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An analysis of the electron beam dynamics in a cyclotron autoresonance accelerator (CARA) is
presented. The beam is to be employed in harmonic convertor experiments to generate high-power
centimeter-wavelength microwaves, with potential application as a driver for a next-generation
electron-positron collider. The presentation will highlight the quality of the electron beam generated by
this acceleration mechanism. For beam energies up to about 1 MeV and beam currents up to 50 A, the
evolution of the axial velocity spread is determined by a self-consistent numerical solution of the govern-
ing nonlinear equations for an ensemble of electrons with finite initial emittance. It is shown that the re-
quirement for an up-tapered guide magnetic field to maintain resonance leads to a diminution of the axi-
al velocity (due to the mirror effect) that eventually causes the acceleration to cease. It is also shown that
under some conditions a CARA can have an acceleration efficiency approaching 100%. An estimate is
given, and examples are considered for the deterioration of a CARA beam’s spatiotemporal character

arising from self-fields.

PACS number(s): 41.75.Ht, 29.17.+w, 29.27.Fh

L. INTRODUCTION

The cyclotron autoresonant accelerator (CARA) may
have application as a compact, low-energy injector for a
high-gradient accelerator or for use in a source of radia-
tion that requires moderate-energy gyrating electrons.
Recent calculations of the efficiency for production of
radio-frequency (rf) power at a harmonic of the rotation
frequency for an electron beam prepared using a CARA
show that good beam quality is important for achieving
high efficiency [1]. For example, when a nonlinear (reso-
nant) taper in a magnetic field is employed in the har-
monic converter, fifth harmonic conversion efficiency at
14.28 GHz was predicted to fall from 60% to 40% when
the axial velocity spread was increased from zero to 6%
in a 10 A, 400 kV electron beam. It is thus crucial to un-
derstand the origins of finite velocity spread during cyclo-
tron autoresonant acceleration in order to design ac-
celerators capable of producing beams with spreads
below 1%. This paper presents the results of an analyti-
cal and numerical study of the limits on achievable ener-
gy, and also the evolution of the axial velocity spread
during acceleration by a CARA operating in the TE,
mode at S band.

Prior theoretical studies of the acceleration process
[2,3] have shown that rapid trapping of particles occurs
at the resonant phase [4,5], that substantial energy gain
can be obtained [6,7], but that a practical upper limit to
beam energy will exist when a fast-wave rf accelerating
field and an uptapered guide magnetic field is employed
[8-10]. If an accelerating field with a phase velocity
equal exactly to the light velocity is employed, then—in
principle—unlimited acceleration can occur. Means for
arranging this in practice include the wuse of
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dielectrically-lined waveguides or coaxial waveguides
operating in the TEM mode. For the former, accelera-
tion gradients determined in our analysis to date have
been smaller than those for fast-wave unlined
waveguides, and orbiting particles are not prevented from
intersecting the inner wall at a relatively low energy. For
the latter, elementary considerations show that axicentric
orbits experience acceleration to an energy no greater
than the potential drop between the inner and outer con-
ductors. For properly phased electrons with fixed, small
off-axis displacement of guiding centers, the energy in-
creases with time like #2/* in the asymptotic limit. This is
to be compared with the ¢2/3 scaling for the conventional
autoresonance acceleration. As a result, consideration
here will be limited to fast-wave accelerators for produc-
ing 10—-100 MW beams in the energy range up to several
MeV. Such beams are being tested for use in the harmon-
ic generation of centimeter-wavelength radiation to drive
a next-generation electron-positron collider or for
millimeter-wavelength radiation for tokamak plasma
heating [11].

It has been shown by Friedland that cyclotron autores-
onance acceleration can occur even when the guide mag-
netic field taper is not everywhere “resonant,” so long as
the excursions about the resonant phase are sufficiently
small [12]. He makes the valid point that removing the
requirements on the magnetic field taper or the guided
wave phase velocity for a precise resonance may make
simpler the construction of the CARA. This point has
been appreciated in other gyroresonance interactions,
such as harmonic generation [1], where resonant and
nonresonant magnetic tapers have been studied. Fried-
land considers an accelerator with a uniform guide mag-
netic field but with an increasing waveguide radius to
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provide nearly resonant matching along the accelerator.
Use of a uniform magnetic field eliminates the axial de-
celeration due to mirroring, but as a result of the increas-
ing waveguide radius one finds continuously decreasing
acceleration gradients. Thus a longer system length
would be required to achieve a given energy gain as com-
pared to the tapered magnetic field case.

