REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 71, NUMBER 6 JUNE 2000

Construction and testing of an 11.4 GHz dielectric structure based
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We report on the design, numerical modeling, and experimental testing of a cylindrical dielectric
loaded traveling wave structure for charged particle beam acceleration. This type of structure has
similar accelerating properties to disk-loaded metal slow wave structures but with some distinct
advantages in terms of simplicity of fabrication and suppression of parasitic wakefield effects.
Efficient coupling of external rf power to the cylindrical dielectric waveguide is a technical
challenge, particularly with structures of very high dielectric constaVe have designed and
constructed arX-band structure loaded with a permittivig=20 dielectric to be powered by an
external rf power source. We have attained high efficiency broadband rf coupling by using a
combination of a tapered dielectric end section and a carefully adjusted coupling slot. Bench testing
using a network analyzer has demonstrated a power coupling efficiency in excess of 95% with
bandwidth of 30 MHz, thus providing a necessary basis for construction of an accelerator using this
device. We have also simulated the parameters of this structure using a finite difference time domain
electromagnetic solver. Within the limits of the approximations used, the results are in reasonable
agreement with the bench measurements.2@0 American Institute of Physics.
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I. INTRODUCTION tion of material. The recent development of high dielectric

) ] ] constant €~20-40), low loss dielectric materialsQ(
The proposed use of rf driven dielectric based structures_ 1 ggo_40 000) warrants serious consideration of dielec-
for particle acceleration can be traced to the early 1950’s.mC structures as accelerating devi€es.

Since then, numerous studies have examined the use of di-

i e , Another practical problem to be addressed when build-
electric materials in accelerating structéreThe advantages

: : : - ' _ing a dielectric accelerator occurs because the outer diameter
and potential problems of using dielectric material are d's_'of the dielectric is much smaller than the rectangular wave-
cussed in the above references and are summarized here-guide which couples the external rf power to the device.

(1) Simplicity of fabrication: The device is little more Tharefore, impedance matching becomes a difficult task.
than a tube of dielectric surrounded by a conducting cylinrnere is also no previous work in this area to provide guid-

der. This is a great advantage for high frequet®y GH2 e on coupling design. We found that by using a combi-
structures compared to conventional structures where &fja¢on of side coupled slots and tapering the dielectric near
tremely tight fabrication tolerances are required. The relay,q coupling slots, one can efficiently couple the rf power
tively small diameter of these devices also facilitates places.om 4 rectangular waveguide to the circular dielectric wave-

ment of quadrupole lenses around the structures. guide. We have designed and constructed a prototype 11.4
(2) Reduced sen§|t|y|ty to the single bunch beamgy;, gielectric loaded acceleratéFig. 1) to study the rf
break-up(BBU) |n_stab|llty. T_he frequency of the lowest ly- coupling scheme and electrical properties of the dielectric
ing HEM,, deflecting mode is almost always lower than that,\njer high vacuum and high power rf fields. We found that

of the TMy, accelerating mode. by careful tuning of the rf coupling slots and more impor-

(3) Simple reduction of coupled bunch effects: It hasianyy by tapering the inner radius of the dielectric tube near
been demonstrated experimentally that it is relativelyy,q coupling slot, one can obtain a coupling coefficient

straightforward to build deflection damping into dielectric greater than 95%. We have also verified this coupling

structure so that very large attenuatier250 dB/m of all  gcheme using a numerical simulation and report the results in
but TM,, modes can be obtainéd. Sec. IV.

Potential challenges of using dielectric materials in a
high power rf environment are breakdown and thermal heat. TRAVELING WAVE DIELECTRIC LOADED
ing. Dielectric breakdown limits under high power of tens of ACCELERATING STRUCTURE BASICS
MW and with pulse lengths of nanoseconds need to be de- The dielectric traveling wave accelerator has a simple
termined through careful experiments and appropriate selegeometry. Consider a cylindrical structure partially filled
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RE In RE Qut TABLE I|. Dimensions and physical properties of the 11.43 GHz dielectric
Coupling Slots tube.
WR90 Waveguide
} Coefficient Value
Taper Material MgCaTi
Angle - Dielectric constant 20
— Taper angle 8°
Loss tangents 104
Inner radiusa 0.3cm
Outer radiush 0.456 cm
FIG. 1. Dielectric loaded traveling wave accelerator prototype used for the  Frequency of T\j; mode 11.42 GHz
network analyzer measurements. The length of the dielectric is 25 cm and Frequency of HEN}, mode 9.96 GHz
consists of 1 in. long segments. Regions 0: vacuum; 1: dielectric. Group velocityu 0.05%
Attenuation 4 dB/m
. . . . L . Power required 2.6 MW
with dielectric material(e) with inner radiusa and outer (10 MV/m gradient

