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1 INTRODUCTION

Next generation of linear accelerators will have multi-
megawatt rf systems. The RF system of the Next-Linear
Collider (NLC) will have hundreds of waveguide compo-
nents and high-gradient accelerating structures. Waveg-
uide components should reliably handle up to 600 MW of
a400 ns, 11.424 GHz rf pulse [1]. RF breakdown at such
high power could damage these components. For example,
breakdown damageis amajor issue for long term operation
of high-gradient accelerating structures [2]. An extensive
experimental and theoretical program to study phenomena
of rf breakdown is under way in SLAC. This work is a
part of this program. Our experiments with rf breakdowns
in a copper low-magnetic field waveguide are described in
[3]. Here we discuss study of a copper high-magnetic-field
waveguide and a low-magnetic-field waveguide with walls
made of copper, gold and stainless steel. All experiments
are done at a frequency of 11.424 GHz.

1.1 RF breakdown and experimental conditions

We define rf breakdown as a phenomenon that abruptly
and significantly changestransmission and reflection of the
rf power directed to the structure under test. Breakdown is
accompanied by a burst of x-rays and by a bright flash of
visible light. Initiation of an rf breakdown process and the
dynamics of its devel opment are greatly effected by the ge-
ometry of the structure under test, by therf energy available
for the breakdown, and by the external circuit. For exam-
ple, the amplitude of the breakdown electric field varies
from 600 MV/m at 200 ns pulse width for a small cavity
(L. Laurent [4]) to about 200 MV/m at 240 nsin traveling
wave accelerating structures (C. Adolphsen, [5]). Because
of this variation, we have chosen operating conditions for
the waveguide test close to those of high power waveguides
and traveling wave accelerating structures: rf power ~ 100
MW, area of high electric field ~10 cm?; rf pulse width
~ 1 pus; energy absorbed in a breakdown ~ 10 J; gap be-
tween high electric field surfaces ~1 cm.

1.2 Magnetic field

To determine the effect of different geometries on prop-
erties of rf breakdown we designed geometries of two rect-
angular waveguides. We kept such parameters as high-
electric-field surface area and peak electric field for given
input power (80 MV/m for 100 MW) the same for both
waveguides. The mgjor differences are the topology and
the magnitude of rf magnetic field. At 100 MW rf power,
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at region of maximum surface electric field the magnetic
field is 0.04 MA/m in low-magnetic-field waveguide and
0.17 MA/m in high magnetic field waveguide. Thanks to
the simplicity of the waveguede geometry, it was easy to
use semi-analytical and 3D Particle-In-Cell codes for sim-
ulation of the breakdown dynamics.

1.3 Materials

To study the effect of different materials on breakdown
behaviour we have tested gold and stainless steel waveg-
uides together with copper waveguide. Gold was chosen to
evaluate possible effects of heavier ions (atomic weight of
gold 197 vs. 63.3 copper) on breakdown thresholds. We
have used stainless steel A304 for the other waveguide.
This steel is widely used for vacuum components such as
vacuum flanges.

1.4 |Initial contamination

We believe that large rf energy available for the break-
down (up to 100 J) significantly reduces the uncertainty of
initial surface contamination. This assumption was sup-
ported by inspection of the surfaces of the waveguides after
processing. Thisinspection has shown that the surfaces are
drastically modified from their initial condition.

2 WAVEGUIDESOF DIFFERENT
GEOMETRIES
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Figure 1: Maximum surface electric field vs. pulse length
for waveguides with different geometries: circles - high
magnetic field waveguide, boxes - low magnetic field
waveguide.

