Director’s Corner
David L. Burke

New accelerators for high-energy physics are
developed today almost exclusively at major
laboratories. But it was not always this way. Linear
accelerators, cyclotrons, and synchrotrons were
invented, and originally built and operated by
university scientists and engineers in the
basements of their campus departments. As the
size and cost to build and operate these machines
outgrew the space and resources available to
university departments, independent laboratories
were created and funded by the federal govern-
ment to provide particle beams for researchers.
The intellectual center of the sciences and
technologies of high-energy accelerators shifted to
the “Big Labs.” There is a movement afoot by a
growing number of university and ‘Big Lab’
scientists to share some of this intellectual
challenge. As one patrticle physicist was
overheard to say, “Accelerator physics is too
important to be left to the experts!”

This redirection of interest among university
physicists is important and very welcomed. A
series of grassroots organizational meetings has
brought together university and laboratory
scientists to develop proposals for work to be
done at universities on the physics and technolo-
gies of linear colliders. [http://scipp.ucsc.edu/LC/
] Federal agencies, NSF and DOE, are looking to
match this initiative with targeted funding, and the
U.S. Linear Collider Steering Committee is putting
into place a process to review and coordinate
these proposals with each other and the larger
world-wide linear collider R&D effort. The NLC
Collaboration is working closely to support this
process.

The international scene also continues to be
vibrant. The 8" ISG meeting [http://www-
project.slac.stanford.edu/Ic/ilc/ISG_Meetings/
1ISG8/nicisg8.htm] brought a large contingent of
researchers from KEK to SLAC June 25-28.
Working groups focused on collider parameters,
damping ring issues, and X-band rf systems held
extremely active reviews of experimental results
and planned activities for the coming year. The
scope of the ISG has expanded to include working
groups on site requirements and cost estimation.
Future editions of NLC News will report on these
new ISG activities, and articles in this edition
cover important aspects of the technical R&D.

NLC News

Update on Structure High Gradient
Development
Chris Adolphsen

Much progress has made in understanding high
gradient performance since the previous report in
NLC News last August. The advances result from
an aggressive experimental program, which in the
past year included the completion of tests of three
pairs of low group traveling wave structures (‘T
series), an initial test of a pair of high phase
advance traveling wave structures (‘H’ series),
and operation of three pairs of standing wave
structures. A brief summary of the results from
these studies follows.

The six structures in the ‘T’ series were built with
different lengths (20, 53 and 105 cm) and initial
group velocities (5% and 3% c) to study how
these parameters affect high gradient perfor-
mance. The methods of cell manufacturing and
cleaning for these structures also differed. Three
of the structures cells were fabricated using poly-
crystal diamond turning by a vendor near SLAC,
and three were made at KEK using single-crystal
diamond turning. Before assembly, the KEK cells
underwent little (0.3 nm) or no etching as part of
their cleaning procedure, while the SLAC cells
were more deeply etched (either 1.5 or 3.0 nm).
After assembly, all structures went through a pre-
processing procedure that included ‘wet’ and ‘dry’
hydrogen firing at 950 °C, a two-week vacuum
furnace bake-out at 650 °C, and a one-week in-
situ bake-out at 220 °C. The program of high
gradient tests, which ran from March 2001 to April
2002, took place at the NLCTA, which delivered a
total 3000 hours of high-power rf at 60 Hz during
this period. The key results are listed below.

1) The structure processing started at a higher
gradient (55-65 MV/m) compared to that (35-45
MV/m) for the earlier, 1.8 m, 12% c initial group
velocity structures. In addition, much lower
damage was observed in the ‘T’ structures at
gradients above 70 MV/m than in the 1.8 m
structures at gradients of 50-70 MV/m. The
breakdowns in the ‘T’ structures occurred fairly
randomly in position along them, whereas in the
1.8 m structures, they occurred mainly at the
upstream end where it appear that a single
breakdown would spawn a series nearby
breakdowns (so called ‘spitfests’).

2) After processing to 80-85 MV/m, the break-
down rate at 70 MV/m (the nominal NLC
unloaded gradient) was dominated by events in
input and output couplers. The rf signature of
these events was distinct from those in the body
(i.e., all cells except the two coupler cells) and
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was similar structure-to-structure. However, the
breakdown rates in the twelve couplers varied
greatly, from < 0.1 per hour to 5 per hour, and did
not decrease over time. For comparison, the NLC
requires NLCTA-equivalent breakdown rates of <
0.1 per hour.

