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It has been shown previously that a cyclotron autoresonance accel&€®BA) has a practical upper
energy limit that arises from axial velocity stalling in the rising axial magnetic field. This paper shows that this
upper energy limit can be overcome by operating a series of CARA stages, with each succeeding stage at a
higher gyroharmonic. The accelerator would be driven from a single external rf source, and gyroharmonic
operation in stages beyond the first would be accomplished by stagewise reduction in the guide magnetic field.
Analytical and simulation results are presented to show, under ideal conditions, that stalling can thereby be
avoided and acceleration to high energy can be achieved. For a three-stage CARA with a 15-A, 250-kV
injected electron beam driven by 75 MW of rf power at 11.424 GHz, the results show that an energy of over
5 MeV can be reached at the end of the third stage, whereas a practical single-stage CARA with a 250-kV
injected beam has an upper energy limit of about 1.7 MeV. It is also shown that tandem operation of a large
number of CARA stages could, in principle, allow acceleration of electrons up to GeV energies.
[S1063-651%98)14906-1

PACS numbgs): 29.17+w, 29.27-a, 41.75-i, 52.75.Ms

[. INTRODUCTION In a single-stage CARA electrons are injected along the
axis of a cylindrical TE; mode waveguide immersed in an
Cyclotron autoresonance accelerati@ARA) of elec- axially varying static magnetic field. Microwave power with
trons[1—11] has received attention in recent years because di frequency ofw is fed at the input end of the waveguide to
its potential for preparing an energetic gyrating beam for usélrive a rotating mode, and the axial magnetic fiBg(z) is
in gyroharmonic generators of rf pows,7—11, and for ~ adjusted along the waveguide axigo maintain resonance,
efficient preparation of a megavolt beam that may find indusapproximately — satisfying the relationBy(z) = (myw/
trial application in pollution remediation and materials pro-€)¥(2)[1—n(2) 8,(2)], wheremy ande are the electron rest
cessing[12]. It has been demonstrated experimentally thatmass and chargey(z) is the electron Lorentz energy factor,
CARA can efficiently accelerate an electron beam with amn(z) is the guided wave refractive index, amj(z) is the
rf-to-beam power efficiency of up to 9694]. But a signifi-  €lectron axial velocity normalized to the speed of light.
cant property of CARA is that acceleration is limited: There  The upper energy limit;,, for a single-stage CARA has
exists an upper energy limit that depends on the injectetbeen previously found to be
energy and on the final guided wave refractive index, assum-
ing that rf beam loading does not impose a lower limit. The .
upper energy limit arises since the transverse component of Yim=7Yo 1
applied magnetic field increases with increase of beam en-
ergy, thus reducing the electron’s axial velocity towards % L
stalling [3-5]. Here yg is _the eﬁectlve_ |n|'F|aI electron energy factor, a!nd
This paper describes a way in which this upper energ)pﬁcsz/w is the refractive |nde?< at the end of CARA, with
limit can be circumvented by operating a multistage CARA.C the speed of light, anki,; the axial wave number at the end
Successive stages would operate at successively higher g9f the accelerator. For convenience to the reader, this rela-
roharmonics, but at the same frequency. This requires afionship is rederived in A*ppendlx A. The effective initial
adiabatic reduction in the guide magnetic field between on&nergy factor is given byyg = yo¢, whereyy is the initial
stage and the next, thereby increasing the axial momentu@lectron energy factor itself, anglis an energy reduction
of the electrons, and avoiding stalling. However, in contras€oefficient defined ag=1-0.587 //(1—noB), With 5,4
to a single-stage CARA, which produces a continuws- and B,, the initial transverse and axial velocities normalized
bunched beam, a multistage version can only accelerate 40 ¢, andn, the refractive index at the beginning of CARA.
bunched beam synchronized in phase at each stage. The c&he initial and final refractive indices, andn; differ when
culations and simulation results presented in this paper ar@ tapered waveguide is employed. The energy reduction co-
for a zero-emittance ideally bunched beam, in order to illus€fficient ¢ depends only on parameters at the entrance of
trate the principles of multistage CARA operation. Clearly, CARA, and ranges from 0.5(&1/3) for zero initial axial
any reduction to practice must be preceded by more detailedelocity, to unity for zero initial transverse velocity. For a
analysis that takes into account the finite emittance of thegiven initial beam energy, a beam with larger transverse ve-
beam, and that optimizes injection conditions at each stage focity has a smaller axial velocity and is more susceptible to
maximize phase stability; such considerations are beyond th&talling. The energy reduction coefficiefitis seen to de-
scope of this paper. crease with increasing initial transverse velocity. As an ex-
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Qiof Q (i+1)o0 mode at the fundamental in order to accelerate an injected
o Yie Yie = Yeirno Vit pencil beam. If, at the end of thi¢h stage the electron beam
TEs; Mode CARA DN TE 51,11 Mode CARA reaches its upper energy limit, and if no interaction takes
at s;th Gyro-harmonic Section at s;,;th Gyro-harmonic p!ace in th_e drift section, a derl\{atloln is presented in Appen-
- dix B, which shows the effective initial energy of thé (
Bio stage Bizr Birveo  (i+1)th stage  Pwner +1)th stage to be expressible in terms of that of fié
N, nif NGitlyo L stage. That is,
FIG. 1. Diagram of a multistage cyclotron autoresonance accel- . . s, ?’i*oz_ 1\ 12
erator. In the drift section between thé and ( + 1)th stages, there Yi+1o=Yiot|1- 2 —| - 2
is a mode converter. Si+1/\ 1=ni