radiusb, made by fitting a dielectric tube into a conducting
cylinder. There are two ports on the side for rf coupling
purposes, as shown in Fig. 1. The axial electric fields in:sid(v\/he,-reclggJ is the group velocity an is the rf power pass-
the structure can be determined analytically ing through a cross section perpendicular to the axis of the
EO =l o(kr)eikz=wb), structure. The dielectric loss plus wall loss per unit length is
z 0 then found from

E(zl):[BlJo(Sl‘)-l- DlNo(Sr)]ei(kZFWt)' 27f6U gy Rs.9swalldl<H2>
Here,E,, B;, andD; are the field amplitudes in region K Vg(UintUow)  vg(UintUgy’

0 (vac and 1 (dielectrig, respectively, and are related . .
(vacuun (di 19 pectively whereU;, and U, are the stored energy per unit length in

by boundary conditions at the radial dielectric-vacuum inter—th v m and dielectric. r tivelvis the | tangent
face. The wave numbeisands are given by the relations: € vacuum a electric, respectivelyis the loss tange

of the dielectric,f is the frequency of the rf, anRg is the
w? 2 surface resistance of the conductor.
7(1_/3 ), The electric fields in the vacuum region described by
2) Egs. (1) and(3) have very interesting characteristics. When
k—0 in Eq.(2), i.e., the phase velocity of the wavedskE,
is independent of. This implies that there are no focusing
and defocusing forces for a relativistic particle traveling in-
side the vacuum channel. This is critical for emittance pres-
ervation in the linac, particularly for high brightness photo-
injector structures.

©6)

k2=

2
w
s*=—5 (fPe-1),

where Bc=v = w/k, is the phase velocity of the wave trav-
eling inside the tubep determines the synchronism of the
wave and the accelerated particles. By proper choicg bf
and ¢, one can adjust the phase velocity accordinghhis
proposed scheme works not only for acceleration of electrons
which typically have velocity~c, but also for low phase IIll. CONSTRUCTION AND BENCH TESTING OF THE
velocity particle acceleration, such as heavy ipiibe trans- 11.4 GHZ STRUCTURE
verse electric field can be written as We have developed a design for &aband structure
i JE, (11.4 GH2z using the parameters given in Table I. The
E——————— — (3)  choice ofX band for the test dielectric structure permits com-
(wlv)(B7e—1) or parison with the expected performance of rf structures de-
and the magnetic fielth ;= €E, everywhere inside the tube. signed for the next linear collidéNLC),° since this technol-
By matching the boundary conditionsatndb (E, andD,  ogy represents the current state of the art in conventional
continuous, all the field components can be calculated ac-metallic accelerating structures. High poweband klystron
cordingly. rf sources are presently available at SLABigh power tests
The stored energy per unit length in the tube is the of these prototype devices will eventually be carried out
sum of contributions from both vacuum and dielectric re-there.

gions, and can be expressed as The dielectric material is a MgCaTi compound that has a

1 relative permittivity of 20 and can be readily obtained from

u==> f (eE2+HY)rdr=E2u, (4  commercial vendors. The desired group velocity for the NLC
401 structure design is in the 0.630.0% range® The dielectric

whereu is a geometric factor which depends solely on thel0@ded structure has a comparable shunt impedance and
structure geometry and dielectric constanfor a given rf  9roup velocity to the conventionaX-band structure. The

power, the axial electric fielE, in the vacuum channel rectangular waveguide used for rf coupling to the device is
(r(a) can be expressed as WR 90. A complete solution for the dispersion curve of the

0 dielectric structure has been derived elsewHérte disper-
_ P ) sion curves of our device are shown in Fig. 2 for the gfM
0 uBggec/ and HEM;; modes. We would like to point out that one of
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Digperslon Curve of Dielectric Tube Measured Transmission
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FIG. 4. Measured,, between the two optimally coupled ports.
FIG. 2. Calculated dispersion curve of the dielectric tube whose parameters

are shown in Table I.

tube. This tapered section serves as a broad band quarter-
. . - _ . wave transformer for impedance matching. For the structure
the interesting characteristics of this structure is that the freaescribed here, the taper angle was chosen to be 8°. While no

quency of the HEM, mode_(flrst defiection modgis lower . other angles were tested, it is not expected that the taper
than that of the acceleration mode. Because the deflectio

; ) . B i £hgle is critical. The detailed configuration of the tapered
force is a function of sirkg), this implies very different and dielectric structure and coupling slots are shown in Fig. 1.
improved conditions for the single bunch BBU instability

dt tional struct here the HEM al Optimal coupling was obtained by adjusting of the cou-
compared to conventional structures wnere the iEt al- pling slot dimensions and monitoring tl$garameters using
ways higher in frequency than the accelerating] Mode.

