while "air core"

cavities are used in the second. In the auto-accelerator the air core

cavities are excited by the beam's self fields rather than external fields.

Similarly, cyclic devices can be divided into conventional15 ''7 and modified

betatrons' 8 2 1. The field configuration in the modified betatron includes, in

addition to the time varying betatron magnetic field, which is responsible for

the acceleration, a strong toroidal magnetic field that substantially improves

the stability of the accelerated beam.

Linear accelerators are currently in a more advanced state of development

than their cyclic counterpart, however, their size and high cost make them

unattractive when high energies are desired. For this reason, progressively

more attention is being focused on cyclic induction accelerators. Table I

lists the known high current induction accelerators throughout the world.
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II. Linear Induction Accelerators (LIA)

As stated in the introduction, linear induction accelerators are divided

into two types. The Astron-type was pioneered by N. Christophilos at Lawrence

Livermore National Laboratory (LLNL) in 1963 and the Radlac type was pioneered

by Pavlovskii and coworkers in the Soviet Union.

a. Astron-type

To illustrate the underlining physical mechanism of a single

accelerating module, consider a coil wound around a ferromagnetic ring powered

by a time varying voltage source as shown in Fig. (1). The voltage Vg across

the opening (gap) of a single turn loop surrounding the ferromagnetic core can

be found by integrating Faraday's law along the loop and is given by

-g - + d
=

V= -E d . ()
9 -t

The voltage Vg is proportional to the time rate of the magnetic flux 0 linking

the loop, where f f d is the integral of the magnetic field over the

area enclosed by the loop.

An Astron-type LIA consists of several induction modules placed in

. tandem and synchronized to provide an accelerating field when the beam passes

the gap. Figure 2 shows a two module LIA utilizing Blumleins to drive the

ferromagnetic core, although other power supplies, such as modulators, are

frequently used.

*In a Blumlein, a load is located midway between the ends of the

transmission line. At t = o the switch, which is located at the beginning of

the line, is closed, initiating a voltage step which propagates along the

'4 first half of the folded line until it reaches the load. Under matched

conditions the load has an impedance equal to twice the characteristic

44
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impedance Z0 of the line. Upon arriving at the load, the voltage pulse is

partially reflected toward the switch and the remaining part is transmitted to

the other half of the line. When the Blumlein is initially charged to the

voltage Vo and the load impedance is 2 Zo, the voltage across the load becomes

equal to V0  The reflected voltage pulse propagates toward the short (switch)

and is reflected with opposite polarity. The transmitted pulse reaches the

open end of the line and is reflected with the same polarity. The two

reflected pulses completely discharge the line as they travel toward the

load. Consequently, the voltage across the load is a rectangular pulse of

amplitude Vo and duration 2 £/u = 2T, where X is the length of the line and u

is the pulse propagation speed.

The voltage appearing across the load drives the coil that magnetizes the

ferromagnetic core. Since the coil inductance L is large, i.e., vL/T >> Zo,

the current flowing through the coil is considerably smaller than that in the

Blumlein. Therefore, the effect of the magnetizing coil on the operation of

the Blumlein can be ignored.

The energy gained by an electron propagating along the dashed line in

Fig. 2 can be found by integrating the energy rate equation

AW le f E e= c -' 2 e Vg 2 oe V (2)
cat V

provided the two modules are identical and the Blumleins are initially charged

to the same voltage V0 . In induction accelerators the energy gain per module

is additive so that for N modules the electron energy gain is N (ej V o .  In

contrast, in a similar electrostatic accelerator the electron would gain only

an energy lel Vo

5



The pulse duration in the Astron-type LIA varies from 20 nsec to a few

microseconds. For pulses of 100 nsec or shorter the core is made of

ferrite. For longer pulses the core is made of thin sheets of less expensive

laminated ferromagnetic materials. The size of the core is mainly determined

by the limiting current and image forces. The length of the accelerator is

set by the maximum electron energy desired while the cross section of the core

is determined by the product Vg T s where T is the core saturation time.

Some of the distructive instabilities limiting the performance of Astron-

type LIA are; beam breakup, image displacement and resistive wall

instabilities. The beam breakup instability appears to be the most serious

and arises from the interaction of the beam with resonant modes of the

accelerating cavities. These modes have a strong magnetic field component, at j

the beam position, perpendicular to the direction of propagation. In each

cavity the beam experiences a transverse displacement, which increases

exponentially with the number of cavities and beam current. The beam breakup

instability has been observed in several accelerators including the Astron,

ETA and ATA.