) ) And the (+1)th stage acceleration energy is given using
ample, if one takes in Eq1) y§ =1.4892(250 kV) andn¢ Eq. (1), i.e.,

=0.9262 or 0.9741corresponding to a 2.04-cm or 3.40-cm

radius TE; mode waveguide at 11.424 GJlzone finds

Yiim=4.4168 or 6.368%1.75 or 2.74 MV. Yi+1t= y§+1)0+
It can be seen from EqJl) that the upper energy limit

increases with an increase in both waveguide refractive inde)fh it that eith ficiently hiah rf .
and effective initial energy. Accordingly, there are two ways. 1ese results assume that either sutliciently nigh rt power 1S
jected, or sufficiently low beam current is employed, so

to increase the upper energy limit. One is to increase th t rf depletion d t limit th lerati
refractive index by increasing or up-tapering the waveguide 2+ T POWer depietion does not imit he acceleration en-

radius, as in the 3.40-cm radius example above. Unfortu®"

nately this will give rise to a rapid decrease in acceleratinq From Eq.(2) it <_:an| bet seer; th?t if tr,:ﬁ hatrrr]non]!fc |rt1_dex_ .
gradient, and an excessive increase in length of the accelgflCréases successively stage by stage, then the efiective ini-

ating structure. The other approach is to increase the effe(%'al energy of each stage goes up as well. Equati@snd

tive initial energy, a strategy that also has practical limits. Anl3) ¢an be usfed to Iftm(tj algectxgz evs\;lrr}[a}(es for the accellera-

alternative approach would be to inject the accelerated beaﬂ)}on energy of a multistage LARA. VVe lake as an exampie a

from one CARA into a second CARA for further accelera- 1)'€&-Stage CARA W'th an initial electron beam energy of

tion, and so on. This paper examines a means for achievin 50 kV. The harmonic indices chosen for the three stages are
' ' =1, s,=3, ands;=5, and the refractive indices arg;

this and thereby increasing this upper energy limit by the us&! )
of several stages of CARA in tandem. =0.9262,n,;=0.6927, andnz;=0.6156, respectively. For

the first stage, sincé;=1 (zero initial transverse velocity
and y5,= y10=1.4892(250 kV), we havey,;=4.4168 from
Il. THEORY OF A MULTISTAGE CARA Eg. (3) with i=0. For the second stage, we hayd,

In contrast to the situation for a single-stage CARA, use,. 3.4410 andy,;=8.0061, respectively, from Eqg2) and