. S _,an HP8510C network analyzer until no further improvement
The rf coupling scheme we use here is similar to the S'dﬁ"/\/as observed. Plots of the measur@gparameters versus
qoupled method used for conventlonal_ disk was_her rf Ca\_"?requency for the optimized coupling case are shown in Figs.
ties. Impedance matching of the coupling slots is more dif- and 4. The transmission coefficiey, shows a broad peak
ficult in the highe dielectric case because the outer radius Oﬁ/ith a maximum of~—1.5 dB at 11.435 GHz. The reflec-

the ilezlgctrlc Itube IS Tl:Ch smtalletr than the wa\iegut|d(;a. .thtion coefficientS,; at this frequency<—13 dB. (The struc-
-cm-iong prototype structure was constructed withy, o i thes,; ands,, data is the result of reflections from

the parameters given in Table I. Th.e di.electric mater.ials Werthe joints between dielectric segments from which the struc-
obtained from Trans TechThe device is a constant imped- ture is assembledThe optimized coupling slot dimensions

ance structure with shunt impedance of 70h. Our goal are 4.7 mm(axial) X5.69 mm(transversg We calculated the

isl_to O?t?in Vr?/ax;murg :L trtaﬂ_srﬂissﬁicpr_l through tr|1_e two Cobu'attenuation of the rf in the waveguide to be 4 dB/m using the
piing siots. We foun at high etticiency coupling can be y;q o ctric oss factor of 10¢ supplied by the manufacturer
achieved by tapering the inner diameter of the dlelectrlcand the nominal resistivity of copper, in good agreement

Measured Reflection Simulation of Reflection
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FIG. 3. Measured,; for the optimally coupled waveguide. FIG. 5. Calculated,; using MAFIA.
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Simulation of Transmission

-5 FIG. 7. Calculated TM-like mode electric field pattern displayed using Mi-
crowave Studio corresponding to the fundamental mode of the device.

$,,(dB)

sion parametefs,; is approximately—0.4 dB as shown in
-10 1 Fig. 6, compared te-1.6 dB obtained in the actual measure-
ment(Fig. 4) in which wall losses dominate.

In order to verify the mode coupled into the dielectric
tube is indeed predominantly Tjyl, we have obtained the
45;1.16 11j17 11..18 11119 11t20 11..21 11;22 11..23 11;4 11?25 11.26 ele_CtriC fleld pattern O.f the propagatlng wave at 112 GHZ

1(GHz) using Microwave Studit as shown in Fig. 7. The pattern is
consistent with the expected independence of the axial elec-
FIG. 6. CalculatedS,; using MAFIA corresponding to the parameters in tric field on the radial coordinate in the vacuum channel
Fig. 5. expected for the accelerating FMmode.

We have constructed and studied an 11.43 GHz dielec-
with our measurements. One interesting feature of high ditric loaded structure for particle acceleration. Careful engi-
electric constant loaded waveguides is that the attenuation 'r$eering considerations were implemented. We have achieved
dominated by the copper wall losses rather than dielectriefficient coupling from port to port. A demonstration accel-
losses. We conclude that further reduction of the loss tangerirator for a high power test has been designed and is under
of the dielectric material will not improve the device perfor- construction. Our goal is to achieve 50—100 MV/m gradients
mance unless the outer wall is replaced with a superconso the structure can be used as a viable alternative to con-
ductor. ventional accelerating structures. We also simulated the pa-

We plan to continue engineering studies of this accelerrameters of this structure and the results are in qualitative
ating structure with improved rf coupling and mechanicalagreement with the bench test results. Some practical issues
fixtures to allow operation in vacuum, with the eventual goalconcerning high power breakdown and thermal heating will
of a high power test of a demonstration dielectric acceleratope answered by future experimental studies.
section to investigate issues such as breakdown limits and
thermal heating. With 100 MVXX-band rf power available at
SLAC, we can test this structure at a 60 MV/m gradient,'A‘CK'\IOV\/LEDG'\/IENTS
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