In the work to be presented here, uniform waveguides
are considered with up-tapered magnetic fields that main-
tain resonance all along the acceleration path. System
lengths are on the order of 1 m for energy gains of about
1 MeV for the parameters chosen here for illustration.
This acceleration gradient is still about an order of mag-
nitude lower than that found in conventional linear ac-
celerators (LINACS), but the beam produced in a CARA is
continuous, with a macropulse current comparable to the
peak current in the microbunches of a LINAC beam. To
characterize the beam from a CARA, we present results
from detailed simulation of the acceleration process to il-
lustrate the quality of the electron beam generated, as
measured by the development of the axial velocity spread
on the beam. The major simplifying assumption in the
simulation is the neglect of self-fields of the beam during
the acceleration process. However, estimates of the effect
of self-field forces on the spatiotemporal character of the
beam after extraction from the accelerator are given. A
schematic of one version of a CARA is shown in Fig. 1
[11].

II. FORMULATION

The Vlasov-Maxwell system of equations is the natural
basis for the description of the wave-particle interaction
in the CARA. The electrons are injected into the fields of
a TE;,; mode circular waveguide in a tapered, static mag-
netic field. Beam loading will be accounted for by invok-
ing energy conservation to self-consistently reduce the rf
fields as the beam energy increases. Initial conditions for
the electrons can be chosen to simulate finite emittance at
the entrance to the waveguide. To implement an efficient
numerical scheme for the nonlinear analysis of the in-
teraction, it is essential to simplify these equations. This
is accomplished by removing the rapidly varying oscilla-
tions from the variables that describe the electrons and
the electromagnetic field. Self-field effects are neglected.
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FIG. 1. Schematic of a cyclotron autoresonance accelerator
(CARA). 1: Litton electron gun (100 kV, 30 A); 2: vacuum
pumping port for electron gun; 3: pneumatic gate valve; 4: in-
put coupler for 2.856 GHz rf; 5: accelerator waveguide; 6: rf
absorber; 7: accelerated beam output.
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A. Waveguide field

The 1f field in the cylindrical waveguide is a circularly
polarized TE;; mode whose magnetic and electric com-
ponents are given by

B,(r,t)=ReB,(z)J(k.r)exp(—iwt+id) , (1)
1 4B, o
ﬂl(r,t)=Rek—cz—?d7VlJ1(kcr)exp(—za)t+z¢) , (2)
6,(r,t)=Re _inZ(x)erVlJl(kcr)exp(—iwt+i¢) ,

k2

(3)

where B, is the spatially varying rf amplitude, (7,¢,z)
denotes cylindrical polar coordinates, e, is the unit vector
along the z axis, o is the frequency, J, is the ordinary
Bessel function of order 1, k,=p]; /a is the transverse
wave number, a is the cavity radius, and p}; is the first
zero of dJ,(x)/dx, as is appropriate for the boundary
condition on the TE mode. The suffix L identifies the
component(s) transverse to the z axis, and the gradient
operator in the (r,4) plane is denoted by V.

In the approximation that the envelope of the rf field
varies slowly, it is convenient to express B, in the quasi-
classical form

BZ(Z):E exp

id+ikz+i [z [AR(z)+iT(] |
@)

where 4 is a constant phase, B is a constant amplitude, &,
is the axial wave number, and Ak(z) and T'(z) are the
slowly varying wave number shift and damping rate, re-
spectively. In the absence of a driving current, the latter
two quantities vanish and the vacuum dispersion relation
obtains w?/c?=k2+k2.

