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Abstract 2 BASIC PRINCIPLES

A self-scanning, highly-efficient electron beam source i& comprehensive theoretical analysis of CARA with
being built for electron beamdry scrubbing(EBDS) of supporting particle simulation studies [5] has beamied
flue gases. The beam is to peeparedusing cyclotron out based orprior work [4]. The basiddea of such an
autoresonance acceleratig@ARA), which hasalready accelerator isthat a pencil electron beam from a
experimentallydemonstrated an rf efficiency above 90%convergent-flow Pierce gun is passed throughledrical
The design idhased orsimulation studies for a 250-kV, waveguide. TE;; rotatingmode rf drive poweenergizes
25-A warm injected beam which eccelerated in 412- the beam by cyclotron autoresonance. The synchronous
cm long CARA using 21 MW of rf power at 2.8%8Hz.  axial magnetic field for the interaction is given by

The accelerated gyrating beam has an energy of nearly 1.1 My

MeV, with a theoretical acceleration efficiency of 99%. Bo =?wy(1—nﬁz), 1)
The beamcan beextractedfrom CARA through a foil ] )

window, once the axial magnetield is down-tapered to Where w is the drive frequency,e and m, are the
zero, and self-scan on a conical surface acroissng flue electron'schargeand rest mass, y is the relativistic

gas stream in a field-free region. energy factor,(3, is the axial velocitynormalized to the
light speedc in free space,and the index of refraction
1 INTRODUCTION (normalized group velocity) for the TE;; mode is

n=k,c/w, with k, the axial wave number. As
OB = 0 requires, the transverse magnéigtd increases
when the axial magnetiiteld increases, as the electron's
acceleration energy increasehis reducesthe electron's
axial velocity towardsstalling, as in the mirroeffect.
This imposes a maximuranergythat can bereached in
CARA, given by

Existing environmental anti-pollution regulatiopsvide
strong impetus for development of cost-effective
technology toreduce acidain through removal of sulfur
and nitrogen oxides from flue gagseleases to the
atmosphere [1]. Limestone slurry scrubbamg selective
catalytic reductionare the conventional technologies for
flue gas cleanup [2]. An alternative technologlgctron

/2
beam dry scrubbing (EBDS), wagroduced in1970, and DVCZ, _1D1
subsequentlylemonstrated in severatanifestations [3]. Ymax = Yo * %Tnz . 2

Perhaps lacking in encouraging EBDS deployment is the

existence of a compact, Iqw-cost electroq peam sourcePhere y,, is the energy factor othe injectedbeam. The
high average power and high wall plug efficiency. electron’s gyration radius is constrained by the

Cyclotron autoresonance acceleratig@ARA) is an  gynchronous condition Eg. 1, which results in a
efficient process for converting rf energyto electron  mpaximum gyration radius, given by
beam energy4,5]. Based onexisting rf source and Dllz
electrongun technology, CARAcan provide ahigh e 1 H(y%ax—l)(l—nz) .
averagepower gyrating electron beam. Rec@®ARA = AVPLED 0.5431, (3)
experiments have shown that over 90% of itheut rf Rv I E(Vmax —1)(1—n )+1D
power can bdransferred to arelectron beam [6]. The

acceleratedbeam produced in CARA emerges on a Wherer,'_max IS the m?ﬁ"”j“m gyrathn radlusl. w Is the
) ) ] o .~ waveguideradius,and jj; =1841184 is the first root of
gyrating trajectory; thus the beam is "self-scanning

- i ) . the Besselfunction derivative Ji(x). Eq. 3 states that
requiring no other deflecting device orexternal field to . . .
T the normalizedgyration radiusmust be less than 0.5431
sweep across gas stream. It is thianique featurehat

makes CARA particularly suitable for EBDS, apethaps regard!ess of the beam's energy or the waveguide radius.
L . o Solving Eq. 2 fory,, we obtain
other radiation chemistry applications.
An upgrade of the Yale/Omega-P CARA is bemgjlt 1 2 2 2112 5
that is designed to produce a 25 ®8-1.2 MeVelectron Vo = n_zﬁymax A-n")+n% —Ymx(@-N )@- 4
beam, using up to 20 MW of 2.856Hz rf power and
injection up to 300 kV. Here, analysis is presented Eqg. 4 is helpful in obtaining CARA design

underlying this design, using 250 kV injection. parameters. For a 1.0 MV, 25 A output electron beam,

" The work was supported by the U. S. Department of Energy, Divisions of High Energy Physics and Advanced Energy Projects.

