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RELATIVISTIC ELECTRON BEAtvlC1’CLOTRON WAVE GROWTH
IS HELICAL SLOW WAVE STRUCTURES*

B. B. Gadfrey, R. J. Faehl, B. S. Newberger,
Ii.R. Shanahan, and L. E. Thode

Theoretical Division, Los Alzmos Scientific Laboratory
Los Alamos, New Mexico 87545

One of the more promising and thoroughly studied propos-

ais for high energy collective ion acceleration is Autoreso-

nant Acceleration: Ions trapped in the electrostatic wells

of large amplitude slow cyclotron waves in an unneutralized

intense relativistic electron beam are accelerated by the in-

crease of wave phase velocity as the beam propagates along a

magnetic guide field of decreasing strength. A critical com-

ponent of this scheme is growth of coherent, large amplitude

waves . Here, we consider wave growth bv interaction of the

beam }:ith a helical slow wave structure. Specific topics in-

clude (1) equilibrium charge and current distributions on the

helix, (2) linear wave growth spectra j.ncluding the effects

of radial inhomogeneity, (3) wave growth and saturation, and

(4] extraction of cyclotron waves from the amplifier cavity.

\lovies of two-dimensions] computer simulations are presented.

\\efind that waves of amplitude aclequate for planned feasibil-

ity experiments can indeed be obtained.

I. IN1RODUCTION

Collective ion acceleration is a highly speculative, yet

potentially very significant, application for intense rclativ-

ist.icelectron beams, Eventually, it may pc’rmit the compact

and economical accclcraticll of substantial currents OF light

or heavy ions to hundreds of NleVpcr nucleon. All collective



acceleration schemes presently envisioned involve three key

stages. Slowly moving large amplitude electrostatic potent-

ial wells are established in an intense relativistic electron

beam, a~~adequate number of ions are trapped in those wells,

and the wells with trapped ions are smoothly accelerated to

velocities approaching that of the beam. Obvious sources for

such potential wells are the large charge gradient at the

head of an electrnn beam and large amplitude Langmuir or cy-

1clot.ron waves in the body of the beam.

One of the more promising and thoroughly studied high

energy collective ion acceleration schemes is the Autoreso-

nant Acceleration proposal by Sloan and 17rummond.2 It employs

the slow cyclotron wave in an unneutralized intense relativis-

tic electron beam propagating in vacuum along a strong axial

magnetic field. Control of the wave phase velocity is achiev-

ed through spatial variation of the guide magnetic field.

Austin Research Associates, Inc. is soon to begin an experi-

mental investigation of this concept. 3 A 30 kA, 3 MeV, 200 ns

electron beam will be used. Present plans call for the cyclo-

tron waves to be grown in a slow wave structure at 3.4 kg.

The beam is then adiabatically compressed in a field increas-

ing to 25 kg, and ions loaded. Subsequent decrease of the

axial field to 2.5 kg in the acceleration section should

yield 30 MeV ions.

For a successful experiment, the wave growth section must

produce reasonably monochromati~, large amplitude, axially

symmetric slow cyclotron waves while avoiding ~mpeting, di~-

ruptive instabilities. We at Los Alamos Scientific Laboratory

arc studying both analytically and computationally wave



amplification in a sheath helix slow wavs struct”~re, one of

two active candidates for the planned experiment. Our re-

sults, although not yet complete, are encouraging.

Section II describes the problem of establishing equili-

brium between the beam and the helix. This is important, be-

cause the helix, being both capacitive and inductive, can

support large transients la~ting throughout the beam pulse.

We show, however, that ?.proper combination of resistive

termination of the h:+lix and shaping of the beam pulse reduces

transients to an innocuous level. Return currents in the

helix, which disrupt the externally applied magnetic guide

field.,probably can be treated in the same way.

Because the slow cyclotron wave is of negative energy,

while the helix-supported wave is of positive energy, tl;ey

interact to produce a moderately rapidly growing convective

instability which is to be responsible for cyclotron h-avc

amplification. Section 111 gives the linear theory of this

instability, obtained numerically from GRADR, a dispersion

relation solver for radially inhomogeneous, cylindrically

4
symmetric, cold fluid beam equilibria. Analytic approxima-

tions are also provided.

Based on the linear theory, two-dimension computer simula-

tions in cylindrical geometry have been performed with CCU13E.5

Simulations show that, for a 2.65 cm radius beam in a 15°

pitch helix at 3.8 cm both enclosed in a metal waveguiclc at

5.7 cm, cyclotron waves grow from a fractional modulation of

1/2% to about 40% is just more’ than a meter distance. Growth

stops only when the waves leave the helix or electrons actual-

ly strike the helix. Wave growth obeys linear theory well,



with little sign OF nonlinear effects even at large amplitude.