The size and cost of these accelerators may become prohibitive at high

energies. Currently, the maximum average accelerating gradient is less than I

MV/m. Therefore, a I GeV acceleration would be longer than 1 km and require

in excess of 4,000 accelerating modules and several thousand quadrupole

focusing lenses. It is conceivable that advances in technology will improve

the accelerating gradient by a factor of three or so with a corresponding

reduction in length, and perhaps cost.

Two recent advances in technology may have a significant impact on LIA

development. The first is the development by Lawrence Livermore National

Laboratory of magnetic switches capable of repetition rates in excess of 10

KHz. These switches are based on high power saturable reactors, which have a

.,,, ,. . .,, .. . , - . . -. ..... *...- .. - . , .... . . %. . ,



high inductance during charging, that is rapidly reduced when the core

saturates. The second advance is related to the development of Metglass, a

high resistivity ferromagnetic tape, that has a saturation flux density 3 to 5

times higher than ferrite. Consequently cores made of Metglass will have a

cross section 3 to 5 smaller than ferrite cores.

To date eight high current Astron-type LIA have been developed and their

salient parameters are listed in Table I. The most advanced among these is

the Advanced Test Accelerator (ATA) presently under testing at LLNL. As of

November 1983 the ATA has produced a 2 kA, 40-50 MeV electron beam.

b. Radlac-type

As with all induction accelerators, the accelerating field in the

Radlac is due to the rate of change of magnetic flux. The basic accelerating

process can be understood by considering a single accelerating module as shown

in Fig. 3a. The module is a folded transmission line capable of supporting a

propagating electromagnetic wave. Initially, i.e., prior to beam injection,

the central conductor of the module is charged to a voltage Vo with respect to

the outer conductors. At time t - o the beam is injected and the switch

connecting points a and b is closed. The short initiates a traveling voltage

pulse which propagates toward the open gap (points b and c). The electric

field across the gap remains constant for a transit time T = X/u. If the

transmission line is not loaded with dielectric material the pulse velocity is

approximately equal to the speed of light, u c. The propagating pulse

arrives at the gap at time T, with its electric field directed opposite to the

initially imposed field. The field is reflected at the open gap without

changing polarization. The net electric field (sum of the initial, incident

and reflected) across the gap reverses direction at time T and remains

constant for a time interval equal to 2T. The electric field pulse changes

If e. 0.. iI. %



direction upon reflection at the shorted end (switch) and arrives back at the

gap at time 3T resulting in a reversal of the net electric field across the

gap. The field across the gap is thus (see Fig. 3b) an alternating series of

rectangular pulses each of duration 2T, except the first pulse which lasts for

a time T.

As in the Astron-type LIA, the change in particle energy in traversing

the gap, AW, is proportional to the line integral of the electric field across

the gap, which in turn is proportional to the rate of change of magnetic

flux. Electrons traversing the gap will gain an energy equal to the initi

voltage of the transmission line, i.e., AW = e V 0 . Prior to closing tI

switch the electric field across the gap is conservative (electrostatic) t

becomes inductive immediately following switch closure. Hence for N modu ,

each initially charged to voltage Vo, the net particle energy gain will be tel

Vo, provided that the switches are properly synchronized. The electron pulse

length must necessarily be less than T if the first pulse is used and less

than 2T for subsequent pulses.

- .4 ., Pavlovskii and coworkers in 1977 reported the generation of a 13.5 MeV,

* 50 kA electron beam. Figure 4 shows the Radlac I accelerator constructed at

Sandia Laboratories. This device, based on Pavlovskii's design, uses four

radial lines filled with oil and eight self-breaking spark-gap switches. The

radially tapererd cavities provide constant impedance along the entire length

of the line. Radlac II, currently under construction at Sandia Laboratories

uses water filled strip lines and has been designed to generate higher power

pulses than Radlac I.

The main advantages of the Radlac concept are high accelerating gradients

and high efficiency. The main limitations are formation of virtual cathodes

at the gaps, poor beam quality and poor beam stability characteristics.

8
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Average acceleratin, gradients o approxi:nat.21v 3 l'7 'm ,v b,,

demonstrated in both the Soviet LIU and Radlic 1. To achieve higher

accelerating gradients, the vacuum insulator interface mnust he str,?sstd far

above the flashover electric fields obtained with altrnatig rn i1rit-:

pulses. This may be accomplished by designing the tr:insmission lines to

produce single polarity voltage pulses.

The efficiency of radial line accelerators can be very hih. For

example, the calculated efficiency of a inn k_ accelerator, with an avera'T

gradient of 3 MV/r, is approximately 75% but drops as the accelerating

gradient increases.