H HE— H *
of a multistage CARA may allow one to obtain a higher(_?’)l\ivggégl’ gnc: for geﬁtzr)urd gt(g?e’(fftﬁ_igfsz_g anrc]iy?f
acceleration energy within a reasonable structure length, by, =~ /again from £gsc) an With 1=2. 1he choice
waveguide radii that led to the refractive indices used will

i ARA h f O S .
operating subsequent C stages at the same frequen & justified below. This simple example shows acceleration

but at increasing gyroharmonics. The axial magnetic fiel rom 250 kV t0 5.53 MV in a three-stage CARA. This can be

beyond the end of one stage must be reduced to allow gyr ompared with a final energy of 1.75 MV that obtains from

harmonic resonance at the beginning of the next stage. Th . ; .
decrease in axial magnetic fieB}) causes an increase 8, i g' (nl) f_o:)a922624-cm radius waveguide single-stage CARA,
L, M= V. .

thus avoiding stalling. rf power can be injected from an ex- . o .
g g.1p ) In Appendix C it is shown that, in the cyclotron autoreso-

ternal sourcde.g., a high power klystron or magnicoimto ) . . . i ;
the first stage, thence dir[()actly into subsequent stages in sgance |ntera§:t|on, the normalized electron’s gyration radius
’ atisfies the inequality

guence with in-line waveguide mode converters betweert
stages. The mode converters are to allow CARA interactions

2
Vzriu)o_ 1

T2
1-nfiq)

1/2

)

at themth gyroharmonic through coupling to the JJEmode r_L<i< 1, (4)
of the cylindrical waveguide, according to the established Ru Ja

selection rule for gyroharmonic interactions with axis- ) ) ) ) ) )
encircling orbits[8,13—15. wherer_ is the gyration radiusRk,, is the waveguide radius,

Figure 1 shows a diagram of thiéh and (+ 1)th stages S is the harmonic index, angl, is the first root of the de-
of a multistage CARA. Théth stage operates in the TE  rivative of the Bessel functiody(x). For exampler, /R, is
mode at thes,th gyroharmonic and thei {- 1)th stage oper- less than 0.5431 for the TEmode CARA, less than 0.7141

ates in the TE , mode at thes;, ;th gyroharmonic. Be- for the TE; mod_e CARA, and I_ess than 0.7793 for thes]E
i+l . . . mode CARA. This shows that, in each stage, the beam would
tween the two stages there is a drift section whergilTE

be reasonably separated from the waveguide wall.

mode rf power remaining at the end of thia stage flows In Appendix D it is shown that the initial waveguide ra-
into the TE _; mode through a mode converter, and thediys for the (+1)th stage, which results from use of the
axial magnetic field is reduced to match resonance with theesonance conditions, the adiabatic condition, and with
Si+1th gyroharmonic. The first stage operates in the,TE s;Bjor=S5;;1Bi+1)00, Can be found to be
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Applying Eq. (7) to the end of theth region and the begin-
ning of the {+ 1)th region and taking their difference with
the assumption

Mol éi+11
Ruwi+10= o

Bht(L=sils B | 5 mo_ Mg

(1-n)BL+ (I=si/si ) Bh] s s’ ®

where )\, is the rf free-space wavelength. An example isWe obtain
given below showing use of the above formula. Suppose that

the first stage operates in the j{Enode at 11.424 GHz at ‘/’i+1(z<i+1)0’t)_ $i(Zis ’t)}

the fundamental gyroharmonic with a final waveguide radius Si+1 Si

Ry1s of 2.04 cm, and that the second stage operates in the C. c Im

TE3; mode at the third gyroharmonic. Given the normalized S Sl B ( - 1) Aby+Ad, (9)
transverse and axial velocities at the end of the first stage to Si+1 S i

be 0.7154 and 0.6580, respectively; then inserting these val-
ues and \g=2.6242cm (11.424 GHz, s;=1, s,=3, w
j3;=4.201 189, andh,=0.9262 into Eq.(5) with i=1 we
obtain the initial waveguide radius for the second stage
RW20: 243 cm. and

