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1 INTRODUCTION

The accelerating gradient is one of the crucia param-
eters affecting the design, construction and cost of next-
generation linear accelerators. For a specified final energy,
the gradient sets the accelerator length, and for a given ac-
celerating structure and pulse repetition rate, it determines
power consumption.

In this paper experimental results and problems related
to breakdown damage, pulsed heating, application of new
materials, as well as difference between standing wave
(SW) and traveling wave (TW) structureswill be discussed.

1.1 Earlytests

Due to limited available rf power, early high gradient
experiments were limited to standing wave structures and
short, low group velocity traveling wave structures. In
these experiments the structures have reached very high
gradients. The highest gradient obtained during the SLAC
construction period (1962-1966) is mentioned in [1] for a
short accelerating structure in a resonant ring. It is be-
lieved that this structure reached an accelerating gradient
of 46 MV/m without obvious signs of breakdown. The
surface gradient for this structure was about two times
larger than the accelerating gradient. Early high gradi-
ent research for alinear collider project was published in
Novosibirsk in 1978 [2]. A single S-band cavity was tested
up to 150 MV/m (2 us) surface gradient. The gradient was
limited not by breakdowns but by field-emission currents.
Standing wave structures were tested at different frequen-
cies with reported surface gradient of 340 MV/m (2.5us,
S-band), and 572 MV/m (0.77us, X-band)[1]. For the
TW structures the surface gradient was somewhat lower:
285 MV/m (0.15 us, X-band) [3]. This gradient was
achieved in the first cell of a constant impedance structure
after ~ 107 pulses. Similar results were obtained during
“backward” processing of the DS2 structure [4]. There,
rf power was fed into an output coupler of this close-to-
constant gradient structure and the maximum surface elec-
tric field was in the output coupler cell. The mentioned
structures were mostly built specifically for these high gra-
dient tests. The testing procedure also was aimed for a
maximum achievable gradient. Such parameters as struc-
ture damage, breakdown rate (number of pulses without a
breakdown) or heavy loading by dark current were not an
issue.

1.2 Gradient requirements

There are two linear collider projects that use nor-
mal conducting structures:. NLC/JLC (SLAC/KEK) and
CLIC (CERN). Operating parameters of the NLC/JLC

11.424 GHz accelerating structure are: loaded accelerat-
ing gradient, 55 MV/m (unloaded gradient for TW struc-
ture 70 MV/m), 270 ns flat top pulse (after structure is
filled with rf energy), no degradation of performance dur-
ing decades of operation, and |ess than one breakdown per
10° pulses per meter [5, 6]. Beam dynamics limits the min-
imal irisdiameter. Damping of deflecting wake field modes
complicates the structure design with additional slots and
waveguides. Energy upgrade scenarios for the NLC re-
quire accelerating structure designs with even higher work-
ing gradients. Operating parameters for the CLIC linear
collider are: frequency 29.985 GHz, 150 MV/m average
loaded accelerating gradient, and 100 nsflat top pulse [7].

1.3 Breakdown damage

With development of more powerful rf sources opera-
tional tests of severa prototypes of NLC/JLC 1.8 m TW
structures started in the late 1990s. Some of them have
shown damage with input power ~90 MW and average gra-
dient 50 MV/m (250 ns)[8]. At the CLIC Test Facility, TW
30 GHz copper structures were processed up to accelerat-
ing gradientsof 70 MV/m (16 ns, surface fields 304 MV/m)
with damage in the coupler iris[9]. As a consequence, an
extensive experimental and theoretical programs to resolve
the problems of high power operation of the accelerating
structures were started in SLAC, KEK and CERN. These
programs included testing TW and SW accelerating struc-
tures, high power waveguides, and single cavities.

1.4 Recent results

Several TW structures with lower initial group velocity
and SW structures were built and tested. These structures
require half as much power as high-initial-group velocity
prototypes for the same gradient. It became obvious that
the performance of the these structures was limited by in-
put and output couplerg[6]. The importance of significant
reduction of magnetic field in couplers was understood and
new coupler geometries introduced. All high power sys-
tems were reevaluated for an acceptable level of magnetic
fields.