All this appears in Section IV.

Section V discusses extraction of the large amplitude cy-

clo-.ron waves from the helical amplifier. To date, our inves-

tigation has been limited to comparison of the linearized

eigenmodes in the helix and in a waveguide of eq~al radius.

Although frequency and wavenurnber are essentially unchanget~,

the radial profiles of the wave components are significantly

modified. The impact of this mismatch remains to be seen.

II. BEA~l-HELIX EQUILIBRIUM

Fig. 1 shows the relativistic electron beam just entering

the helix. The small plus signs at the helix and outer con-

ducting waveguide represent image charges induced by the beam.

Placement of th$se plus signs is meant to illustrate a key

feature of the early time beam-helix interaction. Image

charges on the helix move a.ta velocity

c sin $
‘H =

[1 - (1 + &Qi)cos2 $]1/2 ‘.

2a = (RH/R1,~)<1 )

(1)

which for our purposes is somewhat less than the beam veloci-

ty, VB= c. For ex:~mple, with the parameters cited in the

Introduction, v}]= 0.3 c. Therefore, even though both ends

of the helix ,,~aybe grounded, the head of the beam soon out-

rllns image charges on the helix and sees the outer conductar

as the ground plane. For the experimental beam parameters,

space charge effects limit RIYto no greater than 2.4 RB for a

fast beam riset~rne. The 80 ns risetime contemplated in the

Austin Research As~c~ciates, Inc. experiment will, of course,

substantially weaken this constraint.
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Of greater iIl?~J~l-tance is the fact that, because the beam -,

reaches -thefar end of the helix before helix image charges

do, additional images charges begin flowing onto the helix.

The two streams of image charge from each end do not interact

when they meet near the center but simply flow on to i .C helix

eilds, where they reflect, and so continue to stream ba.x and

forth indefinitely. Our simulations hanie shown this behavior

to disrupt seriously the electron beam, as might be expected.

Image charge flow can be described reasonably well by the

wave equation

azp 2&3=o—-
2 ‘H ~z2 9 (-2)

at

with the boundary conditions p + PO - 0 at either end, Z = O

and L. Here, p and PO are the charge per unit length on the

helix and in the beanl. Eq. (2) can be sulved to give a recur-

rence re-lat-~n for, e.g. , charge flowing to’the right at the

right boundary.

p+(t,L) = p+(t-2L/v}[,L)-po(t-.L/vH)-po(t-2L/vH-L/v-B) (3)

qeam charge is parametrized by

at the left.

The asymptotic solution tc

f)+ (LIJ = o) = -P. (1 + v}

P+(LU= ~VF,/nL) = -p. (2

the time it entered the helix

Eq. (3) is

/vB)/2 ,
(4)

/llTr) LllT/(1 + u2-T;j ,

for Ll)’r>> 1, where r is the characteristic rise time of the

beam. OUT-goal, clearly, is to minimize the oscillatory part

of p+. For the example cited above, a helix length o.” one

meter, and T = 80 ns, the oscillatory part is of order 5%.

Additional reduction of transients can be achieved by placing



,.

resistive materials at various puints in the system. With a

graded resistance between the helix and the outer conductor

near the downstrezrn end of the helix, we have reduced tran-

sients in simulations to about 1% with u T - 6.
1

Even with oscillations in the helix image charges elimin-

ated, a return current

IH/IB = -(v#v~) 2

persists. This current perturbs the magnetic guide field by

ABZ “ 21H(1 - a)/(RH c tan *) , (6)

or about 300 g for our example. The return current cz.n be

eliminated from the helix by terminating it to ground through

a resistive load. Alternatively, ABZ can be externally com-

pensated.

111. LIXF.AR THEORY

The helix supports a wave, m = kc sin $, which interacts

with the slow cyclotron wave of the beam, w = kvB - uc/y to

produce a convective instability with group velocity ap?~rox-

imately c/2. The point of intersection of the two waves in

10- k space is ‘

k = tic/y(vB - c sin 0) . [7)

Austin Research Associates, Inc. has obtained an approxinlate

analytic growth rate for a radially homogeneous beam, y >> 1,

kRB >> 1, RH . RB, and Rli= m.t The latter two constraints

can be relaxed to give

(
f2cRB )(1/2 -2k(R}i-RB)-e-Zk(Rlv-RB)

r=~y. sin 2!V e )
. (8)

To improve upon these estimates, we employ GRADR, a com-

puter code which solves Maxwell’s equations together with the



relativistic COIC1 fluid equations linearized about any given

4
cylindrical beam equilibrium. In particular, it can treat

the effects of beam energy radial inhomogeniety, y(r) , caused

by the self-fields of the beam. Fig. 2 presents results from

thi~ code for the parameters used throughout this article.