Phase matching between the accelerated beam and the rf
field is an important issue when the beam enters a following Ad=d(Zi+1)0.1) — d(Zs ,1).
stage. Therefore, it is worthwhile giving a general discussion
about the phase relation between two electromagnetic waves the above, A6, and A¢ are increments of the guiding
that interact synchronously with the same beam, and the@enter angledy and gyration angleb when the electron goes
apply it to the case of a multistage CARA. Suppose that arthrough the drift section. Assuming that no interaction exists
electron beam is synchronous with the electromagnetic wavie the drift section allows one to take[(m;/s;—1)A 6,
with a rf frequency ofw; and an axial wave number &f, in +A¢]/ot=0. Considering that the phase difference for the
the ith interaction region. For all the electrons having thesame wave between any two cross sections is independent of
same guiding center, the electron and wave phases at afiyne, that is,7(A¢;)/9t=0, from Eq.(9) we have
interaction cross section are related by the approximate con-

here

AGy=0g(Z(i+1)0.1) — g(Zis ;1) (10)

servation equation 9 1 ¥ia(Zivst) 4z o
ot Si+1 Si (11)
$i(z,t) = (M —s)) Oy(z,t) = 5;p(2,1) =C;  (Zjp<2z=<Z;), ;
® °
where ¢;(z,t) = wit— [k;,dz is the wave phaseapy; is the $i+alies il ' =const,

azimuthal mode indexfy(z,t) is the guiding-center azi- Si+1 i

muthal coordinates(z,t) is the electron’s gyration angl€;  \yherez andz , , represent any cross section in ttie and
is a constant in the sense tl#; /9t=0 anddC;/9z=0,and (i1 1)th regions, and the constant depends on locations of
Zjp andz;; are, respectively, the beginning and the end of thge cross sections. Equatiof® and (11), which are gener-
ith interaction region. In the drift section where resonance isyjized from the cogeneration conditiofs6], indicate that
not satisfied and coupling between the particles and fields ig,e phase is fixed between two waves that interact synchro-
weak, Eq.(6) should not be expected to hold. nously with the same beam. Letting and y;,,; denote
It sh_ould be stres_sed that E@) is not an _exact constant phases of two different waves in the same stage, vehid
of motion because it assumes slow variations, neglects rez-i+1 denote the same location, we obtain the phase-locking

fractive effects and velocity and energy spreads of the beamuyy ation for the cogeneration case where the two waves with
and assumes that pump depletion is small. The velocity anfl,e same ratio of azimuthal mode index to harmonic index
energy spreads d_urlng acceleration of p_art_lcles to higher e m,/s,=1) interact synchronously with the beam in the
ergies are the main source of phase deviation from resonaneg me waveguidgL0]. In the case that has been demonstrated
because in such a situation only one particle, in p””c'pleexperimentally[l?] where s;=1, 5,=2, my=2, and m,
can be set in exact resonance by adjusting theEgDpphed mag-4 \ith my/s;=m,/s, automatically fulfilled, and
netic field. The order of approximation made in E§).is the /s = T '

. ) : : . S1=wy/Sy, EQ. (11) with i=1 becomesy,(z,,t)/s
same as that in Eq1). Single particle simulations for the 1751~ ©2/S2: =0 (1 V2(22,0)/s

- " Lrn L
example presented below in this paper indicate that the rightéol’rbé(t;;'tt)/sl [*ko, 0zt [Ttk 02, @ time-independent

hanq ;iQe of Eq(6) ch_anges within a range of less than 3°. In the multistage CARA configuration whem; /s;=1
Dividing the both sides of E¢6) by s;, we have and wizwi+l=2ﬂ'%/7\o, Eq. (8) isgfulfilled, and thus Eqs.

(9) and (11) hold althoughw;/sj# w;,1/s;+1. The axial

component of the magnetic field in the drift section varies

slowly enough so that the adiabatic conditiq@ﬁ/Bo

(7) =const is satisfied. The electron’s gyration angle increment

i ’t i Ci
¥ (SZi ) (%_1) 0y(z,t) — p(z,t)= s (Zio<z<1z).
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A¢ appearing in Eq(9) is adjustable by changing the mag- 12 [ e ey 120
netic field profile within the drift section, without causing a :
deviation from the resonance conditien—k,B8,c—sQq/vy

=0 at the ends of the adjacent interaction regions. Here the
nonrelativistic gyration frequency is defined by,
=eBy/my with e andm, the electron charge and rest mass,
respectively. Accordingly, the accelerated beam keeps inter-
acting synchronously with the rf fields in the next stage
CARA if a proper magnetic field profile is imposed.

