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Analysis and experimental tests have been carried out on a dielectrically lined waveguide, which appears to
be a suitable structure for accelerating electrons. From the dispersion relation for thendde, inner and
outer radii of a copper-clad alumina pipe=9.40) have been determined such that the phase and group
velocities are 0.9732and 0.1096, respectively. Analysis and particle simulation studies for the injection of
6-MeV microbunches from a 2.856-GHz rf gun, and subsequent acceleration by thefi€Ms, predict that
an acceleration gradient of 6.3 Mv/m can be achieved with a traveling-wave power of 15 MW applied to the
structure. Synchronous injection into a narrow phase window is shown to allow trapping of all injected
particles. The rf fields of the accelerating structure are shown to provide radial focusing, so that longitudinal
and transverse emittance growth during acceleration is small and that no external magnetic fields are required
for focusing. The acceleration mechanism is the inverse of that in which electrons radiate as they traverse a
waveguide at speeds exceeding the phase velocity of the micro@eremnkov radiationand is thus referred
to as a microwave inversee@enkov accelerator. For 0.16-nC, 5-psec microbunches, the normalized emittance
of the accelerated beam is predicted to be less tham®n mrad. Experiments on sample alumina tubes have
been conducted that verify the theoretical dispersion relation for thg, Thdde over a two-to-one range in
frequency. No excitation of axisymmetric or nonaxisymmetric competing waveguide modes was observed.
High power tests showed that tangential electric fields at the inner surface of an uncoated sample of alumina
pipe could be sustained up to 8.4 MV/m without breakdown. These considerations suggest that a microwave
inverse @renkov test accelerator can be built to examine these predictions using an available rf power source,
a 6-MeV rf gun, and an associated beam lif®1063-651X96)07408-9

PACS numbe(s): 41.60.Cr, 41.75.Ht, 29.1Fw

I. INTRODUCTION in the waveguide. As the MICA is a smooth bore and the
motion of the particles is rather one dimensional, we expect

The stimulated €renkov effect is a well-understood ; .
) . - that the quality of the electron beam produced will be attrac-
mechanism for generating coherent radiation from an ener-:

etic electron bearfil—3]. The radiating electrons move at tive. The MICA under consideration will use a SLASGtan-
9 : 9 ford Linear Acceleratgr source of microwave power at

speed greater than that of. the velocity of light in the structure, g GHz, and with a bunch length of only 5 psec compared
(hence the namedZenkoy; although there are seyeral Ways (o the rf period of 350 psec, we can expect excellent trapping
to slow light waves, as a general rule the term is used wheg,q occeleration of a monoenergetic bunch of electrons. An-
thg slowlng is caused by a dleleptrlc element. When one do€Sther approachi5—8, the inverse @renkov accelerator ex-
a I|r_1ear|zed treatment of t_he f|el_ds and _the_self-co_nmsterg,erimem at Brookhaven National Laboratory, uses a,CO
motion of the particles, a dispersion relation is obtained fonzser and an axicon to accelerate an electron beam at 40 MeV
growth or decay of radiation in the system. One of the threenergy; the light wave is slowed by introducing hydrogen
roots obtained corresponds to a damped wave; this we idefyas into the beam line. The gas contributes to some electron
tify with the mechanism of stimulated absorption, wherebyscattering, and the main disadvantage of the short laser
an electron will gain energy at the expense of the rf field. Inwavelength is that electrons interact with the wave over the
the discussion that follows we consider the application offull range (27) of phase; that is, the bunch length is long
stimulated absorption in the nonlinear regime of particlecompared to the rf wavelength. In the MICA, the electrons
trapping, which applies to an electron accelerator devicemove down a 1-cm-diam hole in an alumina dielectric liner
This we refer to as a microwave inverserénkov accelera- as a filamentary beam of under 1 mm diameter. The main
tor (MICA) [4]. limitation here is that of the maximum axial field gradient
Acceleration of the electron is done by appropriate phas¢120—-160 kV/cm9]) along the dielectric surface. Shown in
ing of a 6-MeV electron bunch that is emitted from a ther-Fig. 1 is a schematic layout of the MICA.
monic cathode rf gun, so that a continuous accelerating force In this paper we describe first the analysis of a wave in-
is applied to all the electrons, which move synchronouslyside a dielectric annular cylinder fitted into a cylindrical
with the slow rf wave. Variation of the wave speed, if nec-waveguide. We find dispersion relatiofig] for the axisym-
essary, can be done by using a small taper in the filling factometric TMg,-like mode of the system, that is, the mode that
of the dielectric element. Thus the device resembles a r§ives a maximum electric field along the axis. This calcula-
linear accelerator but without the periodic loading structuregion provides both the slowing factor and the distribution of
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Dielectric-loaded Waveguide
% w—ate{j'a-ﬁ FIG. 2. Longitudinal cross section of the loaded waveguide
—J £ 4 showing the axial electric field distribution as well as electron phase
{

positions along the waveguide.

N =S ‘
Dielectrically 1oaded
(”%“'““‘l“:’ aveguee) | (o) axial field strength occurs inside the vacuum-dielectric inter-
' face and so this configuration is not appropriate for electron
acceleration. However, the use of a higlannulus inside a
" circular waveguide maintained a large unifof field in-

o side the hole, which is ideal for an accelerator.
FIG. 1. (a) Schematic diagram of the MICA layout. A preaccel-

erated short bunch of 6-MeV electrons from a rf gun is injected
in the appropriate accelerating phase into the MICA, so that trap- A. Dispersion relation and eigenmodes
ping and further acceleration of the entire bunch can octr.
MICA accelerating section.