An autopsy of the input coupler of one of the
structures revealed melting on the edges of the
waveguide openings to the cell and extensive
pitting near these edges and on the coupler iris. It
was realized that these edges see large rf currents
that are a strong function of their sharpness, and
that the associated pulse heating can be signifi-
cant. By design, the edges in the ‘T’ structures
were sharper (80-nm radius) than those in the 1.8-
m structures (500-nm radius), which did not have
coupler breakdowns like those in the ‘T’ structures.
The predicted pulse heating for the ‘T’ structures
is 130-170 °C, well below the copper melting point,
but high enough to produce stress-induced
cracking, which can enhance heating.

Although the mechanism by which the pulse
heating leads to breakdown is not understood, their
association would explain a number of observa-
tions. For example, the differences in the coupler
breakdown rates could be explained by differences
in the waveguide edge sharpness (the intent

during manufacturing was to debur the edges, not
precision machine them). The connection between
breakdown and pulse heating should become more
clear when tests of structures with lower tempera-
ture rise couplers (< 50 °C) begin in September.
The renewed awareness of pulse heating has also
led to design changes in other components
including DLDS hybrids and the manifold slots for
damped structures.

3) The breakdown rates in the body of the
structures (i.e., excluding the couplers) at 70 MV/
m gradients are close to acceptable for the NLC.
For the three 53 cm, 3% c initial group velocity
structures that were run at 70 MV/m with the NLC
design pulse width of 400 ns, the breakdown rates
were < 0.1, 0.2 and 0.3 per hour, respectively (the
goal is < 0.1 per hour). Due to the high coupler
breakdown rate, the processing of latter two
structures were limited to 76-78 MV/m with 400 ns
pulses, which may have lead to their poorer
performance at 70 MV/m.

4) Breakdown-related damage in the structures
was smaller at lower group velocity, as was
observed in the 1.8 m structures. The damage was
measured by the change in the rf phase advance
profile along the structures, which can be
expressed as an equivalent volume of copper
removed from the cell irises. In a test where a 53



cm, 3% c initial group structure was run in parallel
with a 53 cm, 5% c initial group velocity structure,
the copper removed per breakdown was 7.5 times
larger in the higher group velocity structure. The
increase in damage with group velocity was also
seen in a 105 cm structure whose upstream and
downstream halves share the same cell designs
with the 53 cm, 5% c and 3% c structures,
respectively. The phase shift profile along in 105
cm structure is similar to that expected from
individual profiles measured for the 53 cm
structures, suggesting that the damage is a local
phenomena and so does not depend on structure
length (e.g., via secondary breakdowns during the
same pulse). Finally, the net phase change in the
53 cm, 3% c structure after 1200 hours of
operation, including processing, was only 0.5
degrees. Such a change would likely be accept-
able for the NLC, even in the unlikely case where
the phase change would continue to increase at
thisrate.

5) Although better handling and preprocessing
procedures were adopted for the ‘T’ structures, a
large variation in the initial processing rates was
still observed. Of the three pairs tested, one pair
processed about 10 times faster than other two in
terms of the number of breakdowns required to
each a gradient of 75 MV/m. The processing rate
was similar for each structure in a pair, regardless
of group velocity, length, and method of cell
manufacturing and cleaning. This suggests that
whatever changes occurred to affect the
processing rate happened when the structure
pairs were together, such as during the baking
procedures. One conjecture is that during the
cool-down period after vacuum firing, some of
pairs were inadvertently exposed to oxygen before
they reached room temperature, and that this
produced oxidation that caused the slower rf
processing.

Although the results from ‘T’ structures are
encouraging, their average cell iris radii are too
small to meet NLC short-range wakefield
requirements. To increase the iris size while
maintaining a low group velocity, a structure
design with thicker irises and a higher phase
advance per cell (150° instead of 120°) design
has been adopted. Two of these ‘H'’ type struc-
tures have been built, one 60 cm long with an
initial group velocity of 3% c, and the other 90 cm
long with an initial group velocity of 5% c.

