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Abstract

We present the design and parameters of single-cell ac-

celerating structures for high-gradient testing at 110 GHz.

The purpose of this work is to study the basic physics of

ultrahigh vacuum RF breakdown in high-gradient RF ac-

celerators. The accelerating structures consist of π-mode

standing-wave cavities fed with the TM01 circular waveg-

uide mode. The geometry and field shape of these accelerat-

ing structures is as close as practical to single-cell standing-

wave X-band accelerating structures, more than 40 of which

were tested at SLAC. This wealth of X-band data will serve

as a baseline for these 110 GHz tests. The structures will be

powered from a pulsed MW gyrotron oscillator. One MW

of RF power from the gyrotron may allow us to reach a peak

accelerating gradient of 400 MeV/m.

INTRODUCTION

Experimental data on the high-gradient performance of

accelerating structures is an important aspect in deciding

the operational frequency for an accelerator. RF breakdown

is one of the major phenomena that limits the achievable

gradient in accelerating structures. Extensive studies on

RF breakdown in copper accelerating structures [1] have

been performed at frequencies as high as X-band [2–6], Ku-

Band [7] and Ka-Band [8–10]. Recently, we have expanded

our experiments to the mm-wave range with beam-driven

accelerators at FACET [11].

The statistical behavior of RF breakdown was observed

during NLC/GLC work [2,4,12,13], where after 105 − 107

pulses at the same RF power and pulse shape, most accel-

erating structures approached a steady state or slowly de-

creasing RF breakdown rate. It is now common practice to

measure and use the breakdown probability to quantify the

performance of accelerating structures.

We propose to use a MW pulsed-power gyrotron oscilla-

tor at 110 GHz [14], originally developed for fusion plasma

heating applications, for high gradient tests of mm-wave ac-

celerators. We are aiming to achieve accelerating gradients

well beyond 100 MeV/m and plan to measure RF breakdown

statistics.

The RF parameters of accelerator cavities scale with fre-

quency. This scaling can be obtained from the cavity ge-

ometry and its material properties. With increased fre-

quency the shunt impedance increases (∝ f 1/2), and the
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energy required to achieve the desired accelerating gradi-

ent is reduced (∝ 1/ f 2). Meanwhile, the surface resistivity

increases with frequency (Rs ∝ f 1/2). For the case of criti-

cally coupled cavities and a pulse length on the order of the

fill time (∼ 2τ = 2Qext/π f ∝ 1/ f 3/2), the pulsed heating

decreases (Rs ×
√

2τ ∝ 1/ f 1/4) for the same accelerating

gradient.

ACCELERATING STRUCTURE

SIMULATIONS

We consider standing-wave accelerating structures with

cavity geometries that allow for direct comparison with ex-

periments at 11.424 GHz conducted at the SLAC National

Accelerator Laboratory [3]. The RF properties of the accel-

erating structures are primarily determined by the a/λ ratio

for the structure where a is the radius of the iris aperture and

λ is the operational wavelength. An example of the geome-

try, field distribution and dimensions for one of the periodic

accelerating cavities at 110 GHz (a/λ = 0.215) is shown in

Fig. 1.

Figure 1: Normalized magnetic and electric field distribu-

tion for the TM01 π-mode of the A0.586-T0.4-Cu accelerat-

ing cavity. For 100 MeV/m accelerating gradient the peak

surface electric field is 225 MV/m and the the peak surface

magnetic field is 0.391 MA/m.
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Figure 2: The cavity profile for the standing-wave acceler-

ating structures.

Ideally, a 1:1 scaling of cavity geometry from

11.424 GHz to 110 GHz is desired to understand how
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Table 1: π-mode, 110 GHz periodic cavity parameters with a cell length of 1.36 mm. Fields are normalized for Eacc =

100 MeV/m accelerating gradient

Name Unit A0.286-T0.2-Cu A0.390-T0.2-Cu A0.586-T0.4-Cu

Stored Energy [μJ] 173 217 336

Q0 [x1000] 3.17 3.26 3.16

Shunt Impedance [MΩ/m] 362 297 185

Max. Surface Mag. Field, Hmax [MA/m] 0.276 0.300 0.391

Max. Surface Elec. Field, Emax [MV/m] 227 229 225

Ke = Emax/Eacc 2.27 2.29 2.25

Losses in One Cell [kW] 37.6 46.0 73.5

Iris Aperture Radius, a [mm] 0.286 0.390 0.586

a/λ 0.105 0.143 0.215

Hmax Z0/Eacc 1.04 1.13 1.47

Iris Thickness, t [mm] 0.2 0.2 0.4

Iris Ellipticity 1 1.35 1.3

Table 2: Single-cell π-mode cavity parameters. Fields are normalized to 1 MW of dissipated power. Accelerating gradient

is defined as the peak surface electric field divided by Ke.