0-7803-4376-X/98/$10.00 (I 1998 IEEE 3863



for example, when one sejg, 5 = 2.9569, one finds is only 855 KV (Ymax = 2.6723) for the 250 kVinjected

Yo =1.3896, or an initial beam voltage of 199 kV. This beam, which is marginally low to be suitable for an
is for n=0.7880 (R, =5.0 cm if the drive frequency is EBDS CARA. The waveguide taper is designed to
2.856 GHz). An input drive power of 20 MW is required.increasethe maximumacceleration energy by increasing
In practice, the initial beam voltage should be larger thathe radiusfrom 3.3 cm to 5.0 cm. This allows the
199 kV (250 kV, for example), to not approach stalling. maximum acceleration energy dhe end of CARA to

reach 1166 kMY max = 3.2817).
3 SIMULATION RESULTS

Here we presergimulation results for a CARA to show L 4
that existing rfsourceand electron gun technology can g; - .
allow acceleration of d&eam to aboutl MV, as needed 8 075 7y -3
for EBDS. In the simulation, aingle-energyinjected = - R %
electron beam is assumed, with a guidoegterspread of s 0.5¢ 42 JE
10% and anrms axial velocityspread 0f0.02%. This A - .
velocity spreadvalue isscaledfrom that for the 100 kV @ 0.25( / <r/R> -1
gun now in operation on the Yale/Omega-P CARA. The » ]
number of computational particles is 128, wittvaues 05 ‘2‘0‘ : ‘A‘,o‘ : ‘é(‘)‘ : ‘86‘ ‘166 ‘71(2)0
of velocity spread, 8 values of phaggreadand 2values 2 (cm)
of guiding center spread. Simulation parameters are given
in Table 1. Figure 1. Average gyration radiusr /R, >, maximum
gyration radius ry na /Ry, and maximum acceleration
TABLE |. Parameters in simulation. energy Ymax Versus axial distance
injection gun voltage 250 kV
injector gun perveance 0.2x1078A -v3/2 € 6 [T T T 6
beam current 25 A < 5 5
rms axial velocity spread 0.02% e sl S R 4
beam guiding center spread 10% - - )
rf drive frequency 2.856 GHz 8 8p <r> 3 =
rf drive power 21 MW T 2 2 @
guide magnetic field 4.8 kG 33 L "BO 1
o i

The waveguide ofthe CARA operating in the rotating 00 e ‘5‘0‘ — ‘1‘0(‘)‘ : ‘1‘5‘(;“ : ‘20%

TE;; modeconsists ofthree sections. The first is an 2 (cm)

input rf coupler which has a radius of 3.3 cm and a length . ) . )
of 12 cm, the third has a radius of 5 cm and a length of éogure 2: Waveguideadius R, electron'saverageradial

cm, andthey areuniform. Thesecond is a0-cm long ~coordinate<r >, and axial magnetic field, versusz.
taper. The taper's slope is only 0.0425 (about 2.4

degrees), and wave reflection is ignoredhe simulation. 2'5:‘ R 35
Following CARA, there is a 60-cm longlrift region, A 2L 113
where there is no rf fieldndthe axial magnetidield is @ E ]
linearly tapered down to zero. - 151 —25,
Fig. 1 shows thedependence ofhormalized average S E ] &
gyration radius <r /R, > on axial distancez for the A 1?
parameters in Table I, for comparison with ti@malized ¢ o5k d15
maximum gyration radius| /Ry calculatedrom Eq. i <B > 3
3, andmaximumacceleration energy/na from Eg. 2. o3 AR R AR BN I 1
For the firstand third sections, thewvaveguide radius is 0 50 100 150 200
uniform and y. Stays constant, withy, . = 2.6723 z (cm)

in the former and ymg =3.2817 in the latter; for the Figyre 3: Dependence ohormalized average transverse

secondsc_action, Ymax increases ashe radius _increa_ses. velocity < B, > and axial velocity< 8, >, andrelativistic
Clearly, it can be seethat thecomputedgyrationradius  energy factor< y > on axial distance.