Copper was replaced by tungsten in the CLIC TW ac-
celerating structures with great results. These structures
were conditioned to very high surface fields (~330 MV/m,
16 ns) without damage [9].

High gradient tests of a TW structure with 3% initial
group velocity and modified couplers started at the end of
August 2002 at SLAC. This structure has an input cou-
pler based on a mode launcher and an output coupler with
large (3 mm) radius edges at the waveguide-to-coupler-cell
iris to reduce the pulsed heating below 30° C (70 MV/m,
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400 ns) [10]. This structure was processed in 10% break-
downs to ~70 MV/m (400 ns) accelerating gradient with-
out obvious coupler-induced breakdowns. At the time of
publication thistest is ongoing.

2 RFBREAKDOWN

RF breakdown is a mgjor factor determining the oper-
ating gradient of an accelerating structure. It leads to dis-
ruption of operation and damage of the surface. Character-
istics of rf breakdown and multiple theories of breakdown
physics could be found in [1, 11]. The scope of this pa-
per will be limited to properties of rf breakdown that ef-
fect accelerating structure design and operation, such as
the breakdown rate and the damage induced by the break-
downs. Although these parameters are not independent, the
breakdown rate is most probably determined by the am-
plitudes of surface electric and magnetic fields, geometry,
cleanliness and conditioning history, while the damage is
more related to power and energy absorbed during a break-
down event.

2.1 General properties of the rf breakdown

RF breakdown is a phenomenon that abruptly and signif-
icantly changes transmission and reflection of the rf power
directed to the structure under test. Breakdown is accom-
panied by a burst of x-rays and by a bright flash of visible
light. Listed here are some properties of the rf breakdown
in TW structures and waveguides [12]:

1. During abreakdown event transmitted power shuts off
completely.

2. Time constant of the power shut-off is 20200 ns.

3. Upto 80% of the incident rf power is absorbed by the
arc.

4, Light (emitted from the breakdown site) lasts for sev-
eral microseconds after the rf pulse. Spectral lines of
thislight are mostly from neutral copper atoms.

The breakdown behavior of standing wave (SW) structures
[1] isvery different from that of TW structures. In the TW
case, a mgjor part of the rf energy is absorbed by break-
down currents; in the SW case, rf energy is reflected from
the structure. After breakdown starts, reflected energy in-
creases during ~100 nsin the TW case, and in ~10 nsin
the SW case.

3D and 2D particle-In-Cell simulations of the break-
down dynamics give a possible explanation of the break-
down development [12]. The simulation was based on a
model of a*plasma spot”[13]. The breakdown was simu-
lated by creating emission spots in the structure (spot size
2 mmZ...100 mm?). Space-charge limited emission of el ec-
trons from the spot was used. A beam of copper ions was
generated in the same area with a predetermined current
density. The main results of these smulations for TW
structures and waveguides are:

1. The mgjor energy exchange between incident rf fields
and particles comes from the interaction of the rf elec-
tric fields with electrons (not with ions). Electrons
cross the gap in the waveguide or accelerating struc-
ture cell in ashort time (~ rf period).

2. The éectron current must be several kA to signifi-
cantly effect the rf power transmission. Space charge-
limited emission of electrons without ions cannot pro-
duce and sustain the required current densities.

3. lon currents must be 10-100 A to disrupt the transmit-
ted power. The space charge fields of the ions com-
pensates the electron space charge fields. This com-
pensation allows the generation of kA of electron cur-
rent. The time constant for the drop off of transmitted
power is 10-20 ns and is related mostly to the process
of filling the waveguide gap or accelerating structure
cell with copper ions.

4. Without electrons, the ions do not move significantly
during the rf pulse. In the presence of the space-
charge limited electron flow, the ion beam crosses the
waveguide in about 30 ns and fills the accelerating
structure cell in 20 ns at 60...80 MW of input power.
The oscillating space charge field of the electrons adds
adc component to the rf electric field that accelerates
theions.

5. A dignificant portion (50-80%) of the emitted elec-
trons and ions returns to the emitting spot and the sur-
rounding area.