B. Equations of motion of electrons

The relativistic Lorentz equations of motion of an elec-
tron are given by

9P _el[6+ Y x(B+By)],
dt c

where v is the velocity, p=ymv is the momentum,
y=(1—0v2/c?)"12 is the relativistic factor, e is the
charge on an electron, and B, is the guide magnetic field.
As is usual in problems involving gyromotion about a
magnetic field, it is useful to cast the motion of electrons
in guiding center coordinates. For simplicity, consider
the case where the guiding center of all the incoming
electrons lies on the axis and neglect guiding center
drifts. The latter approximation is commonly employed
in the analysis of the cyclotron autoresonance maser [13]
and simplifies the equations of motion significantly. In-
serting the expressions for the rf field, Egs. (1)-(3), into
the Lorentz equation, one obtains a large number of
terms, many of which vary rapidly, i.e., on the time scale
associated with the gyrofrequency. Averaging the equa-
tions, one obtains the following set of slowly evolving
equations of motion:
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du, _ 2bJ}(k.p) _ co U,dby/d¢
e = (1= (n + 8K, ) cosy—T, siny) exp fodgr(§>]+ v 5)
Z s U, ) IS Uldb,/dE
42 ~2T1kp) - [(n +AK) cosyy—T sing exp fodgr(g)] T ©)
dy _ _ Ji(k.p) | [1—(n +Ak)Bz]sin¢—I‘[5’zcosw_ckC . [_ £y ]
de ~AtAk—26—0 Uty o SN fexp Jlagren |, )
dA _|bo n—A Ul | dby/dg '
T AR 267 (k,p)
. U, 9
X {cosp—(n —A)[(n +Ak)cos¢-—l“s1n1//]}?exp —fo dé"l"(é")] , (8)

z

where U, =p,/mc, U,=p,/mc, B,=U,/y, m is the elec-
tronic mass, c is the speed of light in vacuo, n =ck, /o is
the refractive index, { =wz /c is the scaled axial distance,
b=le|B/(2mc 2k,) is the normalized rf amplitude, and
Ji(x)=dJ(x)/dx. In writing these equations, the guide
magnetic field has been expressed as

By=—1Bg(z)(xe, +ye,)+By(z)e, ,

where e, , are unit vectors in the x and y directions, re-
spectively, and By =dB/dz. This form permits the use
of guide-field tapering in order to maintain the resonant
interaction and hence enhance the efficacy of the ac-
celeration process. Additionally, the x and y coordinates
and momenta have been expressed as follows:

Dy =p,cosO ,
pPy,=p, sinf ,
x=X+psinb ,
y=Y —pcosf,

where p, is the transverse momentum, 6 is the gyroangle,
p=p,/mQy is the gyroradius, Q,=|e|B,/mc is the non-
relativistic gyrofrequency, and X and Y are the guiding
center coordinates, which are assumed to be zero for sim-
plicity. Further, b, =Q,/w is the gyrofrequency normal-

[
ized to the rf frequency, Ak =cAk /w and T'=cT /o are
the normalized wave number shift and damping rate, and

y=0+0+kz—ot+ [ ‘dz'AK(z") ©)

is the slowly evolving electron phase relative to the rf
phase. In Eq. (7), the term in braces proportional to
(ck./yw)siny represents the gyrofrequency in the axial
component of the rf magnetic field. Finally, the detuning
is defined by

_ 9%
oyB,

1
——n

B.

The approximation of retaining only the resonant
terms, as in Egs. (5)-(8), is a major simplification of the
problem. It is an excellent approximation provided the
electrons perform several (> 3) complete gyro orbits in
the interaction region.

(10)

C. rf-field equations

To obtain a closed system of equations, it is necessary
to supplement Egs. (5)—(8) with the equations that deter-
mine the self-consistent evolution of the wave number
shift and damping rate of the rf wave. To do so, we start
by writing the electron distribution function in the
waveguide as follows:

I
Hr,p,t)= m fdz"mdspodtoF(flo»Po’to )8(r —T(x 5, Py 20, 2))8(p —P(T 10, Pos 205 2)) (11)

where I is the beam current and F(r o, py,Z,) is the electron distribution as a function of the initial transverse coordi-
nates, r),, initial momenta p,, and the entry time ¢, into the waveguide. Equation (11) is a statement of phase space
density conservation as electrons stream through the waveguide, following the orbits ¥ and P, where the tilde indicates
that the variable is to be expressed as a function of the initial coordinates and momenta, time ¢, and entry time ¢,. Mak-
ing use of Eq. (11) for the electron distribution, the wave equation for B, takes the form

4

VB + g —_ 4T (VXJT)
z 62 z ¢ €, .