The growth rate peaks at r = 6.8c108
-1sec , corresponding t~

k= 0.46 cm-l and u = 3.7~lu 9 -1
sec . With a computed group

velocity of 3.6 G, ;he instability growth length is 27 cm, or

about two ~;avelengths. Incidentally, Eq. (7) predicts the

numerically determined wavenumber precisely, if we use for y

its value at the beam edge, 5.75. With the same choice,

Eq. (8) gi~res a growth rate too lar~e by nearly a factor of

two . In view of the many approximations required in obtaining

Eq. (8), agreement is good.

Iv. l;.-\\-EGRol\’THAND SATURATION

In order to corroborate linear theory and, more important-

ly, to determine the saturation level and mechanism for the

beam-helix cyclotron instability, we carried out a series of

two-dimensional, relativistic, electromagnetic computer simu-

lations with CCUBE5 configured for cylindrical coordinates.

Simulations employed the b-am and guide field parameters pre-

viously describefl bt!tvaries lengths and radii for the helix

and outer conductor. liumerically well matched end conditions

were used for the helix, rather than the physical terminations

shown in Fig. 1, because we were interested primarily in wave

growth and saturation under ideal conditions. Cyclotrorl

h,avesNerc injected at an amplitude of 1/2% of the beam radius

at the upstream e~clof the simulation grid and allowed to

grow as they propagated downstream.



For values of RH in Lhe range 3.2 cm to 4.4 cm, cyclotron

v:aves grew $,patially (as measured b;-modulation of the beam

radius and by field strengths at the helix] with a growth

length approximating that predicted by GRADR until either

beam particles struck the helix or waves left the downstream

end of the grii. l~elldepth increased approximately logarith-

7
mic~lly with modulation amplitude. We expect that satura-

tion by particle trapping would occur for sufficiently large

helix radius; however, cost and time constraints prevent pur-

suing this issue.

These simulations suggest that helix and conductor radii

of 3.8 cm and 5.7 cm ~~illpro’~e suitable for tbe planned ex-

periment, and so we have used those values throughout the

report iil Jl:[mericalexamples. With these radii the beam wave

stzikes the ht..ix after about 4.5 e-foldings, or 120 cm. The

helix should, therefore, be terminated at 100 cm, giving a

potential well depth of 0.5 MeV. Maximum acceleration field

strength on axis is 120 keV/cm, which is more than adequate.

Corresponding electric field strength at the helix is about

1/3 that amount and should not cause breakdown problems.

Fig. 3 shows \iave growth and saturation in a 160 cm system.

v. WAVE EXTWCTION

Fig. 4 contrasts the radjal structure of characteristic

components of the linearized cyclotron eigenmode, determined

bjrGRADR, in the helix and in a metal cylinder of equal ra-

dius. Frequency and wavenumber correspond to the maximum

growth rate from Fig. 2, and, with frequency fixed, wavenumber

is essentially identical for the two geometries. If the dis-

parity in radial structure persists in the nonlinear regime,



as is likely, a real danger exists tl~atwave coherence may be

lost l~hen the cyclotron waves exit the helix amplifier. In a

fe~(months, we hope to begin simulation studies of adiabatic

transitiorls designed to minimize arlysuch ill efrects.
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CAPTIONS

Figure 1. Conceptualized transition from cylindrical wave-

guide to helical amplifier cavity. Radial dimen-

sions are scaled to RB = 2.65 cm, RH = 3.8 cm, and

‘W = 5.7 cm. Small plus signs represent image

charges.

Figure 2. Frequency and growth rate of the beam-helix cyclo-

tron instability for a 15° helix pitch as a func-

tion of wavenumber. Units are m
P

and up/c,

respectively.

Figure 3. Growth of cyclotron wave in helical cavity. Plots,

top to bottom, are electron positions in cavity

cross section, contours of the electrostatic

potential, and electron axial momenta. Helix is

at r = 3.8 c/u .
P

Figure 4. Piots of perturbed radial momentum and axial

electric field of J slow cyclotron wave in a 15°

helix or in a waveguide each of radius 3.8 c/u
P=
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