6. Up to 50% of the input power can be absorbed by the
ion-electron beam in the waveguide and up to 60% in
TW accelerating structure. To explain the absorption
of an additional 20% the model requires the introduc-
tion of some effects associated with the interaction of
electrons with neutral copper atoms and possible ex-
pansion of the emission spot.

The main results of the SW structure simulations are:

1. Electromagnetic fieldsin the structure collapsejust af-
ter emission starts. Currents pass across the whole
cavity and absorb a mgjor part of the stored rf energy
in a few nanoseconds, compared to a filling time of
~100 ns.

2. The currents detune the whole structure, causing the
m-resonance to shift from the working frequency. This
shift causes rf energy to reflect from the input iris of
the structure.

The main conclusion from the experiments and simulations
are: 10-100 J of energy deposited by ion-electron currents
in alocalized spot has big damage potential; SW structures
are less likely to be damaged by the breakdowns.

2.2 Damage

Damage in accelerating structures leads to changes in
the phase-advance-per-cell in TW structures and in the fre-
quency shift of the r-resonance and changes in distribu-
tion of amplitudes in SW structures. Phase advance per
cell and resonant frequencies are measured during the high
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power processing using rf signals excited by a beam pass-
ing through the structures, as well as after the processing
using bead-pull techniques. Measurements of the 1.8 m
TW prototypes have shown that the input part of the struc-
tures is damaged [8]. The output part of these structures
had lower local rf power and lower group velocity (5%—
2%) and was damaged significantly less than the input part.
Further experiments were done with low input group veloc-
ity TW structures (5%—3%) and SW structures. The main
results of these experiments are:

1. Most of the damage for both TW and SW structuresis
concentrated in input couplers.

2. There is clear correlation between loca rf power
(or group velocity) and induced damage. For TW
structures with 3% group velocity and input power
~50 MW (400 ns) damage in the body of the structure
is barely measurable (but the input coupler is dam-
aged).

3. The fraction of the rf pulse energy absorbed in the
breakdown arcs (body of TW structures) has no ob-
vious correlation with the total pulse energy, incident
power, group velocity or position in the structure.

4. Thereis no obvious correlation between the absorbed
energy and the damage.

5. There is no obvious correlation between the absorbed
rf power and the breakdown fields for the low group
velocity TW structures. The test structures were de-
signed with constant maximum surface electric fields
and a large variation of the group velocity along the
structure (5%— 3.3%, 3.3%— 1.6%, 5%—1.6%, €tc.).
The bodies of the structures(couplers excluded) were
broke down uniformly over the length.

The absence of correlation between absorbed rf power
and breakdown fields in TW structures is counterintuitive.
However maximum gradient in these structureswas limited
by breakdowns in the couplers. Thus the coupler break-
downs could mask dependence between absorbed power
(and energy) and the breakdown fields.

Experiments done at CERN with constant impedance
30 GHz structure (16 ns) have shown severe damage in the
coupler on the first structure iris [9]. Location of the dam-
age is well correlated with the maximum surface electric
fields.

3 RFBREAKDOWN AND HIGH
MAGNETIC FIELDS

3.1 Experiments

There is overwhelming experimental evidence that high
magnetic fields induce breakdowns in the couplers of low
group velocity TW and SW structures [6]. The maximum
gradient in al of these structures was limited by break-
downs in couplers and the damage was concentrated in
couplers. Detailed study of the coupler breakdowns has
followed.

The breakdowns produce mechanical shock. The shock
waves were registered by acoustic sensors [14] installed
on the input coupler of a TW structure. The data have
shown that the location of the source of the acoustic signal
is correlated with the location of waveguide-to-coupler-cell
irises.

A video-camera was used to obtain images of the arc
in the SW structures. Averaging of more than 100 images
shows that the visible arc location, again, corresponds to
thelocation of the waveguide-to-coupler-cell irises. An au-

Figure 1: SEM image of inner edges (cell side) of the
waveguide-to-coupler-cell irises.

topsy of aTW structure has shown that the inner edges (cell
side) of the waveguide-to-coupler-cell irisesare eroded (see
Fig. 1)while the outer edges (waveguide side) are al-
most intact[15]. Detailed calculations using commercial

Figure 2: Temperature distribution on the inner edge
of the waveguide-to-coupler-cell iris (maximum current
0.7 MA/m, 400 ns).