In this equation, J denotes the current density phasor, which is related to the actual current densityc, through

4=Re[]exp(——imt)]=—|e|fd3p;%f7(fap,t) .

Making use of Eq. (4), the wave-number shift and the damping rate are given by
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2I  (1—n?)/nb ¢ ww Aty I S
=4 T d°poF(r 0, posto V1 (k.p)—= , 12)
AKE=F e | [ e T | [T S drod poF (o poto i k) 3 sind (
2 (1—n?)/nb : 2w Aty N
= 'T(& d*r od’poF (10, Posto W1 (k. p)—= , (13)
T~ iy o [ L aeT6) | [ 5 o poF (o poto ko) - cosd

where I, =mc?3/|e| is 17KA in Systeme International (SI)
units. It should be remarked that Egs. (12) and (13) are
not to be treated as integral equations. Rather, they are
simple formulas expressing the wave number shift and
growth rate in terms of known variables on the right-
hand side. This is readily implemented numerically.

III. NUMERICAL RESULTS

The simulation results presented here are obtained by
following the motion of, typically, a group of 100 elec-
trons in the field of a TE,; mode in a circular waveguide,
which is immersed in a guide magnetic field. The ampli-
tude of the rf field is assumed to vary slowly due to beam
loading of the circuit. The guide field is tapered along
the z axis in order to maintain resonance, i.e.,
Q,/y=w(1—np,) for the average electron. The equa-
tions of motion for the electrons, Egs. (5)-(8), are in-
tegrated by a fourth order Runge-Kutta method using
10* mesh points, while Ak (z), the wave number shift, and
I'(z), the damping rate, are determined explicitly from
Egs. (12) and (13). Energy conservation is used to moni-
tor numerical accuracy. The electrons enter the
waveguide as a pencil beam consisting of axicentric orbits
but with finite emittance.

The parameters for the first set of simulation results
are shown in Table I. Equations (5)-(8), (12), and (13) are
general and permit simulation of any desirable initial
electron distribution F(r,o,pg,to). In the present studies,
the electron beam is chosen to be monoenergetic but with
finite emittance. Nonzero beam emittance implies both a
beam radius and a spread in the transverse velocity of the
electrons. For an electron current I drawn from a ther-
mionic cathode at temperature T, the ideal (neglecting
space-charge contributions) emittance is given by [14]

172
T,

4

mcz

172
1

TABLE 1. Parameters for simulation of CARA at S band.
Waveguide radius permits excitation of all TE and TM modes
through TM,,.

Frequency 2.856 GHz
Input power 50 MW
Current 50 A
Waveguide radius 8.824 cm
Refractive index 0.9373
Initial energy 100 keV
Final energy 1 MeV
Initial normalized emittance 14.14 mm mrad
Initial beam radius 0.6375 mm
Initial rms axial velocity spread 0.02%
Initial magnetic field 0.593 kG

V4

I
where J, is the current density at the cathode. The initial
emittance value of 14.14 mm mrad in Table I is twice this
ideal emittance for a 50-A beam drawn from a 5-cm?
thermionic cathode at a temperature of 0.16 eV. The
waveguide radius is chosen to be large enough so that the
refractive index is close to unity and, therefore, the in-
teraction is close to autoresonance. As a consequence,
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FIG. 2. Results from numerical simulation of CARA operat-
ing at the S band with a 8.824-cm waveguide radius. (a) Mean
beam relativistic factor; ( ) indicates an average over the elec-
tron distribution. (b) Mean beam gyroradius. (c) Ratio of
gyrofrequency to rf frequency. Abscissa is distance along
waveguide.
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the waveguide is somewhat overmoded and supports all
TE and TM modes through TM,,.