The structures were installed in NLCTA in April.
During their in-situ bake, a vacuum leak occurred
at a temperature of about 130°C, which likely
caused oxidation. After the leak was fixed and the
in-situ bake was redone, both structures
processed poorly, with breakdowns occurring
throughout them at gradients of about 35 MV/m
with 50-ns pulses. The 5% c structure was
subsequently removed and is going through the
full preprocessing cycle again. It should be ready
for test near the end of July. If removing the oxide
dramatically improves its performance, it would
help explain why even a slight oxidation may have
affected the ‘T’ structure processing rates. During
the next year, several more ‘H’ type structures will
be tested, culminating in one that is fully damped
and detuned for wakefield suppression.

Another approach being explored for achieving
higher gradients is to use short standing wave
structures that require much lower peak power

than the traveling wave structures. The standing
wave structures tested so far are 20 cm long,
contain 15 cells and have a beta coupling of one
or two. They are operated in pairs, which allows
the power reflected from them during their
approximately 100 ns fill/discharge periods to be
routed to loads.

Three such pairs have been tested during the past
year. However, only one pair performed well at the
NLC loaded gradient of 55 MV/m and flattop pulse
width of 270 ns (unlike the traveling wave
structures, the standing wave structures do not
need to operate above the NLC loaded gradient).
After processing, the average breakdown rate for
this pair at 55 MV/m was about 0.1 per hour per
structure during a several-hundred-hour period,
which is about a factor of two higher than desired
for these short structures. Also, no discernable
shift in frequency (< 100 kHz) was measured in
either structure after 600 hours of operation. The
other pairs showed higher breakdown rates (> 1
per hour) at 55 MV/m and frequency shifts of a
few hundred kHz.

From rf and optical measurements made during
operation and after removal from NLCTA, it
appears that most of the breakdowns occurred in
the coupler cells of the standing wave structures.
The structure performance roughly correlates with
the predicted temperature rises on the input
waveguide edges in the coupler cells. That is, for
NLC running conditions, the temperature rise for
the best performing pair was 40 °C, while that for
the other two pairs was 60 °C and 150 °C. In the
next pair of structures to be tested, a coupler with
a lower temperature rise (< 20 °C) will be used,
and choke mode cells will be included to test their
high gradient properties in preparation for their
use to damp wakefields.

15 Cell, 20 em Standing-Wave Structure

8-Pack Solid State Modulator News
Ray Larsen

Richard Cassel gave a summary talk to the ISG
on June 26th on the joint SLAC-LLNL-Bechtel
Modulator Project. Here are the highlights:

** | ate last year about 25% of the IGBTSs in the full
stack were lost when a klystron arc occurred at
about 430 kV. This occurred after the modulator
had been tested to the full voltage specification of
500 kV, delivering 625 A at 2.8 ns into a water
load. Since that time the team has concentrated
on improving protection on the circuit card,
studying the breakdown mechanism of the IGBTSs,
and adding snubbers to the 1:3 T output coaxial
transformer. Even with these improvements,
failures were still experienced of the 3.3 kV
maximum rated IGBTs operating at 1.2 kV.

** Subsequently the team experimented with other
IGBTSs, and finding that another manufacturer’s
unit rated at 4.5 kV did not suffer the same
failures, equipped one side of the 8-Pack
modulator stack fully (cards on one side only, for
full voltage at half the maximum current). This
stack was run up to 450 kV for triggered spark-
gap fault tests; it performed without failures. Four
IGBT cards were missing from the stack, which is
why 500 kV was not attained. Next, two 5045
klystrons operated as diodes were connected and
raised to arc-breakdown voltage of around 430 kV
without any breakage of IGBTs. The rise time is
marginally slower which will reduce overall power
efficiency very slightly. Measurements of
breakdown current show that the test with a
triggered spark-gap external to the klystrons is
much more severe than a klystron fault, which
develops slowly in comparison with much lower dI/
dt rates and current maxima. Overall, this
measurement adds confidence that the upcoming
8-Pack Phase | tests involving four X-band XL4
klystrons can be performed with this modulator.
Tests are continuing at time of writing to hook up
the large 500 kW power supply and begin high
repetition rate testing using two 5045s, which is
the maximum load that can be supported with the
available IGBTSs.