3D electrodynamics code HFSS™ [16] and a 2D electro-
static code TOPAZ [17] have shown that the surface mag-
netic field peaked at the inner edge of the iris and reached
~0.7 MA/m (accelerating gradient 70 MV/m). A simple
1D linear model of rf heating predicts a pul sed temperature
rise of ~ 130° C (400 ns) as shown on Fig.2. The ac-
curacy of the temperature calculation is determined by the
mechanical tolerances of the small radius (~ 80 4+ 30um)
and by thevalidity of the 2D approximation of the magnetic
field distribution. The accuracy is estimated to be +30%.
It is unlikely that a temperature rise of ~ 130° C can, by
itself, produce breakdowns. Some other phenomena should
be present to explain the erosion, acoustic and video data.
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Further analysis of the experimental data have shown the
following properties of the coupler breakdowns:;
1. The breakdown rate is determined by input rf power
and pulse width is roughly constant over hours and
sowly increases.

2. The breakdown rate (number of pulses without break-
down) is roughly independent on the pulse repetition
rate.

3. The breakdown rate has a clear correlation with
the pulsed temperature, calculated using a primitive
model of rf pulsed heating. The breakdown rate has a
threshold and grows above the threshold amost expo-
nentially with the temperature. The cal culated thresh-
old valueis60-100° C for different accelerating struc-
tures.

3.2 Discussion

Mechanical damage due to pulsed heating is discussed
in[18, 19]. The model described in [20] suggests that the
mechanical fatigue accumulates with each pulse and (after
certain number of pulses) macroscopic change occurs (Sim-
ilar to creation of adislocation). Thismodel is supported by
the experimental data on coupler breakdowns with an addi-
tional assumption that this macroscopic change triggersthe
rf breakdown. The physicsof the surface heating also needs
verification, since other effects, like multipactor discharge
in strong magnetic fields, could increase surface the tem-
perature together with ohmic losses. There is experimental
data that is not consistent with the simple model of the rf
pulsed heating: 5.5 cell X-band rf gun [21] operates with
alow breakdown rate (probably, below the pulsed heating
breakdown threshold) for the calculated maximum pulsed
temperature rise about 130° C.

3.3 Solution

A practical solution of the coupler breakdown problem
was obvious. the design of all couplers was changed to
reduce pulsed temperature rise below 50° C. Several solu-
tionswereintroduced [10]: a coupler with increased radius
of waveguide-to-coupler-cell iris (to 3 mm from ~ 80um);
amode launcher coupler (this coupler has temperature rise
~ 3° C); and a coupler with an rf choke in the rectangular
waveguide.

The first two couplers were used in a TW structure with
a 3% initial group velocity that is currently under test at
SLAC. No noticeable enhancement in the coupler break-
down rates relative to the other cells has been observed at
the time of this publication (September, 2002).

Since the effect of high magnetic field was understood,
all new high power components were redesigned to reduce
the pulsed temperature rise below 50° C.

4 MATERIALS

Use of different metals and alloys for high gradient
structures has great potential. Unfortunately, experimen-

tal data for materials other than copper are sparse and,
sometimes, contradictory. Recent CLIC experiments with
a tungsten structure were very successful: the breakdown
field was increased up to 340 MV/m (30 GHz, 16 ns) with-
out damage[22]. This experiment clearly shows the advan-
tage of tungsten over copper for short 16 ns pulses and fur-
ther work is under way to test the structure with the CLIC
pulse width of 150 ns.

Tests of waveguides have shown that gold has a lower
breakdown field than copper and behaves very similarly to
copper waveguide with reduced height [25]. Tests of a 304
stainless steel waveguide have shown a significant increase
in the breakdown field and, again, breakdown behavior was
different from a copper waveguide of the same geometry:
unlikefor the copper waveguide, processing of the stainless
steel waveguide has been possible with along (> 400 ns)
pulse.