()

The axisymmetric modes of this cylindrical dielectric-
loaded system are either TE or TM, and we consider the
i TMg,-like mode of this system, i.e., the mode with finite
fields. In Sec. Ill we analyze the power flow and energysyia| electric field on axis, no azimuthal variations, and one
attenuation of the rf field in the loaded waveguide and findgjia| maximum for the axial electric field. Using the appro-
the group velocity of the field. Based on the single-particleiate houndary conditions at the interface of two differing
dynamics, we then, in Sec. IV, model the acceleration angheia as well as at the outer metallic conducting wall, we

m.otion of electrons in the vacuum fiel_ds of .this devicg. Weggive the Maxwell equations using standard procedi&6k
will show that the beam off-axis effect is not important in the 5,4 arrive at a dispersion relation of the system for JM

MICA. We anticipate that the electron beam self-field effeCteigenmodes namely
is negligible and the normalized emittance is constant ' ’
throughout the acceleration of the bunch, and this is estali-(k;;a)

lished by_ making use of the detailed accelerator_ c_odm

PARMELA in Sec. V. Knowledge of the rf breakdown limits

of the dielectric relates to the maximum acceleration gradient eoKqi J1(K, 28)Ng(K, ,R) —Jo(k, ,R)N; (K, »a)
of the beam, and therefore we design and construct a cavity " o1k, 2 Jo(KL22)Ng(K, 2R) —Jo(K, 2R)Ng(k,oa) ’
resonator with an alumina liner for the breakdown limit test,

which is described in Sec. VI. We conclude with a summary 2.1

in Sec. VII. The objective of this effort is to determine
whether a compact high-quality accelerator of this type iSyhere the functions ofl(x) and N,(x) are mth-order

feasible, and we find that the answer is positive. Bessel functions of the first and second kinds &p(k) is
the modified Bessel functiom andR are radii of the central
Il. DISPERSION RELATION AND FIELD DISTRIBUTION vacuum hole and the outer waveguide wall, respectively, and
OF THE DIELECTRIC-LOADED WAVEGUIDE g, ande, are the dielectric constants of the inner and outer
regions. Obviously, for the central vacuum helg=1. Note
The MICA configuration is a circular waveguide loaded thek, ; andk, , are the transverse wave numbers in region 1
by high< dielectric material, with a small hole on axis for and 2, and in Eq(2.1), we have substitutel?, = —k?, for
passage of the beam as shown in Fig. 2. Before selecting thife slow wave, so that
configuration we explored another dielectric structure, a rect-
angular waveguide loaded by a dielectric slab or slabs. No
conventional TM or TE modes exist in the latter, but rather ks =kZ— K3, 2.2
longitudinal-section electric modes or longitudinal-section
magnetic modes with either zero electric or zero magnetic ) 5 2
field normal to the dielectric surfacell]. The maximum kT ,=e2Kg—Kj, (2.3
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20 ' interference by other nearby modes, since only the
VT T m TE ,-mode with nearly orthogonal polarization is not cut off
' 5 \&R 2 0003 04 85,110 at 2.856 GHz.
. B. rf field distributions
v /c1.0 | L . .
ph HH The electromagnetic fields that are distributed in the two

) va
7

regions are joined at the interior boundary between vacuum
and the dielectric and satisfy conditions appropriate for a
conducting metallic wall at the outer boundary. For the
0.0 TM, modes, only three components exigt cylindrical
oo 0 s Fi/?»o'6 08 1.0 coordinates , #,z), namely,E,, E,, andB,. They have the
0 following forms. When G<r<a (region 1, one has

0.5

FIG. 3. Normalized phase velocity,,/c vs normalized outer Ex(r,z,t) =Eglo(kyir)cog ot —k,2), (2.6

radiusR/\ for the TMy; mode waveguide with an alumina liner K
when the radius of the vacuum hole varies. From left to right, E .(rzt)=—E 220 (Kot Si t—k.z 2
a/R=0 (completely filled, 0.3, 0.4, 0.5, and 1.Qvacuum wave- ra(rz,0) Oky; w(kyf)sin(e 2), (27
guide). Note that fora/R=0.3, vpp=c for R=0.15\,.

e1Ko .
wherek, is the axial wave number of the waveguide §M Bau(r.z,t)=—Eo Kyj Li(kyir)sin(ot—k.z). (2.8
mode andky,= w/c is the wave number in free space for a _
wave of radian frequency. Combining Eqs(2.2) and(2.3, = Whena<r=<R (region 2, one has

we have Eo(r,2,t) =EoGo(k, or)cog wt—k,2), (2.9

k? = (2= )kG— K5 (2.9 K,
E;,(r,z,t)=—Eyi—G(k, or)sin(wt—k,z), (2.10

By eliminatingk, , from Eq. (2.1 using Eq.(2.4), we can Ki2

solve for the multiple eigenvaluds; for the loaded wave- ek

guide, corresponding to distinct numbersf radial maxima Byo(r,z,t)=— EOﬂGl(kizr)sin(wt— k,z), (2.1)
in the rf electric fields of the T\, modes. Accordingly, the Kio

normalized phase velocity,, and guide wavelengthy of here
each mode can be obtained from the respective eigenvalue. It

then follows that o= lo(kqia) (212
RN K2\ —12 ' Jo(k28)No(k, 2R)—Jo(k; 2R)Ng(k, 2a)’ '
L N e (2.5 _ B
No kg Go(Ky2r)=gi[ Jo(ky 2r )Ng(k, 2R) = Jo(K, 2R)Ng(k or)],

(2.13

where \q is the free space wavelength of the field. As an _
example, Fig. 3 shows the normalized phase velocity of the Galki2r)=gil Ja(k, o) No(ki2R) = Jo(k, 2R)Ny (K, 2r)].
TM o, mode as a function of the ratiB/\y. For this ex- (2.14
ample, the dielectric constast, is taken to be 9.4 and the The amplitudeE, is the peak axial field strength on axis. Its
ratio of hole radius to outer dielectric radiagR is taken to  value in the absence of a beam and with negligible power
be O(completely filled, 0.3. 0.4, 0.5, and 1.0ho dielectric at  |osses in the dielectric and the walls can be determined from
all). For the specific configuration ai/R=0.3, one finds the total microwave power transmitted through the wave-
from Fig. 3(second curve from the lgfthat a phase velocity guide after integrating the Poynting vector over the guide
of ¢ and below obtain wheR/\y>0.15, from which one cross section. Figure 4 is a snapshot of relative amplitudes of
finds the design values of outer waveguide radius and holthe field components vs radial coordinatéR. This is a field
radius in terms of the rf vacuum wavelength for a givenprofile seen by a specific electron whose relative phase with
desired phase velocity. respect to the field is very close to and therefore it is