- 100

-
=} o
T T T

Input tf power P (MW)

Ill. SIMULATION ANALYSIS
FOR A THREE-STAGE CARA

Relativistic energy factor vy
(<2

Single-particle simulations have been carried out for a

three-stage single-frequency CARA with the first;JBtage 0 (;‘ = ‘0' = '1' - ‘1‘ — ‘2‘ - 2 o g
operating at the fundamental, the second;;T&age at the S ] 00 i %0 00 0 %00
third gyroharmonic, and the third TEstage at the fifth gy- Axial distance z (cm)

roharmonic. This single-particle model corresponds to an FIG. 2. Dependence of beam enerav and rf power on axial dis-
ideally bunched electron beam. Between stages, 30—cm—lorgnce "3 : b P and Po. denoteTE gTyE angTE owers
drift sections are inserted that contain mode converters. In._ "™ .11’| %g ot f5715 MW tf 11 taili 424 GH51.p ed
this example, a 15-A, 250-kV injected electron beam is asfresloecwe y. 95,579 rpower at - 2 1S converte
- - into beam power and the beam is accelerated from 250 kV to 5.17
sumed, driven at the injector end by 75 MW of rf power at
11.424 GHz. The single-stage CARA cof® was used to
run the three-stage device stage by stage, by assuming that
the particle is exactly synchronous at optimum phase withfhe relativistic energy factory is increased to 4.2552
the rf fields at the beginning of the second and the third1.6634 MV), compared with the analytically calculated
stages. The rf power is fed from the beginning of the firstvalue 4.4168. The difference comes mainly from the fact that
stage, and it is assumed that the leftover power from the firghe beam should not be accelerated right up to its upper
and second stages, respectively, is completely converted ingnergy limit to avoid beam stalling. In the second stage
the power of Tk; and TE; modes through the mode con- (from z=49 to 117 cm, TE;; mode power is decreased to
verters in the intervening drift sections. In the first stage, the27.5629 MW, all flowing into the third stage TEmode
waveguide has three segments: the first segment has a raditiough the mode converter in the second drift section; the
of 0.96 cm and a length of 5.0 cm, the third segment has acceleration energy is increasedye 7.6091(3.3773 MV),
radius of 2.04 cm and a length of 4.0 cm; the second segmegpmpared with the analytic value 8.0061. In the third stage
is tapered between them with a length of 10 cm. This ar{from z=147 to 262 cmy TEs; mode power is decreased to
rangement of different waveguide radii is to allow a larger0.3384 MW; the acceleration energy is increased o
acceleration energy within a shorter acceleration length tharr 11.1237(5.1732 MV), compared with the analytic value
for a constant radius. Calculation shows less than 1% powet1.8287. The total rf conversion efficiency for the three-
conversion from TE mode to TM; mode in the tapered stage CARA is 98.5%, corresponding to a beam power of
section[18]. The 0.96-cm radius waveguide can only support77.5982 MW. The wall loss due to finite conductivify
the TE; mode; it has a larger accelerating gradient but a=5.56x 10’ Siemens/m for coppgiis 0.1466 MW for the
lower upper energy limit, as compared with 2.04-cm radiusfirst stage, 0.3815 MW for the second, and 0.2851 MW for
Introduction of the taper is to avoid beam stalling and hencéhe third, with the effect of wall taper taken into account.
to increase the acceleration energy. Equat®rwas used to  Inefficiency is thus dominated by wall losses, which account
calculate waveguide radii for the second and third stages. Fan total for 0.8132 MW, while the spent beam accounts for
the second stage, the waveguide is uniform with a radius ofnly 0.3386 MW. For a finite-emittance beam, power in the
2.43 cm and a length of 68 cm; for the third stage, the wavespent beam can be expected to be larger.
guide with a length of 115 cm is tapered up from 3.02 to 3.4 Figure 3 shows the dependence of axial velocity and axial
cm. Deviation of waveguide radius from the design valuemagnetic field on axial distance. At the first stage emad (
will cause the electron beam to deviate from its resonance=19 cm), the axial velocity3, is decreased to 0.6580 after
condition, and the beam acceleration energy to decrease witivo gentle oscillations, and the axial magnetic fi#g is
an increase in deviation. By using different radii and com-increased to 6.7825 kG. If the beam were to continue to be
paring acceleration energies using simulations, it is foundaccelerated using the fundamental,7EBode, the axial mag-
that Eq.(5) is well confirmed. netic field growth rate would become intolerably large be-
Figure 2 shows the dependence of beam energy and dause of the rapid decrease in axial velocity and increase in
power on axial distance, from simulation for the three stagdbeam energy, so that an excessively strong transverse mag-
CARA. In the first stagdfrom z=0 to 19 cn), 75-MW rf  netic field arises and beam stalling results. Thus a drift sec-
power at TE; mode is injected to drive the 250-kV beam, tion is used wherein the transverse magnetic field can be
and 21.3480 MW is absorbed, with a remaining power ofreduced to the value needed for acceleration in the next
53.6520 MW flowing into the Tl mode through the stage. In the first drift section, the axial magnetic fiBlglis
TE;,-TEz; mode converter in the 30-cm drift sectigh8].  reduced to 2.2608 kG, and the axial velogBy is increased
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FIG. 3. Dependence of axial velocity and magnetic field on axial 2 1200 | ] \:5
distance. In the drift section, the axial magnetic field is decreasec $ r ] 23]
and axial velocity is increased to reduce transverse magnetic fiels % 800 | ]
and avoid beam stalling while matching the resonance condition fol D a0 : ]
the next stage CARA. . ]
0' T o b b e a1 P
to 0.8798, the transverse velocjy is reduced from 0.7154 0 5 10 15 20 25 30
to 0.4132, matching the resonance condition for the secon Stage number i