The width of the low-magnetic-filed waveguide was re-
duced to 1.33 cm (in comparison with a width of 2.29 cm
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for WR90) over alength of 8.71 cm in order to enhance the
electric field by lowering the group velocity to 0.18c, and
force the breakdown to occur in this area. The width of the
high-magneti c-filed waveguide was the same as WR90. To
increase electric field, the height was reduced to 1.27 mm
(from ~1 cm of WR90) over a length of 5.1 cm. Group
velocity in this last waveguide is 0.82c. We subjected the
waveguideto rf power up to 120 MW with pulse widths up
to 1.4 us. We performed the following procedure: pulse
width was set to a certain value then power was ramped
up until rf power was switched off by the klystron con-
trol system. The control system is monitoring vacuum in-
side the waveguide. Burst of gas generated by the break-
downs triggered the control system. We recorded the in-
cident, transmitted and reflected rf power for every pulse;
the intensity of light emission and its spectrum; the inten-
sity of X-rays; and harmonics of the working frequency
of 11.424 GHz. Harmonics were present in the klystron
output as well as being generated by rf breakdown. Depen-
dence of mean value of rf power with it's standard devia-
tion vs. pulse length is shown on Fig. 1. During testing
pulse length was changed randomly. Data obtained dur-
ing first hours of processing is excluded from this graph.
Data for low-magnetic-field waveguide and pulse length
shorter than 400 nsis not shown because maximum electric
field was limited not by the breakdowns but by available rf
power. We list some similarities in breakdown behavior
deduced from the results of this experiment:

1. Transmitted power has a repeatable shape: it drops

—(t—ts)?

off to zero with an amplitude proportional to e EE
(Gaussian-like). Heret is breakdown start time. The

rf pulse startsat ¢ = 0.

2. Transmission does not recover for several microsec-
onds after the breakdown.

3. Up to 90% of the incident rf energy is absorbed after
ts + 27.

4. RF transmission fully recovers after the main rf pulse
has been off for several milliseconds.

5. Light (emitted from the breakdown site) lasts for sev-
eral microseconds after the rf pulse.

6. Spectral lines of the light are mostly from neutral cop-
per atoms (Cu I).

7. Inmost events, the 3rd harmonic (34.272 GHz) signa
from the klystron transmitted through the breakdown
site is shut off by the breakdown.

8. Breakdown produces a 3rd harmonic of the klystron
signal, and, probably, higher harmonics.

9. Characteristic size of the damaged spots on the surface
of the waveguide is ~ 10-100 pm. Some traces have
size of ~1 mm.

Here we list differences in breakdown behavior for the
waveguides:
1. Breakdown electric fields are higher for low-
magnetic-field waveguide by about 30%.
2. Most of breakdownsin low-magnetic-field waveguide
have adrop off time constant ~ between 20 and 200 ns.
For high-magnetic-field waveguide 7 has a value be-
tween 10 and 50 ns.

3. Metal surfaceis damaged morein high-magnetic-field
waveguide. Surface damage on low-magnetic-field
waveguide had a depth of a few wm; in the other
waveguide this depthisin the order of 100 um.

4. Deviation of maximum amplitudes of the break-
down fields at chosen pulse width is larger for low-
magnetic-field waveguide (see Fig. 1).

5. We monitored vacuum pressure by measuring cur-
rents of vacuum pumps. Gas released by a few con-
sequent breakdowns (or even a single breakdown) in
low-magnetic-field waveguide increases the current
by several orders of magnitude. This increase forces
the automatic control system to switch off rf power.
The amount of gas generated by breakdownsin high-
magnetic-field waveguide was much smaller than in
low-magnetic-filed waveguide. We observed thou-
sands consecutive breakdowns (at repetition rate up
to 60 Hz) in this waveguide with minor change in the
pump’s current.

6. In low-magnetic-field waveguide, breakdowns at rf
high power (~ 100MW) and short pulse length (~
300 ns) and breakdowns at longer pulse length had
decreased dark currents. Lower power and a longer
pulse (more than 400 ns) increases dark currents.
We think that the level of dark currents indicates
the degree of metal surface damage. With high
magnetic-field-waveguide we did not observe such
phenomenon.

We tested the effect of low temperature on breakdown
threshold for both waveguides. We cooled the waveguides
by boiling liquid nitrogen in a bath that surrounded the
waveguides for ~2 hours. We didn’t observe any change
in the level of breakdown fields due to low temperature.