For operation at 2.856 GHz, the frequency of the rf sourceaccelerated by the maximum axial field while suffering little
available for the MICA, one hak,=10.504 cm. Since the influence from the transverse field components. This result
injected 6-MeV electrons have velocities of about 0997 thus establishes that is indeed possible to design a dielectri-
the desired phase velocity is very closectd=rom the curve cally loaded waveguide where the axial electric field in the
in Fig. 3 with a/R=0.30, one selectfk=1.59 cm and beam hole is nearly uniform with radius, having its strongest
a=0.48 cm forv,,/c~1.0. The cutoff frequency of the magnitude on axis, where the beam is to be located.
TMy; mode is 2.69 GHz, and for the T mode it is 6.72 As the acceleration of electrons proceeds, the microwave
GHz. By neglecting the hole, one can estimate cutoff frefield will gradually lose part of its energy to the electrons and
quencies for the T-like and TEy; modes to be 1.80 and thereforeE, will be a decreasing function of axial distance.
3.76 GHz, respectively. The dimensions selected for opera-owever, the rf energy stored in the accelerating structure
tion at 2.856 GHz thus appear to guarantee freedom frorwill be much larger than the energy to be imparted to the
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TABLE I. Phase velocity and group velocity of the Tj¥mode

100 —— ————r . . . . .
' ' IB ' in the dielectric-loaded waveguide for differest.
50¢t (] E
& 0 & vpn/C vglc
g -50 9.35 0.9964 0.1076
w100 9.40 0.9732 0.1096
w150 9.45 0.9516 0.1115
9.50 0.9314 0.1133
-200 9.55 0.9123 0.1150
-250 PRI RS VST R R
0.0 0.2 0.4 0.6 0.8 1.0 9.60 0.8944 0.1168
r/R
JE JE,,  JE, JE,»
FIG. 4. Profile of field component amplitudes w&R for the =VE,; -n;= , =VE,,-n,=— ,
an, ar an, ar

TMjp1 mode with an alumna linea/R=0.3. This is the field “seen”

by an electron whose relative phase to the field is close;tthe wheren, andn, are the unit normal vectors of regions 1 and
electron experiences an intense and uniform axial field but mucté on the interface, respectively. By means of the eigenmode
smaller transverse fields. . -

equations, the second integral may be reduced to the normal-

microbunches that pass through in one fill time. As a resultiZation integral forg, ; then we have

rf power depletion along the MICA will be small, and it is a
good approximation to neglect the small axial decrease of |V, E,i|?dA=2ma +kflf |E,1|?dA,
E, along the beam path. Were the MICA to be operated with r=a Al

strong rf power depletion successive microbunches could en- 3.3
counter diminishing accelerating fields, the final energy of JE
late-arriving microbunches could be significantly lower than 20 A— _ x O22 2 2

that of early microbunches, and the overall beam energy. A2|VLEZ2| dA=—2ma By _ +kizfAz|EZZ| dA
spread could be substantial; this would defeat one goal of the (3.9
research, namely, low-energy spread. A rf beam chopper

would allow only one in ten(or even fewer high-current ~ Substituting Eqs(3.3) and(3.4) into our integrations, conse-
microbunches to enter the MICA, thus ensuring negligiblequently, we get the expressions for transmitted power and

=

energy spread due to beam loading energy per unit length
lll. RF POWER FLOW, ENERGY DENSITY, P= wk J' |E21|2dA+ Tf |E22| dA
AND ENERGY LOSS k
The flow of energy in the loaded waveguide is described 4o o’!EZl e | 1 1 35
by the complex Poynting vector mal By —— vZ vz vz | .
or :aku kKip ki
1
= — — * 2 2
S 4772(E><H ). (3.1 k2

2

€
R e TSR TSN
) o 8w | ki, kT,
Accordingly, the energy density is
€1 €2

+2ma W2 W2
Ky Kiz

1 Zl} L ] (3.6

* * zl 2 . .
W= oo 2(E D* +B-H*). 3.2 ]
Substituting Eqs(2.6—(2.11) in (3.1) and(3.2), we can rep- The last terms on the right-hand side of the above equations
resentS and w in terms of the axial electric field in both indicate power flow and energy in a surface wave that can
regions. To evaluate the total powerand the field energy €xist only on the interface between two differing regions.
per unit lengthU of the waveguide, we integrate the axial Given the level of input rf poweP, Eq. (3.5 can be used to
component ofS andw over the cross-sectional areas, i.e.,determine the amplitude of the axial electric fiélg.