Figures 2(a), 2(b), and 2(c) show the mean ¥, the mean
gyroradius p=yv, /Q,, where v, is the transverse com-
ponent of the electron velocity, and the ratio of the
gyrofrequency to the rf frequency Q,/w, all as functions
of axial distance z. (In the figures, { ) indicates the aver-
age over the electron distribution.) Figure 2(a) shows
that the beam energy increases to about 1 MeV in a dis-
tance of 168 cm. Beyond ~ 100 cm, the rise in energy is
principally directed into the transverse component of the
electron velocity. To maintain resonance, this is accom-
panied by a rise in the magnetic field, which tends to
reduce the axial electron velocity due to the transverse
components of the magnetic field. This, in turn, leads to

<a>
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RF Power (dB)

0.12
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RMS Spread In V, /<V,> (%)
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FIG. 3. Results from numerical simulation of CARA operat-
ing at the S band with a 8.824-cm waveguide radius. (a) Mean
beam a. (b) Depletion of rf power. (c) Ratio of root-mean-
square spread in axial velocity to mean axial velocity. Abscissa
is distance along waveguide.
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a further rise in the field to preserve the resonance. The
net effect is the rapid rise observed in Fig. 2(c) and is re-
sponsible for restraining the gyroradius from approach-
ing the waveguide radius, as indicted in Fig. 2(b). It is
this fortuitous effect that allows one to employ a
waveguide with a relatively small radius and enhance the
accelerating field for a given input power.

Figure 3(a) shows the increase in the mean beam
a=v, /v, as the electrons are accelerated. The accelera-
tion process, of course, leads to depletion of the rf power
down the waveguide, as shown in Fig. 3(b). Finally, the
root-mean-square (rms) spread in the axial velocity of the
electrons, normalized to the mean axial velocity, is shown
in Fig. 3(c). It is observed that the spread in the axial ve-

22
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FIG. 4. Results from numerical simulation of CARA operat-
ing at the S band with a 4.8-cm waveguide radius. (a) Mean
beam relativistic factor; { ) indicates an average over the elec-
tron distribution. (b) Mean beam gyroradius. (c) Ratio of
gyrofrequency to rf frequency. Abscissa is distance along
waveguide.
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locity, which is the key figure of merit in evaluating the
quality of the beam for radiation generation purposes, is
much smaller than 1%. In this example the normalized
wavenumber shift Ak increases monotonically to
~0.0021 at z =168 cm.

In a second example, shown in Figs. 4 and 5, a smaller
waveguide radius and smaller input power are assumed,
compared with the first example; see Table II. The re-
fractive index is smaller, so that acceleration to a lower
ultimate energy (0.6 MeV) is found. This waveguide is
cutoff to all but the TE,; and TM,;; modes and thus could
be more straightforward to excite than that in the first ex-
ample. An initial axial velocity spread of 1% is assumed;
this is seen to grow to =2% at z =38 cm (=450 kV) and
to =3% at z =44 cm (=500 kV). These values are the

(b)
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FIG. 5. Results from numerical simulation of CARA operat-
ing at the S band with a 4.8-cm waveguide radius. (a) Mean
beam a. (b) Depletion of rf power. (c) Ratio of root-mean-
square spread in axial velocity to mean axial velocity. Abscissa
is the distance along the waveguide.

TABLE II. Parameters for simulation of CARA at the S
band. Waveguide cutoff to all but TE,, and TMj; modes.

Frequency 2.856 GHz
Input power 20 MW
Current 30 A
Waveguide radius 4.8 cm
Refractive index 0.7677

Initial energy 100 keV

Final energy 0.6 MeV
Initial normalized emittance 10.95 mm mrad
Initial beam radius 3.7 mm

Initial rms axial velocity spread 1%
Initial magnetic field 0.7064 kG

limits of what may be acceptable for some of the applica-
tions for such a beam, as discussed in the Introduction.
It thus could be that some form of beam conditioning
might be required to produce beams of higher quality;
means for arranging beam conditioning for a phase-
ordered gyrating beam are currently under development.
In this example the normalized wavenumber shift Ak de-
creases monotonically to =~ —0.017 at the end of the ac-
celerator.