stage. The increase in axial velocity and the decrease in

beam energy growth rat@esulting from the decrease in FIG. 4. Dependence dfa) initial waveguide radiusR;,,, and
transverse velocifygreatly reduce the transverse magneticfinal waveguide radiuR;,, and(b) resulting energy factoy;; and

field to avoid beam stalling, and then the second stage corstage-end magnetic fielB;o; on stage numbei. The azimuthal
tinues to accelerate the beam with a higher effective initiamode index iss;=2i—1 for theith stage.

energy. At the end of second stage=(117 cm), the axial

velocity 3, is decreased to 0.4861 and the axial magnetid0 indicate what the iterative use of Eqg), (3), and(5) can

field By is increased to 6.8660 kG. Again, the axial magneticPredict for the ultimate energy that could, in principle, be
field B, is reduced to 4.1196 kG and the axial velogityis ~ reached when the number of stages becomes large. To illus-
increased to 0.7303 in the drift section to match the resotrate, it is assumed that a 250-kV beam is injected into the
nance condition for the third stage. In the third stagejs  first TE;;-mode stage, that subsequent stages have odd azi-
decreased to 0.4381 alyg is increased to 6.6309 kG during muthal mode indices, and that the final refractive index of
acceleration. The sharp magnetic field peaks shown in Fig. §ach stage is 0.90. Figure 4 shows the resulting energy fac-
may not be realizable in practice, but experience with &Or, the magnetic field at the end of each stage, and the initial
single-stage tapered CARA] has shown that effects of de- and final waveguide radii for each stage, all as functions of

viation from such field profiles can be compensated by mildstage number; the azimuthal mode index §=2i —1. Itis
detuning of the field nearby. seen that acceleration to a energy of over 1 GeV is predicted