<r_ /Ry >is less thamr ya/Ry (0.5431).

The rf input coupler isintendedfor use in common  Fig. 2 shows thelependence ofvaveguide radiusR,,,
with a 20-GHz 7th harmonicco-generation experiment electron's average radial coordinate<r >, and axial

that requires a 3.3-cm radius waveguide [Fyom Fig. 1 magneticfield B, on axial distancez, ~while Fig. 3
we see that the maximuacceleration energy f@.3 cm  shows thedependence ohormalized average transverse
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velocity < B > and axial velocity< 3, >, andrelativistic Fig. 5 shows thedependence oélectron beanpower
energy factor<y> on axial distancez. In the first P, and rf drive powerP,; on axialdistancez. It is seen
section(z=0~12 cm), the transverse velocitgnd radial that 21- MW drive power at2.856 GHz is decreased
coordinate rapidly increase aftdte beam getdrapped. down to 90 kW atthe end of CARA, while the beam
The axial magnetic field also increases as the bexaargy  power isincreasedrom 6.25 MW to 27.125 MW, with
increases. In theecondsection (z=12 ~52 cm), the an rf conversion efficiency of over 99%. The wall loss is
magnetic field changes vemttle although thebeam seen to be minuscule, just 35 kW, since CABRgerates
energy goes up fast. That is because increasefrattive at a relatively low drive frequency.

index balances increase of beam energthasvaveguide

radius gets larger, which can be seen from Eqg. 1. In the 0+
third section (z=52~112 cm), the average radial g
coordinate<r > doesnot go up but oscillates while the =
beam energy keeps increasing, with a maximum voltage g 20
of 1.085 MV at the end. The oscillation results from the T
deviation of guiding centers of electrons which have a ©
nearly constant gyratioradius (sed-ig. 1). In thedrift
section (z=112~172 cm), the axial velocityincreases
and the transverse velocity decreases, holding constant then ©
adiabaticinvariant B5/B, when B, >600G. When T i o I B B
B, <600 G (z>152 cm), the adiabatic condition begins 50 100 150 200

to be violated. Finally, théself-scanning”electron z (cm)

beam leaves the drifiegion with <7 >=0.2055 and Figure 5:Dependence oélectron beam powepP, and rf
<fB,>=0.9244, with a scanning cone angle of aboutdrive powerP, on axial distance.

11.5 degrees, as shown in Fig. 2.
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4 CONCLUSIONS

al 1= TT T T ] [ T T T 7T 7T 1] Simulations have shown that a 250-kV, 6.25-MW
L 4 L 4 electron beam can baccelerated up to 4.08 MV, 27
~2r 1 2F n MW "self-scanning” beam by th€ARA, with an rf
§ ol | ol _ conversion efficiency of over 99%. Stanford Linear
> 1 B Collider (SLC) 65 MW, 2.856GHz klystrons have 3.5
'Zf i 7 us pulse widthand180 sed pulse repetition rates [8].
4L @ | -4 () 7 From this simulation, itan beexpectedthat two SLC
_‘4 ‘ _‘2‘ ‘0 ‘ ‘2 ‘ ‘4 _‘4 ‘ _‘2 ‘ ‘0 ‘ ‘2 ‘ ‘4 klystrons driving a future CARA with a 250-kv0-MW
injected beam should allow generation of a beam suitable
al Tl "1 47\((‘1)\ T for EBDS with average power approaching 100 kW.
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