Stainless steel and Glidcop”™ were tested in the win-
dowtron experiment[11]. Stainless stedl performed worse
than copper, and this poor behavior was attributed to sur-
face preparation. In spite of good mechanical properties,
Glidcop™™ had lower breakdown fields than copper. The
praobable cause for this is aluminum inclusions responsible
for good mechanical properties.

Tests of an S-band cavity with noses made of tita-
nium did not show significant improvement in breakdown
fields over copper, although dark currents were dramati-
cally decreased[23]. Testsof niobium and SiCinan L-band
coaxial cavity have not shown a significant difference from
copper[24].

Of all the experiments described above, only the waveg-
uide tests had a pulse energy similar that required for the
TW accelerating structure operation. Since stainless steel
performed well in this experiment and matches the expan-
sion of copper, it could be incorporated into accelerating
structure design. Other materials, such as tungsten (CLIC
study is very encouraging) and molybdenum, could also be
considered for their high melting temperature and damage
resistance and, obviously, need more study.

5 TW STRUCTURESVS SW
STRUCTURES

Investigation of the SW option for alinear collider was
motivated by early very successful tests of high gradient
SW structures and single cavitieg[1, 11]. Also, experimen-
tal study suggested that with lower absorbed power and en-
ergy in breakdown arcs, a higher gradient could be reached
(low-Q cavity vs. high-Q cavities[11], high group velocity
vs. low group velocity waveguide [25]).

It was expected that SW structures could be conditioned
to ahigher gradient than the TW structures because the in-
put power for a SW structure is lower than for a TW struc-
ture, and narrow-band properties of the SW structure re-
duce the power-absorbed-in-the-arc. Another advantage of
the SW structure isthat, unlikein TW structure, the loaded
gradient isequal to the unloaded gradient. For NL C param-
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eters, this means that the SW structures have to operate at
55 MV/mvs. 70 MV/m for the TW structures.

Advantages of TW structures are: 1) fewer couplers per
meter of accelerator (a 60 cm TW structure has 2 cou-
plers vs. 3 couplers for 60 cm of SW structure); and 2) a
conservative and experimentally tested wakefield damping
method.

High power tests of 9 low group velocity TW structures
(initial group velocity 5%—3%, length 105 cm—20 cm),
and 3 pairs of SW structures (15 cells, 20 cm) have shown
that the gradient is limited by breakdowns in the couplers
and the breakdown damage is concentrated in the couplers
[10]. Breakdown rates in the regular cells of these struc-
tures were close to the rate acceptable for the NLC.

Since the high gradient in these structures is limited by
the couplers, new tests are planned for both SW and TW
structures with redesigned coupl ers (maximum pulsed tem-
perature rise in the couplers < 50° C).

6 DISCUSSION

Low-group-velocity-TW and SW structures with new,
low-magnetic-field couplers will, likely, satisfy or exceed
NLC requirements, and current experiments with a new
TW structure support that. With the coupler problem
solved the other phenomenawill limit the gradient.

One obvious limitation is the breakdowns due to pulsed
temperature rise (67") in cells other than the coupler cells.
The cells become important because the pulsed tempera-
ture rise in the new couplers (like mode-launcher-coupler)
is lower than in the structure body. The 4T in a structure
cell is proportional to E2./7,/Rsp, Where E, isthe accel-
erating gradient, Ry, is the shunt impedance, and ¢,, isthe
pulse length. For NLC parameters this gradient is above
160 MV/m (400 ns, 7" > 100°C). Introducing slots for
the wakefield damping will reduce this limit. NLC cells
with slots are redesigned to keep the value of 67" aslow as
possible [10].

Another limitation for the gradient is the loading of rf
power by field emission (dark) currents. This problem was
noted in the early experiments [2]. The power P absorbed
by the current is a very strong function of the surface fields
E;: P ~ EY%, where o ranges from 9 to 20. Since, in
resent tests of the SW and TW structures, dark-current-
loading was not observed with surface electric fields up
to 200 MV/m the gradient limited by this phenomena is,
likely, above 100 MV/m.

Other limitations, such as possible reduction of break-
down fields with increased absorbed power, are yet to be
studied.
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