P=/S-dA andU=fwdA The integration requires the use A comparison of the energy per unit length with the
of Green’s first identity power flowP shows thaP andU are exactly proportional to
one another. The constant of proportionality has the dimen-
. 9E; o2 sions of velocity(velocity of energy flow and can be iden-
LWL E.[*dA= fﬁ cB; gn di= fAEZ VIEdA tified with the group velocity ,=P/U. Values ofvy/c and
vpn/C have been computed for the Tgimode MICA struc-
on the boundary surfaces of each regj@é]. The first inte- ture witha/R=0.30 andR/\,=0.15 for a variety of values
gral vanishes on the outer surface of regiofp2rfect con- of ¢, ranging from 9.35 to 9.60, representing the spread cited
ductor condition. However, on the interface between the for commercially produced alumina, depending upon purity.
two regions, care must be taken to consider Results are listed in Table 1. It is seen that the group velocity
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2

JE,
dl, (3.7

an

of the TMy; mode in the loaded waveguide is much slower = c2 £2k3
than the phase velocity. Checking these results, one may find dz _ 3072 jg 7

. T y4 m°0d Jc K|
they are very close to the relatiopw 4= c“/e, the result for

completely filled waveguide. The close agreement arise§nere the integral is taken around the boundary of the wave-

since the unfilled volume only occupies about 9% of theguide,5:(0/\/5)(2/%‘00)1/2 is the skin depth, and- is

waveguide and the stored energy per unit length there ighe electrical conductivity of the conductor. The above equa-

calculated to be only about 3% of the total. tion will allow us to calculate approximately the resistive
MICA operation withv 4 /c~0.10 would be similar to that |osses for the dielectric-loaded waveguide and cavity, using

of conventional rf linear accelerator operation, where lowthe fields we have found for the idealized problem of infinite

group velocities are also employed. In the MICA case, theconductivity in Sec. Il. For pure copper walls,

bulk of the energy is stored in the high-dielectric-constants=1.22x 104 ¢cm at 2.856 GHz, one finds the attenuation

material, while in the conventional linear accelerator the bulkglong the MICA due to Ohmic wall losses to be 0.465 dB

of the energy is stored in periodic structures that act similarlyoyer its 150 cm length.

to cavities. Low group velocity implies that the energy fill-  Turning to the dielectric losses, we express the complex

time is much longer than the microbunch transit time alonggielectric constant as,=¢,—ig;. According to Eq.(2.3),

an accelerator section, so that significant energy depletiofye have

would cause late-following bunches to experience less accel-

eration than early-leading bunches. After several fill times, a K2=k2,—igik3, (3.8

steady state can be reached, but beam loading will reduce the

field amplitudes, bringing about less net acceleration than inherek2,= g k3—k?, andk, is the value of the axial wave

the absence of beam loading. This situation is undesirableumber for the perfect dielectric. We express the axial wave

when the accelerator is designed for high-energy gain andumber for the dielectric ak,=k,,—ik,;, and from Eqg.

high-energy resolution. Therefore one must ensure that the3.8), we solve approximately

energy carried away by the beam during a sequence of mi-

crobunchedi.e., during one fill timer=L/vy) is much less K=Kt 1 2 (ﬁ ° 3.9
than the stored energy. The available rf power is about 15 2r= 20 g €1%0 Ko, '
MW. For a group velocity 4/c~0.10 and a length =150

cm, the total stored rf enerdyL =0.75 J and the fill time is 1 ko

50 nsec. The estimated energy gain is 10 MeV. If one is to kzi;isiko k_z()) (3.10

accelerate 1Delectrons per microbunct0.16 nQ then the

energy gain per microbunch is 1.6 mJ, much smaller than theor alumina with £,=9.4 and (typically) &;/s,=9.4
total stored energy. However, if one microbunch is injectedx 10™°, k,=0.598 (for f=2.856 GH2, andky/k,o~1, we

into each rf cycle(i.e., each 350 psgcthe number of mi-  get k,;~2.64x10°%. In the total length of the waveguide
crobunches per fill time is 143 and the energy carried away=150 cm, the field amplitude will drop from unity to
by the beam in one fill time would be 0.23 J, neglectingexp(— k,;z) ~0.96 due to the dielectric losses, corresponding
beam loading. Since this value is not negligible compared t@o an attenuation of 0.355 dB. The total attenuation due to
the total stored energy of 0.75 J, significant beam loadingjielectric and wall losses is 0.82 dB, corresponding to a
would be expected and the estimate for energy gain is togiminution in field strength along the 150-cm accelerating
large. This undesirable situation can be avoided in the MICAsection of 9.0%. The actual diminution might be expected to
by use of a beam chopper that will reduce the number okxceed this value, since the copper skin on the alumina pipe
microbunches per fill time by a factor of 10; details of the could have a conductivity lower than the ideal value. Fur-
proposed beam chopper will be discussed elsewhere. thermore, poor-quality alumina, with a loss tangent greater
should be noted that beam loading as described here is indghan 10°#, could also give rise to higher losses. These losses
pendent of the particular accelerator structure and depends both the copper skin and the dielectric will reduce the
only upon the group velocity and fill time; usually low group acceleration energy below that calculated for zero loss. This

velocity is chosen in linear accelerators to afford a highephenomenon is examined further in the following section.
acceleration gradient for the same available rf power, as

compared with high group velocity. . IV. PARTICLE MOTION AND ACCELERATION
Power flow considerations discussed so far have applied IN THE WAVEGUIDE FIELDS
to waveguides with perfectly conducting walls and ideal
lossless dielectric. The axial wave numibgrabove cutoff is Substituting Eqs(2.6)—(2.11) in the Lorentz force equa-

purely real in that situation. However, in reality, the wave-tion gives the change in relativistic momentu?s myv of

guide walls will have finite conductivity and the dielectric the beam particles in the MICA, namely,

permittivity of the alumina medium will be complex. Both

factors contribute to circuit dissipation, which might influ- d_P__

ence MICA operation. The above analysis has been extended dt €

to include both Ohmic wall losses and complex dielectric

permittivity. We here summarize the results of these effectswherey is the Lorentz energy factor of a beam electron and
To consider the finite conductivity wall we employ the m is the rest electron mass. In what follows, the fields are not

Poynting vector(3.1) to find the power dissipated in Ohmic self-consistent, in that the mutual effect of the beam particles

losses per unit length of the guide, viz., upon one another is neglected. However, self-field effects

1
E+ —-vXB
c

, 4.0
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TABLE Il. Simulation parameters of the MICA.