It is found in the simulation that the maximum normalized after 30 stages, with an outer radius of the finakd fvave-
gyration radius X, /R,)max iS 0.4689 in the first stage, 9uide equalto 60 cm and the axial magnetic field equal to 61
0.6983 in the second, and 0.7737 in the third. These valug¢G. Synchrotron radiation from such a beam would undoubt-
are consistent with the analytic predictions from E¢),  edly be a significant factor. It can be remarked that a 1-GeV
which are given byr, /R, <0.5431 for the first, 0.7141 for beam cycling in a 61-kG magnetic field has a critical photon
the second, and 0.7793 for the third. energy in its synchrotron radiation spectrum of greater than 4
keV. This calculation demonstrates only what could in prin-
ciple be possible with a multistage CARA having many
stages; whether such a machine could in practice be built can

The results presented in Sec. Il could be the basis for anly be answered after significant further analysis, design,
more detailed analysis including effects of finite initial beamand testing.
emittance, realizable magnetic field profiles, and actual fields
in the mode converters. This analysis could lead to design
and construction of a 5-MeV, 75-MW high average power V. CONCLUSIONS
accelerator that could find applications in advanced gyrohar- This paper has described a multistage CARA configura-
monic radiation sources, or in electron beam processing. Buton that permits acceleration to energies higher than what
it may be that a CARA with many stages could lead to ac-can be achieved in a single stage. Operation at successively
celeration to much higher energies, in which case the rangeigher gyroharmonics allows the axial magnetic field to de-
of applications would increase. Thus, it may be worthwhilecrease between stages, thus avoiding stalling. A three-stage

IV. HIGH-ENERGY MULTISTAGE CARA
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CARA is analyzed in detail. Single-particle simulation re- wheres is the harmonic index anf)y=eB,/my is the non-
sults are in agreement with analytical predictions. The ideafelativistic gyration frequency, witlB, the axial magnetic
single-particle model, which assumed an ideally bunchedield, e and m, the electron charge and rest mass, respec-
beam, was used in the analysis to understanding the potentigbely.

for a multi-stage CARA, although clearly a practical beam Inserting Eq.(Al) into Eg. (A2) and taking the initial
will have finite emittance. Generally speaking, higher har-values for the constant, we obtain

monic CARASs require a better beam quality, and the gy-

rophase spread in sth harmonic CARA should be at least (yB,)? ﬁfo

less thanm/s for efficient acceleration. Further analysis is M_ZVZ —2y| 1~ 2(1—noBy) )’ (A3)
needed to assess the influence of finite initial beam emit-

tance, realizable magnetic field profiles, and possible interor

actions in the mode converters. It is important to investigate

means for stabilizing particle gyrophases during acceleration, (vB.)* %
i.e., to achieve good phase trapping, for lessening the sensi- 7(1_nﬂz)_2(7_ o)
tivity of operation to finite beam emittance and to the preci-

sion of the practical magnetic field profile. Preliminary re-  Considerings? =1— 1/~ 82 and solving Eq(A4) for
sults show that a 15-A, 250-kV electron beam driven by 753, we obtain

MW of rf power at 11.424 GHz can be accelerated to 5.17

MeV, in an overall lengtHincluding waveguide mode con- 1 . U

verters of slightly over 2.5 m. The maximum axial magnetic 322; [n(y—¥3)+D"4, (A5)
field is less than 7 kG. The rf-to-beam power transfer effi-

ciency is found to be 98.5%, assuming ideal mode converwhere D=n?(y— 7’5)2_(7,2_27,73 +1). SinceD=0 we
sion. A single-stage CARA with similar parameters would hgye

have an upper energy limit of 1.75 MeV, for a 2.04-cm

waveguide radius, or 2.74 MV for a 3.4-cm waveguide ra-

dius. High average power 1-5-MeV electron beams have Y<%
numerous practical applications, including in radiation

sources, for pollution remediation, and for materials processsetting the waveguide index equal ton; at the end of

Ing. _ ) ) _ CARA, we obtain Eq(1).
Operation of a CARA with many stages is also discussed,

insofar as finding an estimate of the ultimate electron energy

that can be achieved in principle. It is found that an energy of

over 1 GeV could be reached in a 30-stage CARA. Since this The effective initial energy factor for thd £ 1)st stage

device would require a magnetic field rising to over 60 kG atCARA is defined by

its end, it is possible that a novel light source would result,

with a critical synchrotron radiation photon energy, which yf‘i+l)0=y(i+1)0§i+1=yif§i+1, (B1)

scales ag’By, that exceeds 4 keV. Clearly, further analysis

is required before it is known whether construction of such avhere y;;= vy 1)0, N0 energy loss in the drift section is

high-energy machine is practical. taken into account, and the corresponding energy reduction
coefficient is given by