The beam quality in Radlac I was considerably less than desired. Both

the current and voltage wave forms were triangular and although the emittance

has not been measured, it is probably quite high. It appears that a

substantial amount of work is needed to improve the beam quality.

The most disruptive instabilities limiting the performance of the Radlac

are the diocotron, beam breakup, image displacement and resistive wall. As in

the Astron-type accelerators, probably the most serious instability for a I

GeV, 100 kA device is the beam breakup mode, which has a growth rate

proportional to the beam current and number of accelerating gaps.

c. Auto-accelerator

In the previously described devices, the accelerating inductive

electric field is produced by a time varying external magnetic field. In the

auto-accelerator1 3 '14 the electric field responsible for the acceleration is

generated by the interaction of the beam with a cavity structure. Briefly, a

segment of the beam stores electromagnetic energy in a cavity at the expense

of its kinetic energy. The stored energy is subsequently transferred to the

9
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remaining section of the beam, resulting in a shorter duration beam of higher

energy.

The auto-accelerator is shown schematically in Fig. 5a. The voltage

appearing across the gap is again given by Eq. (1). The sudden appearance of

the voltage across the gap results in the excitation of cavity modes. For a

constant current beam (Fig. 5b) the radial electric field and the azimuthal

magnetic field within the cavity are given by B= (u/c)Er = - 2 ItbI/cr. For

a pure TEM mode traveling with velocity u, the flux within the cavity for
-2 IIIb

times less than T is ut £n(R /R ), where R is the inner and R
c 21 2

the outer radii of the cavity, and Ib is the beam current. Substituting this

expression for the flux into Eq. (1), we obtain the gap voltage

Vg u 2  ) = IbZo'

where Zo is the characteristic impedance of the cavity.

The electromagnetic wave travels to the shorted end of the cavity and

at time T is reflected. Upon reflection, the polorization of the electric

field is reversed while that of the magnetic field remains the same. As the

wave propagates from right to left the total electric field inside the cavity

is progressively eliminated, while the magnetic flux increases until time 2r.

The wave arrives at the open end of the cavity at time 2r and is again

reflected with the polarization of the electric field remaining the same and

that of the magnetic field reversed. After reflection from the open end the

magnetic flux within the cavity starts to decrease causing the electric field

at the gap to change polarity. At time 3T the wave is reflected again from

the shorted end of the line. As the electromagnetic wave propagates toward

the gap both the total electric and magnetic fields in the cavity vanish. The

10



electric field at the gap is shown in Fig. 5c. If the duration of the beam

pulse is 4T, the leading half of the beam will be decelerated and the trailing

half accelerated, resulting in a shorter beam with roughly twice the initial

energy. However, when the injected beam : considerably longer than 4T, the

resulting electron pulse becomes modulated with period 4T.

Over the last several years, the auto-accelerator concept has been

investigated at the Lebedev Institute, LLNL and the Naval Research Laboratory

(NRL). In a recent experiment at NRL by M. Friedman14 , a 70 kA, 4.2 MeV

electron beam was auto-accelerated to 7.4 MeV without significant loss of beam

current. These results were obtained with a cavity impedance of 45 Q and a

guiding magnetic field of 15 kG.

III. Cyclic Induction Accelerators (CIA)

The most striking advantage of cyclic devices, over their linear

counterparts, is their compact size. Initial estimates indicate that the size

advantage of cyclic accelerators is at least 1/10 that of Radlacs and

approximately 1/100 that of Astron-type linear accelerators.

In cyclic induction accelerators the acceleration process is

continuous. This is in contrast to LIAs in which the acceleration is

localized in the gaps. Both cyclic and linear devices require the same total

magnetic flux change to achieve a given energy increment. However, in the LIA

the total change of flux occurs in one transit time ( 100 nsec), while in the

CIA the same change occurs over several thousand revolutions (- 1 msec). As a

result the peak power requirements in the CIA is approximately four orders of

magnitude lower than in LIAs. Furthermore, the accelerating voltage in the

CIA is about four orders of magnitude lower than in the LIA, thus reducing the

complications related to high voltage insulator breakdown. Since, however,

III
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the acceleration time is substantially longer in CIAs, collective and field

nonuniformity instabilities are a far more serious problem.

The limitations on cyclic devices imposed by synchrotron radiation appear

rather lenient for energies below 1 GeV. There are two pertinent issues

related to synchrotron radiation: energy loss per revolution and wall

survivability. The radiation energy loss per turn per electron is

6E [KeVJ = 88.5 E4 [GeV]/r [m],

where E is the particle energy and ro is the major radius of the particle

orbit. As an illustration, for ro = 10 m and E = I GeV, the radiation energy

loss is 8.85 keY/turn. If the acceleration occurs within I msec, the energy

gain per turn is about 200 keV and thus the radiative energy loss is less than

5% at peak, energy.