L 6.0 P ——
Electron beam parameters 0.2 (@) z=0 40L (1) 2=0
Initial electron energy vo=13 ol .20
Maximum initial transverse velocity B,=2.60x103 C 2‘
Initial axial velocity (6 MeV) B,=0.9970 3 00 ® E 00
Beam radiugcm) r,=0.05 -0.1 1 20t
rb/R=0.032 0.2t 40t
Waveguide parameters 03 L . ’
Waveguide radiuscm) R=1.59 03 02 00 00 01 02 03 60 40 20 60 20 40 80
Radius of vacuum holém) a=0.48 xR 1000 Bx
a/R=0.30 08 e 3 ey
Dielectric constantaluming £=9.4 0a}1® z=t50em | pqt (P2 2= 150 om
Waveguide lengtlicm) z=150 02 210
Waveguide mode Ty c =
Radiofrequency wave BN 0',0' S 00
Field power(MW) P=15 -0.2¢ 1.0
Maximum field strengtiMV/m) E ma= 6.29 0.4 20
Frequency(GHz) fy=2.856 Y A P R
Normalized phase velocity Vpn/c=0.9943 0.6 -04 -02 00 02 04 08 30020 1.0 00 10 20 3.0
Free space wavelengtbm) Ap=10.50 xR 1000 Bx
Waveguide wavelengtfcm) Ag=10.46 08 (af!)‘

041

have been taken into account in simulation studies using
PARMELA as described below. As will be shown, self-fields 3 %'}
are of minor consequence for the beam currents considered -0.2}
for the MICA. The three components of the force E§1) in

cylindrical form are

.41

]
) - . . . L . . . e
0.6 04 -0.2 00 02 04 06 6'?6.0 -4.0 -2.0 OtO 20 40 60

: © R
'Br—'uﬁaz_W_y[(l_lgrz)Er_:BrBzEz_ﬁzBaL ! 1000 Bx

(4.2 FIG. 5. Beam cross section iy space angB,-8, space(al)
and(bl) at the entrance of waveguid@? and(b2) at the end of
. e waveguide with the TN; mode inside, ana3 and(b3) at the end
BotupBr=— m—cz,y[_:BHﬁrEr_,BGBzEz]v (4.3 of waveguide with no rf fields. The vacuum hole radius
a/R=0.30.

and
d'y_ e
. e ) E_ - m_(;[ﬂrEr"'BzEz]i (4.5
B=— m—czy[—ﬁzﬁrEr+(1—ﬁz)Ez—BrBe], (4.4

which explicitly gives an approximate energy expression as

where u= 6 is the normalized angular velocity of electron
and the overdot represents the time derivative of the quanti- m_ eBo7
tiesd/dr, r=ct. ° T m&

The numerical simulation is based on the force Egs.
(4.2—(4.4) with the field components given by EgR.6)— where vy, is the initial electron energy. Whem, is large
(2.11). The parameters used are listed in Table Il. The inpufyo=13, for example, in this cagethe above equation can
6-MeV electrons from the rf gun are taken to be monoenerbe further simplified as y=y,+€|Eo|7/mc®. When
getic but with small transverse velocities that vary randomly|Eq| =210 statvolt/cm(=63 kV/cm), 7=150 cm, it gives
from particle to particle. At the entrance of the waveguidey=31.5, in close agreement with the simulation result. The
they are randomly distributed inside the beam cross sectiovalidity of Eq. (4.6) requires that the relative phase of the
as shown in Fig. @1). Their distribution ing,-B, space is  electrons with respect to the rf field is equal#o checking
shown in Fig. 5bl). the field distribution in Fig. 2, one sees that this corresponds

The acceleration of electrons in the MICA is mainly axial to an initial distribution of particles at the position, /2.
because the intense axial fiely dominates the other field Particles in this position will experience the maximum axial
components near the axis. In Figabwe show the result for field, as we show in Fig. ®). Also shown in Fig. 6(as
15-MW traveling wave power. The electron energy increaseslotted line$ is the result when 10% of power depletion is
almost linearly as the particles move down the waveguidetaken into account, which does not drop the particle energy
An analytical derivation from Eqg4.2)—(4.4) leads to too much. Due to the small difference between the electron

2
y=1+

(4.6
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35 S MR ebr (1 .
@ B =B 0ex - EAkrsm<p0+ CcoSpg | |, (4.8
30 A Y
25 /f( where ¢, is the initial phase of electrons,
¥ / Ak=k,—ko=3.5x10"3, and wheng,=1m, y=22, we get
20 B, =1.1x10"3, which is consistent with the maximuys,
/ in Fig. 5(b2). This calculation shows indeed that radial mo-
15 P tions in the MICA are sufficiently constrained by the rf fields
to maintain a small beam cross section and that particles are
100 25 50 75 100 125 150 confined close to the axis so long ég~ 7 andA ¢<1. By
z (cm) contrast, shown in Figs.(&3 and 3bJ) is the beam cross
-5.8 . . R A section with no rf field in waveguide: in this case the beam
5.9 r=0 (b) Cross sectiqn inBx-By space does not change, .whereas in
T ' ye X-y space is spreads uniformly. Beam spreading becomes
S 6.0 serious when electrons are out of acceleration phase. For
S 61 instance, when patrticles are initially injected somewhere near
T e 2o=0,\4 OF ¢po=0,27, our simulation found that the beam
t‘,N-6-2 S < can neither be accelerated nor focused; instead the electrons
w 6.3 \ / will spread radially and collide with the dielectric wall.
’ In order to further examine radial stability of the MICA
-6-40“"2‘5"'5'0“'7'5 1(')0 125 150 acceleration process, simulations for an injected off-axis
z (cm) beam have been carried out. For example, when the initial

off-axis radial displacement was taken to be 0.5 mm, the
off-axis displacement at the end of the waveguide remained
at 0.5 mm and the beam cross section remains symmetrical.
ﬁ}his is not too surprising since, by reference to the field
distribution shown in Fig. 4, one observes that a small offset
of the beam from the axis does not change by much the fields
. ) experienced by the beam. Furthermore, since
velocity and the wave phase velocity, one may expect thaErl~—Eo(er)sin¢ and By~ —Eq(kor)sing, the radial

the electron will gradually slip from the maximum accelera-forces on an off-axig-directed relativistic particle nearly

tion position, forward or backward depending on whether theancel when the phase velocity of wave is close to the speed
beam is going faster or slower. In the current simulation, wey¢ light.