Previous work has discussed acceleration to much
higher energies than 1 MeV using this mechanism [6-9].
This may be illustrated by considering the case with re-
fractive index close to unity, n =0.9979; see Table III.
For the TE,; mode at 2.856 GHz, this requires a
waveguide radius of 48 cm. Taking a (hypothetical) rf
drive power level of 2.6 GW gives the results shown in
Figs. 6 and 7. Here it is seen that indeed acceleration to
an energy of over 5 MeV can occur in a distance of 6 m,
consistent with earlier results. But the greatly overmod-
ed waveguide, the extreme power level required, and the
considerable length of this accelerator do not seem to
make it a practical alternative to other available means of
acceleration in this energy range.

IV. LIMITATION IN ENERGY

From the examples discussed in Sec. III and from prior
work on electron cyclotron autoresonance acceleration, it
is apparent that an upper limit exists to the energy one
can reach with this acceleration mechanism when n1
and when an uptapered magnetic field is employed. The

TABLE III. Parameters for simulation of CARA at the S
band. Large waveguide radius leads to near-unity refractive in-
dex.

Frequency 2.856 GHz
Input power 2.6 GW
Current 30 A
Waveguide radius 48 cm
Refractive index 0.9979
Initial energy 100 keV
Final energy 5 MeV
Initial normalized emittance 10.95 mm mrad
Initial beam radius 4.7 mm
Initial rms axial velocity spread 0.9%
Initial magnetic field 0.553 kG
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origin of this limit can be seen by examination of Eq. (8).
It is apparent from Eq. (7) that by tapering the magnetic
field to maintain resonance, A=0, electrons rapidly
coalesce around the (stable) synchronous phase ¥=0.
With dA/dz=0, the required spatial tapering of the
guide field is expressible as

dB, (0/c)By
o« 5 - (14)
dz  2(Qy/w)mep,—npt
This quantity can only remain finite if

p,>n(w/Qy)p?/(2mc). But as the beam spins up and p,
increases, p, decreases due to the familiar mirror effect,
which is represented by the last term in Eq. (8), and the

Q@
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0 3.0 6.0

z (m)

FIG. 6. Results from numerical simulation of CARA operat-
ing at the S band with a 48-cm waveguide radius. (a) Mean
beam relativistic factor; ( ) indicates an average over the elec-
tron distribution. (b) Mean beam gyroradius. (c) Ratio of
gyrofrequency to rf frequency. Abscissa is distance along
waveguide.
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denominator in Eq. (14) approaches zero. Eventually, ei-
ther the magnetic field gradient becomes too large to be
sustained by a realistic coil system and the acceleration
ceases, or the particles turn around. It is evident that
this effect will occur whether or not the refractive index
is greater or less than unity, i.e., whether a slow- or fast-
wave circuit is employed. For n =1, where continuous
acceleration can occur without need for a tapered guide
magnetic field, this limit does not exist. Nor does the
limit exist when a tapered waveguide radius with a uni-
form magnetic field is employed [12]. But, as discussed
earlier, the latter configuration has a small acceleration
gradient.

It is interesting to speculate what these considerations
imply when the guide field is aligned antiparallel to the
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FIG. 7. Results from numerical simulation of CARA operat-
ing at the S band with a 48-cm waveguide radius. (a) Mean
beam a. (b) Depletion of rf power. (c) Ratio of root-mean-
square spread in axial velocity to mean axial velocity. Abscissa
is distance along waveguide.
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direction of wave propagation. If the resonance condi-
tion A=0 is to be met, one has nf, =1+ |b,|/y, which
states that resonance occurs when the Doppler shift is
large enough to overcome the negative gyrofrequency. In
such a case, both the numerator and the denominator in
Eq. (14) are negative definite, so that db,/dz >0. Since
by is negative, this implies that the magnitude of b, is de-
creasing along the acceleration path, resulting in an in-
creasing gyroradius. Eventually the particles will hit the
wall. It would thus appear that one can avoid a steep
guide magnetic field gradient by use of an antiparallel
field, but that acceleration will be limited by wall inter-
ception, just as in the case for a uniform magnetic field
when the guided wave has n =1.