—0. (Ad)

(732_1) 1/2

(1-n%)

(A6)

APPENDIX B: DERIVATION OF EQ. (2)

2
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(B2)

and Advanced Energy Projects. ith drift section(see Fig. ], we have
2 2 2 2
YitBiLt _ 7(i+1)o,3(i+1>m ,82 :Q(i+1)oo ,8-2
APPENDIX A: DERIVATION OF EQ. (1) Qios Q(i+1)00 (i+1)L0 Qios iLfr

During CARA acceleration, the axial velocitg,, the (B3)

electron energy factoy, and the refractive inder at any  rq resonance conditions at the two ends can be written as
point along the accelerator are related by the resonance con-

dition and approximate constant of moti¢8], which are, 1—ny Bipr=5Qiof o, (B4)
respectively, given by

1-n(4+10Bi+1)20=Si+1(i+1)00/ @. (B5)
sQy/w=vy(1—ng,), Al L . .
ol 0= 2 (A1) Combining the above two equations, we obtain
(vBL)® B (en g Srino
M—Zyzconst, (AZ) 1 n(|+1)0ﬁ(|+1)zo (1 n|fﬁ|zf) SiQiOf . (BG)
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From the approximate constant of motion given by Eqg.wherej/,, is thelth root of the derivative of the Bessel func-

(A4), we have
B ( %o)
(1- n|f:8|zf) Yit

Inserting Eqs{(B3) and (B6) into Eq. (B2) with the help
of Eq. (B7) yields

1 s 2 S
§i+1=1———'L=1— (1_m)
2 si11 (1Nt Bizy) Sit1

(B7)

Substituting Eq(B8) into Eq. (B1), we have

Si

Yii+10= Vit~ (%f Yio)- (B9)

tion Jm(x).-
Comparing Eq(C1) and Eq.(C2), we obtain
r. s aB(l-n??? sﬁ( 1—n? )1’2 sB s
BT 72 ST 752 <o <7
Rw Jml(1+a) -ng jn\1-n°B Jml JmI
(C3)

In the CARA, m=s=1 andl=1 are usually used, and
according to property of Bessel functidii9] we know
s<j& . From this we obtain Eq4).

APPENDIX D: DERIVATION OF EQ. (5)

From Eq.(C2), we have the initial waveguide radius for
the (i+1)th stage

We have assumed that at the end of each stage the elec-

tron beam gets its upper energy limit described by B®,),
that is,

12

(V2—1)
(1-nj)

*

Yit = YioT (B10)

Finally, substituting the above expression into EH§9),
we obtain the recurrence formula E@) for effective initial
energy factor.

APPENDIX C: DERIVATION OF EQ. (4)

Assuming that the resonance condition is always satisfied
defined by

during acceleration, the gyration radius,
vB,clQq, can be written from Eq(Al) as

_C sapB c1
"= TF @) D
wherea =, /8, and 8= (1—1/y?) 2.

The waveguide radius for Tk mode is given by

jmi

c
Rw=5 (1=n?)T2 (C2

!
c JSi+1l

R =— . (D1)
(i+1)wo0 ® (1_ n(i+1)0)l/2

Assumings;Qiot=Si+1{(i+1)00, from Eq.(B6) and Eq.
(B3) we have

|f:8|zf
n —_— D2
(+10™ Bi+1z0’ b2
,3(|+1)w s Buf (D3)
From Eqg.(D3) we have

B(i+1)20:(1_1/7(2i+1)0_ﬁ(2i+1)io)1/2

12
[ﬂlzf_’_ )Buf (D4)

Inserting Eq.(D4) into Eq.(D2) and then the resultant Eq.
(D2) into Eg.(D1), we obtain Eq(5).
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