find a phase slippage df¢~24° in 1.5 m with the electrons

moving ahead of the rf field, corresponding to a slippagev SELF-FIELD EFFECT AND EMITTANCE EVOLUTION
interval of Arp~23 ps. For a rf gun with a beam bunch * .

length of onlyA7,=5 ps, we can expect excellent trapping  |et us now include the self-field effect of electron current
and acceleration of electrons during the entire propagatiofh beam dynamics. The space charge field of a bunch can be
along the waveguide, without a taper of the dielectric eleapproximately determined by the formula for the terminal
ment. In our calculation, the electron energy increases t@pace charge field of a cylindrical bedf8]

about 16 MeV in 150 cm. If the dielectric surface breakdown

FIG. 6. (a) Electron energy as a function of the axial distance
and (b) the axial accelerating field seen by one particle as it move
down the waveguide. The dotted lines are the case when a 10
power depletion is taken into account.

strength is adequate, the electron energy can increase more. 0.1 ag ag| 2
When the electrons are located in a small “phase win- Ef? + a 1+(ﬁ) ) (5.9
0

dow” of acceleration, the radial component of the fiéld

will prevent the electrons from spreading out even though , . i .
the particles have an initial transverse velocity distribution.Where Es is the longitudinal space charge field in MV/m,
Shown in Figs. B2 and 5b2) are the cross sections of the 20 IS the beam radius in cnh,is the.bunch length in cm, and
electrons in the beam at the end of the MICAxry and 9 1S the total ch_arge of the bunch in nC. For a bunch of peak
By-B, space separately. Electrons remain well confined inSurent 10 A with bunch length=>5 psec one hag=0.05
side the hole in the dielectric and the transverse velocigC: |=0.15 cm, and if the beam radiug=0.05 cm, we

spread shrinks. An algebraic analysis from E@s2—(4.4) haveE¢= 0:094 I\./IV/m,.a value that is far below the an.tici-
gives pated applied axial rf field of,=6.3 MV/m. Although this

suggests that one can neglect the space charge for this level
of q, we wish to determine if there are more subtle changes
1 d,Bf e ) ’ in the bunch quality; for this purpose we have conducted
§F=—m[(l—Bl)ﬂrEr—BleEz—ﬁrBzBe]! simulations of the MICA using theARMELA accelerator
(470 ~ code[14].
PARMELA is a versatile multiparticle electron linear accel-
erator code that is widely used in accelerator community
where 82 = 82+ 2. An approximate solution of Eq4.7)  [15]. In PARMELA, the electron beam, represented by a col-
can be obtained whef,—1 andB3< 3?2, namely, lection of macroparticles, may be transformed through a lin-
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TABLE IIl. PARMELA results about beam emittance and energy spread at the entrance and exit of the
waveguide.
z % Epeam 40'(/, 4doe Enxrms €nyrms Enzrms
(cm) (mm) (MeV) (deg (keV) (rmm mrad (7rmm mrad (wdeg ke
0 0.5 6.0 5.78 68.9 3.05 2.90 24.9
150 3.0 15.6 5.83 80.2 3.05 291 25.8

ear accelerator and/or transport system. The self-field effectpe transverse emittance,,ms and Enyms Ar€ constant
(both electric and magnejiare automatically taken into ac- throughout the acceleration, even though the longitudinal
count in the simulation. Since the code usually applies to @&mittancee,,ms has a very slight change because of the
periodic loading structure, it was necessary to modify theminute longitudinal bunching that makes the particle energy
code so that it has the capability of modeling traveling-wavespectrum more narrow. ThiBARMELA simulation is also
acceleration in the smooth-bore MICA structure, based oompared to a test run where the net charge is set to zero: we
the field distribution given by Eq$2.6)—(2.11). In Table Il observe only trivial differences. This shows that the self-field
we summarize some parameters of main interest for a buncé¥fects are not significant in any meaningful detail. However,
at the entrancez=0) and the exit =150 cm) of the wave-  when the beam current is increased, the self-field effects do
guide. Entrance conditions are taken from the rf gun andffect the ultimate beam quality. F®ARMELA runs with
beam line computation, while the output is determined by20-A peak micropulse current a noticeable growth in normal-
our simulation results. The input parameters for the simulaized transverse and longitudinal emittance is found, while for
tion are displayed in Fig. 7. The initial parameters in our200 A the growth is substantial. These results suggest that
PARMELA simulations are the same as we used in the singleachievement of the goal of a normalized transverse emittance
particle dynamics run shown in Table II, except a bunchof 57 mm mrad for 0.16-nC (1%) particles, 5-psec bunch is
charge ofg=0.05 nC is now included. realistic.