In order to gain an idea of the potential of CARA as
an accelerator, Fig. 8 summarizes the results of a series of
runs for a waveguide of radius 4.8 cm, driven by a 20
MW rf klystron, as a function of beam current. In these
runs, for a given current the length of the waveguide is
gradually increased until the guide magnetic field begins
to rise rapidly. This defines the acceleration length L.
Figure 8(a) shows that the acceleration length increases
with beam current in a nonlinear fashion. On the other
hand, the acceleration efficiency, defined by

_ (Pb)f—(Pb)l
(P); ’

66 T T T T T T T

60
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n (%)
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20

0 5 10 15 20 25 30 35 40
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FIG. 8. Results from numerical simulation of CARA operat-
ing at the S band with a 4.8-cm waveguide radius, 20 MW initial
rf power, and 100 keV initial electron energy. (a) Acceleration
length L versus beam current I. (b) Acceleration efficiency 7
versus beam current I.
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is seen to increase almost linearly with current, as shown
in Fig. 8(b). In this expression, P, (P) denotes the elec-
tron beam (rf) power and the suffix i (f) refers to the ini-
tial (final) value of the quantity. To understand Fig. 8, it
must be recalled that in the computations the rf ampli-
tude and wave number (or phase) vary in a self-consistent
way, as indicated by Egs. (12) and (13). These expressions
indicate that, to lowest order, the damping and wave
number shift are proportional to the current. Thus
higher currents lead to faster damping, which implies
that a longer acceleration length is required to bring
about the same change in the beam power, i.e., lead to
the same efficiency. The acceleration length L is seen to
rise rapidly for higher currents in Fig. 8(a). Perhaps a
more interesting feature of CARA is displayed in Fig.
8(b), which shows that the acceleration efficiency 7 rises
with current, reaching up to 100% at 40 A. This may be
explained as follows. For low currents where the rf
damping is relatively small the beam is rapidly spun up,
and due to the mirroring effect the acceleration ceases be-
fore significant power is transferred to the electrons. At
the higher currents, however, appreciable depletion of rf
power occurs, reducing the spin-up rate of the beam. This
allows more rf power to be extracted, prior to the ter-
mination of the acceleration process due to the mirroring
effect.

As a final point regarding the characteristics of
CARA, one may ask if this accelerator is, in principle, an
adder or a multiplier, i.e., whether it adds a given incre-
ment of energy or multiplies the initial energy by a given
factor. In order to answer this question in a clear
fashion, it is simplest to consider a very low-current and
low-emittance beam to avoid unnecessary complications.
Two runs were made using, in particular, the same
waveguide radius and rf power. In one run, the initial y
of 1.2 was increased to 2.25 (in a distance of 43.5 cm). In
the other, the initial ¥ of 10.98 was increased to 23.63 (in
a distance of 21 m). Based on these two examples, in this
energy range one concludes that the CARA is a multi-
plier and, roughly speaking, a ¥ doubler, subject to avai-
lability of rf power.

V. EFFECT OF BEAM SPACE CHARGE

The analysis and computations presented in this paper
neglect self-fields of the beam. Self-fields will cause the
spiraling beam to spread along the axial magnetic field
and thus to smear out the spatial character of the beam.
This could be deleterious for the operation of a harmonic
converter utilizing such beams. In this section, an ap-
proximate analysis is presented for the rate of spreading
along the field lines of a freely drifting helical beam with
parameters as prepared by cyclotron autoresonance ac-
celeration. This situation is modeled by considering a
segment of the helical beam, initially of minor radius r,,
to be a current-carrying uniform cylinder oriented at an
angle © with respect to the guide magnetic field. Only
motion along the magnetic field is considered. Neglect-
ing wall effects, in the local coordinate system the radial
self-electric field E and azimuthal self-magnetic field B at
the beam edge are given by
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where B is the ratio of the electron speed to ¢, and r, is
the beam radius. We seek an approximate model for the
rate of change of r, as the beam advances in z. The z
component of the self-force on an edge electron is expres-
sible as