Wall survivability due to radiation heating also does not appear to be a

critical issue. The total incoherent synchrotron power radiated by an

,. *, electron ring of current I is

P[Wattl = 6x10- 6 I[kA]y 4

0

For Y 2xlO , I = 0 kA and ro = 10 m, the radiative power is P = 96 MW.

Since, synchrotron radiation is emitted tangentially in a cone of angle 1/y,

the radiation will strike the chamber wall in a band having a width equal to

the electron ring minor diameter. For example, when the beam energy rises

linearly in time over I msec and the final minor beam radius is 1/4 cm, the

peak power flux striking the wall is about 30 2 - The estimated temperature

cm

rise at the center of the band, at normal incidence, is 1000C for an

12
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aluminum chamber. However, a substantial faction of this radiation will be

reflected since it strikes the chamber wall at a grazing angle and thus the

temperature rise will be substantially less than 100*C.

Currently, there are two cyclic accelerators that have been studied

extensively, the conventional and the modified betatron. These two devices

are briefly outlined below. A variation of the modified betatron, the

stellatron2 2 , is still in a very preliminary state of development and thus is

not extensively addressed in this article.

a. Conventional Betatron

The conventional betatron is shown schematically, in Fig. 6. The

toroidal accelerating electric field is generated by a time varying vertical

magnetic field. During acceleration the major radius of the electrons remains

constant provided the flux rule is satisified, i.e.,

-B> 2 a Bzo,

where<B > is the average magnetic field within the beam orbit and Bzo is the

local field at the orbit.

To achieve both axial and radial confinement in a conventional betatron
r 3B

z
it is necessary that the external field index n - 3- to be between zero and

unity. Magnetic configurations having such a field index can be easily

obtained by suitably shaping the pole faces of the ferromagnetic core. The

desired field index can also be obtained with air-core coils, although in a

less straightforward way. In addition to field shaping, the ferromagnetic

core minimizes the energy required to produce the magnetic field but

substantially increases the weight of the device.

Space charge orbital stability in a conventional betatron requires that

13
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the beam current satisfied the inequality

Icb [kA] 4 4.2 (r b/r ) 2 Y3 3 (3)

where ro is the major electron ring radius, rb is the minor ring radius, y is

the usual relativistic mass factor and a = v/c.

Since in any practical device the ratio (rb/ro) is usually less than

1/30, high currents can be confined only by increasing the injection energy,

i.e., 1. For rb/ro = 1/30, the required y to achieve 10 kA is approximately

13, i.e., an injection energy of 6 MeV.

The actual current limitation in betatrons come from instabilities such

as the negative mass mode. It has been shown that the negative mass limits

the electron current in a betatron below a critical current that is given

approximately by the expression

I(kA) - [117 y sZ/Z (4)

In Eq. (4), s is the toroidal mode wavenumber, Z - 4n/c is the vacuum

impedance, ZI is the total effective longitudinal impedance characterizing the

beam environment and AE/E is the fractional longitudinal beam energy spread.

For the parameters listed in Table II, a fractional energy spread of 4.5%

results in a limiting beam current of approximately 400 A. For the same

parameters Eq. (3) gives a limiting current of 28 kA.

Other less important instabilities are the transverse resistive wall,

* * longitudinal resistive wall, ion resonance and ion streaming instability. The

latter two instabilities can be excited only if a plasma is present in the
01

chamber.

14



Table II
Betatron Parameters

Major electron ring radius r100 cm
p.0

Minor electron ring radius rb 5. cmr

Electron ring injection energy E 2.5 MeV

Minor chamber radius a 16.5 cm

~15



In addition to instabilities, other areas of concern in a conventional

betatron are: i) the beam orbit displacement which is related to energy

mismatch, ii) the diffusion of the self magnetic field out of the vacuum

chamber, and, iii) the inability of the betatron to accomodate electron rings

5'15
P with large transverse emittance and parallel energy spread

There is extensive experience with betatrons, although such experience is S

almost exclusively limited to low current devices. Since the initial

operation of the first device more than forty years ago, at least two hundred

commercial machines have been built for industrial and medical use. The only

reported high current conventional betatron was that of Pavlovskii 16 and

coworkers in the USSR. They achieved a circulating beam current in excess of

100 A by injecting a 2 MeV beam into a 23 cm major radius chamber.

b. Modified Betatron
.--

'is The stability properties of the conventional betatron can be

substantially improved by adding a strong toroidal magnetic field 2 3- 2 5 . In

contrast to the betatron magnetic field, which affects mainly the major radius

of the ring, the toroidal magnetic field affects primarily the minor radius. V

The force responsible for controlling the minor beam radius is proportional

to J B, , where J is the poloidal ring current and Be is the toroidal magnetic

field. As a result of this force the modified betatron can confine rings with

very large emittance, i.e., large transverse velocities.