Comparing thePARMELA output resultgFig. 8) with the
single-particle resultgFig. 5), we find that in both simula- vi|. MEASUREMENT OF THE DIELECTRIC BREAKDOWN
tions the acceleration gradients, the final particle energy, the LIMIT

beam cross section, and the particle velocity evolution are all . )
in excellent agreement. The 1000 particles usepARMELA A. Analysis of loaded cavity resonator
simulation are all “good” particles, meaning that there isno  The MICA, as described thus far, is a traveling-wave ac-

particle loss in the MICAPARMELA shows very clearly that celerator; however, an alternative arrangement would em-
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FIG. 7. Initial emittance, energy spectrum, and beam cross section of the electron bunch when the space change effect is taken into

account,g=0.05 nC.
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FIG. 8. Beam distribution at the exit of the lined waveguide. The transverse normalized emittance is constant, the longitudinal emittance
has a very slight change, the energy spread becomes narrower, and the cross section of the bunch expands as if there is no space charg

effect.

ploy a reflector at one end to allow standing waves to buildhe forms given by Eqgs(2.6)—(2.11). For the component
up, so that a higher accelerating gradient could be obtaineH,, superposition of equal amplitude waves gives, in regions
for a given rf power. Also, in order to determine the break-1 (hole) and 2(dielectrig, the form

down limits at 2.856 GHz, we have designed and constructed
a cavity resonator with an alumina liner. Thus it is worth-  Ez(r.zt)=Ecolo(ksir)cogk pz)cogwt)  (0O<r=<a)

while to derive formulas for the resonance frequency and (6.9

quality factorQ for a TM resonator constructed with a sec-

tion of dielectric-lined waveguide with conducting plates an

closing the ends. Since the exact value of the alumina dielec-

tric constant of the sample we used was not accuratelyEz2(r,z,t)=EGo(K or)cogk,r)cogwt) (a<r<R),
(6.2

known, we began with a low-power test of the resonant

modes of a simple cavity incorporating an alumina annulus _ _ _
with metallic surfaces, which is coupled to a signal generatowhere E, is the amplitude of the standing wave, and to
and a detector as shown in Fig. 9. satisfy the boundary conditions of zero tangential electric

For a cylindrical cavity of axial lengtl, the rf fields are field at the end planes, the axial wave number takes on dis-

a superposition of forward and backward traveling waves ofrete valuek,,=pw/d, p=0,1,2,. ... Correspondingly, the
cavity resonance frequency is

21172 21172
Output to P Cl_ K2+ pm _ c K2 4 pm
crystal detector Onp ,_81 lin d f_82 12n _d .

(6.3

y

(RF input) 99% pure Silver coating
alumina
A\ For a given microwave frequency (e.g., o=2m7X2.856
—— \
give the longitudinal dimensiod. Conversely, if the reso-
FIG. 9. Sketch of the test resonator fabricated from a short sedMittivity &5.

"\\ GHz) and resonance mode Ty, and using the eigenvalue
M % of the lined waveguide we solved in Sec. I, E§.3) will
_J antennae) i
nance frequency is measured for resonator of given length,
Eq. (6.3 can be used to find the value of the dielectric per-
tion of alumina pipe coated on its exterior with silver paint. Alow  The unloaded quality facto® of the cavity can be ex-
power rf input was used. pressed as
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1 1 1 TABLE IV. Simulation parameters of dielectric-loaded cavity

—= "t —, (6.4 resonator.

Q QW Qd
with contributions from wall losses and dielectric losses ex- Ca:tz parafmeterts holécm) 0508
pressed a®),,=w(U,/P,) and Qq=w(U./P,), whereU Rad!us Of en:,pg, OI crm ;: 1'429
is the time-average energy stored in the cavRy, is the adius of cylindrical cavitycm) Py
Ohmic losses on the wall, arfél is the dielectric losses. To ) a R__0'356
determine theQ of a cavity, we need to calculate the time- L€ngth of cavitycm) d=12.11
average energy stored in the cavity and then determine the Real part of the dielectric constant =9.62

power loss in the walls and in the dielectric. The integral of maginary part of the dielectric constant  &;/e,= 9 4x10°°
(3.6) over the cavity length yields the energy stored in the'f wave parameters

cavity Cutoff frequency(GH2) f,.=3.118
Resonance frequen¢BHz) fy=3.210
Transverse wave number in the héten 1) ki =0.4281
Us= f Udz— | K2 f dzf |Ex|*dA Transverse wave number in the dielectign™t)  k,=2.021
1 Wavelength in the cavity resonat@m) Ag=12.11
Cavity mode TMio
kizf dzf |Eo|*dA Quality factor of the cavity
Q for the conducting walls Q,=7929
d IE,; g1 | &1 £, Q for the dielectric Qy=11070
+27Taf El—— ar deT{kT_ kTH Q of the cavity Q=4620
—a THLEL T2 Power loss ratigMV/m)/(MW) 2 E o PY2=20.32
(6.5
Considering the Ohmic losses on both the sidewall and the
two ends of the Cav|ty the power loss at the walls is cm, while the inner radius is 7% |arQENeverthe|eSS mea-

surements on the samples available still provide a good test
of theory. Raw data for the observed rf transmission by the
2 . . . .
r—rdl cavity is shown in Fig. 1@), over a frequency range be-
tween 3 and 6 GHz. Figure {8) shows a plot of the square

Puw= 32772 05{ kiZJ' %

K2 e2k2 of the 12 observed resonance frequencies in Fifg)M@rsus
+2kT |V, E|2_odA+ ZKTJ |V, E|2_odA}. the square of the resonance index. From @), one sees
119 12 7 A that the slope of this line should be the reciprocal of the