** Additional 4.5 kV IGBTs have been ordered to
populate the second side of the modulator so it
can ultimately drive four XL4s in the Phase | 8-
Pack test. The current plan is to move the
modulator stack in July to the 8-pack location in
NLCTA, where a new tank designed by Brooksby
at Bechtel has been installed, along with all
support racks and a 100 kW power supply for the
first tests. In August, the plan calls for installation
of four XL4s and beginning of full-power
commissioning, essentially on schedule.

** |n parallel with this effort, the LLNL-Bechtel
team has continued detailed design of the DFM
modulator. A new oil-cooled magnetic cell design
has been reviewed recently and is being
prototyped; the cell has more than double the
amount of Metglas as the originals because it
operates at almost twice the voltage (4 kV using
6.5 kV maximum rated IGBTS), plus the original
design came up slightly short on the required
pulse width of 3.2 ns. The new unit has better
margin for pulse width, better cooling, and only
half the number of IGBTs of the current unit. The
first prototype cells and boards are under
construction. The initial plan is to build a “short
stack” with enough output voltage to make



triggered spark-gap tests to check out the
protection of these newer IGBTs. All components
are in hand. When this modulator is competed, it
will be installed on the present 4-Dog site and fully
tested before being moved to NLCTA when the
advanced XP 75 MW klystrons become available
in 2003-2004.

Power Systems Engineer Richard Cassel views
breakdown event

Fisheye View of the 8-Pack Cable Trays
(Photo courtesy of Earl Hamner)

An Update on Klystron Development
for NLC
John C. Cornuelle

The results of the development program to
produce a 75 MW X-Band Periodic-Permanent-
Magnet (PPM) klystron to serve as the power
source for the NLC indicate the wisdom of
beginning this activity early and aggressively. Two
of these klystrons were to be used in Phase | of
the Eight-Pack Project to power the SLED-II pulse
compression system. However, the probability of
having two such tubes in the next few months is
low, so it was decided to use instead the solenoid-
focussed model XL4 klystrons that have been in
constant use testing accelerator structures in the
NLCTA. Since the XL4 tube is a 50-MW tube,
four will be required to take the place of two 75-
MW tubes. These tubes are readily available and
work reliably and consistently.

Currently, the klystron R&D program at SLAC is
targeted at developing a 75-MW PPM klystron
with a 3.2-ns pulse width and a pulse repetition
rate of 120 pulses per second (PPS). This is 29
kW of average rf power delivered by the klystron,
significantly beyond the capability of any similar
klystron in the world. SLAC has produced PPM
klystrons to date that have produced 50 MW at 2.4
ns at 120 PPS (an average power of 14.4 kW),
and 79 MW for 2.8 ns at 10 PPS (2.2 kW).
Neither tube was designed for high average
power, and so could only be operated at these
settings for a few minutes.

It was intended that the two klystrons built and
tested at SLAC over the last nine months and
planned for the Eight-Pack Project would meet the
75 MWY/3.2 s requirement with possibly
something less than a 120 PPS capability.
However, neither tube could be fully tested due to
the occurrence of problems unrelated to the
challenge of producing 29 kW of average power.
Both of these klystrons have been disassembled
and are being retested (in pieces) and compared
to the computer model predictions. A modified
klystron-development plan is being put together
that will incorporate the results of the studies of
these two latest klystrons.

The collaboration between SLAC and KEK on a
linear collider provides both labs with insight into
the rf source development at the other. The JLC
klystron developed by KEK and an industrial
partner differs from the NLC klystron in that it will
have 1.5-ns pulses and be operated at 150 PPS.
This effort has produced several PPM klystrons
that generate a maximum of 70 MW for 1.5 ns at
25 PPS (2.6 kW). Like the SLAC experience, the
KEK R&D has been interrupted by somewhat
unrelated problems — the pulse transformer in the
modulator was damaged and one of the windows
(there are two) on the klystron broke. The pulse
transformer has since been repaired and there are
several adequate window solutions available, so
that KEK expects to have several much higher
average power klystrons within the next year.

With both klystron programs in approximately the
same position, both labs are poised to benefit from
progress made at the other.