Name Unit A0.286-T0.2-Cu A0.390-T0.2-Cu A0.586-T0.4-Cu

Max. Surface Elec. Field, Emax [MV/m] 916 827 624

Max. Surface Mag. Field, Hmax [MA/m] 1.13 1.13 1.16

Accelerating Gradient [MeV/m] 404 361 277

Max. Surface Poynting Vector, S [W/(μm)2] 549 590 539

S/H2
max [Ω] 430 462 401

Peak Pulsed Heating (20 ns Square Input Pulse) [oC] 156 156 165

the RF performance changes with frequency. Accelerating

cavities with a/λ ratios of 0.105, 0.143 and 0.215 were

extensively studied at X-band [3]. However, practical

considerations related to the ability to manufacture these

structures does not allow for identical geometries scaled

from 11.424 GHz to 110 GHz. Therefore, we increased the

ratio of iris thickness t to λ. We will compare performance

of 11.424 GHz and 110 GHz cavities by considering the

surface electric and magnetic fields, pulsed heating and

peak surface Poynting vector.

In Table 1 we list the RF parameters for the single-cell

structures with periodic master/slave boundary conditions

simulated in HFSS [15]. The outer diameter radius of curva-

ture was increased for the mm-wave structures to allow for

fabrication. This increased radius reduced the ratio of the

peak surface magnetic field to accelerating gradient. We

designed the iris shape to maintain a similar peak surface

electric field to accelerating gradient ratio (∼ 2.25) for all

three cavities.

The periodic structures were used to create single-cell

standing-wave accelerating cavities for our breakdown tests.

This cavity has three cells, but we made the field in the cen-

tral cell twice as high as in the adjacent cells. This was done

to ensure that most of the breakdowns are in the central cell

with boundary conditions that mimic a standing wave struc-

ture with many cavities. The accelerating structure is axi-

ally coupled through a 1.187 mm radius cylindrical waveg-

uide operating in the TM01 mode. On the other side of the

structure there is a 0.660 mm radius beam pipe below cutoff

for the TM01 mode. The cavity profile for the three struc-

tures is shown in Fig. 2. The boundary conditions for the

outer wall are copper.

The RF parameters of the structures is given in Table 2.

The fields were normalized for 1 MW of dissipated power

with which we expect to test them. The electric field, mag-

netic field and Poynting vector along the contour of the

metallic surface plotted in Fig. 2 are shown in Fig. 3. The

electric field on-axis is shown in Fig. 4. Note that for the

same dissipated power the structures have similar peak sur-

face magnetic fields, but the peak surface electric field and

thus the accelerating gradient (given by Table 2) vary by

∼ 50%.

An important parameter to consider is the peak pulsed

heating of the metal surface [16]. In our structures with

1 MW of dissipated power and a 20 ns square pulse from the

source (∼ 2τ = 20 ns), this pulsed heating exceeds 150oC

in all three structures, see Table 2. The maximum surface

temperature vs time for A0.390-T0.2-Cu is shown in Fig. 5.
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Figure 3: The (a) electric field, (b) magnetic field and (c) Poynting vecor for all three standing-wave accelerating structures

on the metallic surface shown in Fig. 2 for 1 MW of dissipated power in the structure.
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Figure 4: The electric field on-axis for the cavities shown

in Fig. 2 for 1 MW of dissipated power in the structure.
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Figure 5: Maximum surface temperature for A0.390-T0.2-

Cu as a function of time when the cavity is driven by a 20 ns,

1 MW square pulse.

FULL RF STRUCTURE

We plan to use a 1 MW 110 GHz gyrotron to power our

accelerating structures. The gyrotron power is transported

in a free-space Gaussian mode. In order to couple into the

accelerating structure we convert the Gaussian beam into

the TM01 mode of a circular waveguide. The profile of the

mode converter is shown in Fig. 6. First, the Gaussian beam

will be focused onto the aperture of a smooth-walled horn

with ∼6 mm beam waist. The horn converts the Gaussian

beam into the TE11 mode with ∼99% conversion efficiency

and is tolerant to miss-alignments and offsets with a reduc-

tion of only 5% in power coupling efficiency for a ±2o tilt or

±1 mm offset. Following the Gaussian converter is a TE11

to TM01 mode converter, which includes a 90 degree bend.

The mode converter has a 97% power conversion efficiency

and a bandwidth exceeding 2 GHz. This bandwidth is larger

than the tunable frequency range of the gyrotron oscillator.

Figure 6: Electric field distribution on the symmetry plane

of the assembly consisting of the mode converter and

the standing-wave accelerating structure A0.286-T0.2-Cu.

Fields are shown for 1 MW in the Gaussian beam.

CONCLUSION

We have presented the design and parameters of single-

cell accelerating structures for high-gradient testing at 110

GHz. The RF design including the performance of the

mode converters may allow us to reach peak accelerating

gradients of 400 MeV/m with 1 MW of RF power from a

110 GHz gyrotron oscillator.
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