22
ar

2+ E 2
ka | ZZl

(6.6)  relative dielectric constant; for the data in Fig.(B)0 this
reciprocal slope is 9.62. This differs from 9.4, the canonical
The dielectric losses can be determined from the electricalalue taken in the analysis given above, but 9.62 is well
conductivity o= (w/4)¢;, leading to the result within the range quoted for good purity alumina. It is highly
significant that no other resonances for this structure between
3 and 6 GHz were found that did not fit on the line shown in
Pa= 2 4 f fAz Fig. 10b), despite attempts having been made to excite non-
(6.7) axisymmetric modes using a nonaxisymmetric antenna. One
can conclude from this observation that potentially disruptive
The design parameters of an ideal cavity resonator, based d®naxisymmetric modes of the dielectric pipe were not ex-
the sample available, are listed in Table IV. The cavity op-Cited. Calculation of the properties of non-axisymmetric
erates in the TN};, mode; that is , the length of the cavity is modes would be a formidable task, one that these experimen-
one guide wavelength of the T waveguide mode. The tal tests appear to render unnecessary.
cavity has a moderate quality factQr=4620. The relation The vertical intercept for the line in Fig. 1§ should be
between the maximum axial field in the cavity and the poweithe square of the TM-mode waveguide cutoff frequency,
coupled in is also given in Table IV in terms of the param-Which in this case is observed to be 3.216 GHz. For
eterE, ./ PY2 whereP is the total power lost in both walls €2=9.62, R=1.429 cm, anda=0.508 cm, the calculated
and dielectric. value is 3.118 GHz, a value of 3.05% lower than the mea-
_ surement. This discrepancy is not unreasonable, considering
B. Measurements of a loaded cavity resonator the added circuit reactance of the coupling antennas and the
and breakdown results incomplete closure of the end walls. Typiclvalues for the
Measurements were conducted with a resonator fabricateabserved cavity resonances were in the range of 400-500,
from a short section of alumina pipe coated on its exteriomuch lower than the calculated unloaded value of 4620. This
with silver (Fig. 9). The alumina samples, supplied by LSP is also not too surprising, considering the open ends of the
Ceramics, Inc., had inner and outer radii of 1.429 and 0.50&eam hole and the strong external loading that was required
cm, respectively. There are some differences in dimensiont® make accurate resonance measurements on all 12 modes.
between the proposed waveguide and the test cdtlity  However, this exercise emphasizes the need to carefully test
outer radius is 10% smaller than the required value of 1.587&lumina samples prior to acceptance and prior to selection of
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FIG. 11. Sketch of the experimental arrangement used to mea-
/ sure the maximum tangential rf electric field that can be sustained at

an alumina surface.

/c/ to be 33.6Y? V/cm, whereP is the incident power in watts.
This indicates that a field of 63 kV/cm would be applied

/ when P=3.52 MW. In the experiments, the rf power level
was increased over anr12-h period to provide gradual rf

processing of the structure, without allowing the background
/ pressure to exceed210™® Torr. It was found that this pro-

M/ cedure could be continued up to a power level of 6.25 MW,

20

square of frequency ( GHZ' )

15

without evidence of arcing at the alumina surface. This cor-
,,,,,,,,,,,,,,,,,, responds to a tangential field of 84 kV/cm. These observa-
0 50 100 150 tions suggest that acceleration gradients of at least 8.4 MV/m
square of axial mode number should be achievable in the MICA, where a design with su-
perior vacuum integrity and coating of the alumina is
®) planned.

10

FIG. 10. (a) Mode spectrum of the resonator obtained in VII. CONCLUSIONS

measurement-cavity transmission in arbitrary units érdsquare We have studied a microwave invervserénkov accelera-
of the mode resonance frequency versus the square of the axigdr which has an acceleration mechanism similar to that of a
mode number from measurements on the resonator showa.in - conventional rf linear accelerator. However, the accelerating
The reuprqcal of'the slope_ qf the line is 9.62, which can be 'nferredstructure, which comprises a continuous coated ceramic pipe,
to be the dielectric permittivity, from Eq.(6.3). should be less expensive to fabricate than that of the linear
accelerator. In the absence of any periodic loading structures
the final parameters for the 150-cm accelerating sections. lim the waveguide, wake-field generation that can lead to
particular, an accurate advance measurement of dielectremittance growth and beam breakup should be minimized.
constant, phase velocity, and loss tangent must be made frolhus MICA’s advantages of a relatively compact structure,
samples taken from the alumina batch to be used for the fin@mooth-bore design, and no need of magnetic focusing make
accelerating sections. it a very competitive facility as a simple, low-cost electron
Measurements using high-power microwaves applied t@ccelerator.
the alumina samples were also carried out to determine rf In this paper, we have studied numerically the eigenmode,
breakdown limits. Since the cavity described above has resdield profile, energy flow, particle dynamics, and space
nances above 3.2 GHz, an alternative experimental arrangeharge effects; experimentally, we measured the dielectric
ment was devised to subject the alumina surfaces to highreakdown limit of alumina. We find that a thick liner with a
tangential rf electric fields at 2.856 GHpbtained from a high dielectric constant is very helpful not only to store high
SLAC Kklystron. A diagram of the arrangement used is rf energy but also to maintain an intense and uniform axial
shown in Fig. 11. A standing-wave resonance was estalaccelerating field in the central hole. The particle motion in
lished in WR-284 rectangular waveguide using inductivethe waveguide is nearly one dimensional with all input par-
irises. Measurements with the alumina sample in placeicles being accelerated and no interception by the dielectric.
showed this arrangement to give an effective gain of over 1There is no beam breakup and the beam bunches have good
dB, as deduced from signals on the sample probe with anstability even if they are slightly off axis. For the beam cur-
without the irises. Under these conditions, the peak tangerrent under consideration, the space charge effect is not an
tial rf electric field at the inner alumina surface is calculatedissue and the initial low normalized emittance, withiar 3
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mm mrad, is constant throughout the acceleration. The accekery sensitive to the radius of the vacuum hole and tube.
eration gradient in the simulation is 6.3 MeV/m, in which Also, one must pay attention to the matching of the power
case the electron energy increases from 6 to 16 MeV in 15€eding system and the accelerator waveguide because of the
cm. However, without exceeding the breakdown limit mea-substantial difference of the wave group velodity imped-
sured by experimentgreater than 8.4 MeV/inand using ance in these two sections.
higher microwave power and/or a high@r-structure, the
electron energy could increase even more, perhaps in the
range of 10—15 MeV/m if techniques for improving the di-
electric breakdowi9] on the surface using Ti or TiN evapo-
rated coatings can be used successfully. This work is sponsored by the DOE, Division of High
We identify some challenging technical issues such as thEnergy Physics. The authors acknowledge Dr. Hongxiu Liu
finish machining of the waveguide and liner, since the phasef CEBAF for his assistance in runnirfpRMELA for space
velocity of a rf wave in the vicinity of the speed of light is charge effect simulation.
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