The modified betatron configuration is shown schematically in Fig. 7. In

the absence of surrounding walls, space charge orbital stability requires that

the electron current Imb satisfy the condition

I 2.1(r b/r 0 )2  3 (B O/B )2

.16 16 !:

O,
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Since the ratio B /B z is much greater than unity, the space charge limitingzN

current in a modified betatron can be substantial, even for moderate values of

beam energy.

In the presence of resistive chamber walls the electron current is

limited by the drag instability2 4 . To avoid the drag instability the beam

current must satisfy the inequality

I [kA] 4.2 23 2/r (5)mb / 0 ,

where a is the chamber minor radius. Note that this limiting current is

independent of the toroidal magnetic field and cannot be circumvented by

introducing an energy spread in the beam. In general, however, the most

stringent limitation on the beam current appears to be imposed by the negative

mass instability 23 . Nevertheless, even for modest values of Be/Bz the maximum

current is substantially greater than in a conventional betatron. For

example, limiting current due to the negative mass instability, with

B e/Bz M 20 and the parameters of Table II, is in excess of 5 kA. This is

roughly an order of magnitude greater than in a conventional betatron.

Other less important instabilities are the resistive wall, orbital

resonance, ion resonance and streaming instabilities. It has been shown,

-however, that a large toroidal magnetic field together with a moderate beam

25.
energy spread will have a strong stabilizing affect on these instabilities

In contrast to a conventional betatron, the electron ring in a modified

betatron can tolerate a substantial energy spread without significant

expansion of its minor radius.

As in conventional betatrons, the beam orbit displacement resulting from

an energy mismatch and the diffusion of the self magnetic field are areas of

17
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concern. In addition, the expansion of the minor beam radius due to the

crossing of single particle instability regions may be a problem area for

beams with finite energy spreads.

The beam orbit displacement resulting from an energy mismatch can be

.' substantially reduced by superimposing a stellarator2 2 field on the modified

obetatron fields. However, this additional field, which makes the beam orbit

insensitive to the energy mismatch, also makes beam trapping far more

difficult. Furthermore, the electron beam may be more susceptible to orbital

resonance instabilities, since the number of natural frequencies is increased

with the additional stellarator field.

Presently, there are two experiments, one in the University of California

at Irvine and the other at NRL, that are aimed to assess the viability of the

modified betatron as a high current accelerator. The NRL experiment is

scheduled to be in operation in 1984 and has been designed to produce, in full

operation, a 5-10 kA, 50 MeV electron beam pulse.

IV. Comments

The development of high current accelerators would undoubtedly present

some unparallel challenges to their designers. For example, consider the

I'. resulting damage to the structure, coils, septum or other components of the

accelerator, in the event beam control is lost. Even if 1% of a 10 MJ beam

2. 2inadvertently strikes a 10 cm2 area, the incident energy flux is 10 kJ/cm2.

The thermal shock pressure within the material has been estimated to be

approximately 500 KPSI, well above the tensile strength of copper. In

Vaddition to the damage on the various components of the accelerator, the

electron beam would produce a very large, hard bremsstrahlung flux, which will

require extensive radiation shielding. For the present example, the

18
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bremsstrahlung power will be approximately 4 x 1011 watts.

It is conceivable that research on high current induction accelerators

will rapidly accelerate within the next few years, provided the results from

the ATA, Radlac II and the modified betatron experiments are promising. If

successful, the emerging high current accelerator technology could have

applications with profound implications. However, their ultimate and perhaps

most important areas of application may still be unidentified.

19I
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Fig. 2 Two Astron-type induction modules powered by Blumlein transmission

lines.
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Fig. 3 (a) Schematic of a Radlac-type induction module. This device is a

folded parallel plate transmission line; (b) voltage as a function

of time at the bc gap of the module shown in (a).
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Fig. 5 Schematic of a two axial cavity auto-accelerator; (b) electron beam

current as a function of time; (c) electric field at the gap as a

function of time
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Fig. 6 Schematic of an "iron-core" conventional betatron.
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