2.1 Smulations

We have used the commercia Particle-In-Cell (PIC)
code MAGIC [6] for simulation of the breakdown dynam-
ics in both waveguides. We describe the model and results
for low-magnetic-filed waveguide in [3]. The main differ-
ence in breakdown dynamics between the waveguides is
the time that copper ionsfill the waveguide gap. Thistime
is about one third aslong (~ 10 nsvs. ~ 30 ns) for high-
magnetic-field waveguide; the height of the waveguidesis
8 times different. We think that this difference in ion fill
time could explain observed small difference in drop off
time constant 7.

3 DIFFERENT MATERIALS

We havefollowed the sametesting procedure (asfor cop-
per low-magnetic-field waveguide) for two other waveg-
uides of the same geometry: gold-plated and stainless steel
waveguides.

3.1 Results

The genera properties of breakdown behaviour (com-
plete power shut off, up to 90% of power absorbed, burst
of X-raysand visible light that lasts several microseconds)
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Figure 2: Maximum surface electric field vs. pulse length
for low-magnetic-field waveguides with walls made of dif-
ferent materials: boxes - copper, x - gold plated, diamonds
- stainless steel.

werevery similar for all three materials. Tracesof localized
arcs on the metal surface had similar structure and size.
We think that this similarity is an evidence that the basic
physics of breakdown isindependent of material. Thelevel
of breakdown fields was higher for stainless steel than for
copper and lower for gold as shown in Fig.2. This differ-
ence was obvious from the first hours of processing. The
graph does not show data for stainless steel waveguide for
pulse width lower than 700 ns because we were limited by
available klystron power and breakdowns in the klystron-
to-test-setup waveguide system rather than by breakdowns
in the steel waveguide itself. Breakdown electric field vs.
pulselength characteristic of gold waveguidewasvery sm-
ilar to that of high-magnetic field waveguide: mean values
arelower and deviationsare smaller than that of copper and
steel waveguides.

4 DARK CURRENTS

All waveguides we have tested emitted X-rays during
non-breakdown high power rf pulses. We monitored this
radiation by photo-multiplier-tubes (PMT) with scintilla-
tors. We recorded the dependence of these signals on in-
cident rf power. We fitted results to the Fowler-Nordheim
equation, using PMT voltage instead of dark current. As
a result of the fitting, we obtained amplification factor B
of an X-ray signal. This B is not an exact equivalent of 3
in the Fowler-Nordheim equation. We will not discuss the
relation between B and 3 in this paper. Here we list the
results of these measurements:

1. During processing, B decreased by ~10-20% while
the amplitude of PMT signals dropped by anorder of
magnitude.

2. A breakdown increased or decreased amplitude of
PMT signal by 10-300% and change B by ~10-20%.

3. Sources of X-rays are localized in the waveguide.
Breakdowns change this localization.

4. Waveguides with higher breakdown thresholds have
lower average B: high-magnetic-filed copper waveg-
uide - 120; low-magnetic-field gold waveguide - 125;
low-magnetic-field copper - 80; low-magnetic-field
stainless steel - 47. Since the change of B during pro-
cessing is small, it alows us to estimate breakdown
threshol dsfor given waveguide without extensive pro-
cessing.

5 SUMMARY

Comparison of two geometries shows that macroscopic
geometry is very important in breakdown phenomena.
High-magnetic-field waveguide has a lower breakdown
threshold than low-magnetic-field waveguide. The elec-
tric field gap is much smaller (1.3 mm vs. 10 mm) in the
high-magneti c-field waveguide. This gap dependence con-
tradicts a DC model of the breakdown, where breakdown
threshold decreases with increased gap.

Breakdown properties are also strongly dependent on
surface material. Stainless steel waveguide we tested had a
higher breakdown threshold than copper and gold, and gold
had a lower threshold than copper. Stainless steel and cop-
per have similar thermal expansion coefficients. This simi-
larity makes practical manufacturing of copper-steel struc-
tures. Such structures could have better breakdown proper-
ties than copper-only structures. For instance, tips of irises
in high gradient accelerating structures could be made of
stainless steel.

X-rays initiated by dark currents may help to under-
stand onset of breakdown and estimate breakdown thresh-
olds without extensive processing.
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