_2U mc?
I, By*r,

sin© ,

z

where I, is defined following Eq. (13) and
y=(1—B" "2 Since r,=zsinO for the edge electron,
where the axial displacement z is measured from the in-
stantaneous location of the beam centroid —where no
self-field forces act—the expression for the acceleration
of an edge electron is

2 2
az_ckK (15)
at?  z

where K =21/(I,By*); K/B* is the generalized per-
veance [15], and is typically very small compared to uni-
ty. The solution to Eq. (15) is conveniently given by ex-
pressing the time as a function of the axial displacement
Z,

1/2( . o
"o PRy W(In'"%(z sin® /r,q)) , (16)
where W (x)= [ 3dt exp(¢?) is a tabulated function [16].
The effect of self-field forces on the beam equilibrium
can be measured by the axial distance D a beam can drift
before an edge electron outruns an on-axis electron by a
quarter guide wavelength, i.e., D =c¢f,t(mc/2nw). Us-
ing the helical beam resonance relation,
tan©®@=np,/(1—np,) where B,=v, /c, the drift distance
D can be evaluated for the examples presented in Sec. III.
For the first example (Table I; 1 MeV, a=1.3, r,,=0.15
mm) one finds D =40 cm, or 3.5 guide wavelengths. For
the second example (Table II; 0.6 MeV, a=1.5, r,,=1.75
mm) one finds D =48 cm, or 3.5 guide wavelengths. [In
this case, the beam is assumed to be extracted after 45 cm
of acceleration in order to avoid the final rapid rise in the
velocity spread shown in Fig. 5(c).] For the third exam-
ple (Table I1I; 5 MeV, a=0.55, r,;=2.65 mm) one finds
D =825 cm, or 78 guide wavelengths. If in the first ex-
ample the current is reduced to 10 A and the initial beam
radius increased to 2 mm one finds D =143 cm, or 13
guide wavelengths. From these examples it is seen that
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the drift distance available before the beam loses its heli-
cal character as a result of self-field forces depends sensi-
tively upon the beam current, energy, and minor radius.
This could impose limitations on the uses of such beams.

VI. CONCLUSIONS

The equations of motion have been analyzed for elec-
trons accelerated by the circularly polarized TE,; mode
of an S-band klystron in a cylindrical waveguide with an
externally imposed axisymmetric spatially tapered static
magnetic field. When the magnetic field is appropriately
adjusted, this configuration is known as a cyclotron au-
toresonance accelerator (CARA) since the particle energy
and axial momentum automatically fulfill the resonance
condition along the acceleration path—even for non-
luminous waves. Under some conditions, it has been
shown that nearly complete exchange of microwave
power into beam power can occur, so that the CARA can
have an acceleration efficiency approaching 100%. The
nature of the practical upper energy limit for this ac-
celeration mechanism has been explored, and it has been
shown that the requirement in the up-tapered magnetic
field eventually leads to a diminution in axial velocity due
to the mirror effect and causes the acceleration to cease.
By following the trajectories of an ensemble of electrons,
injected with finite emittance, the evolution of the axial
velocity spread on the beam has been determined. Nu-
merical examples are given in the parameter range ap-
propriate for use of spatiotemporally modulated beams
produced in a CARA for harmonic generators to produce
multi-MW, cm- and mm-wavelength rf power for future
linear colliders and for tokamak plasma heating and con-
trol.

The effects of self-fields on the helical nature of beams
produced in a CARA have been discussed. Significant
orbit spreading due to self-fields has been shown to occur
for beams with relatively small minor radius, high
current, and low energy. This suggests that a beam condi-
tioning means that to oppose the self-fields could increase
the utility of such beams. One possible means of beam
conditioning that is currently receiving attention arises
from the strong trapping, near resonance phase that
occurs in the CARA. The phase focusing forces associat-
ed with this trapping could oppose self-field effects, much
as in a conventional linear accelerator.
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