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Chapter 4
Rf System Design
4.1 Introduction
4.1.1 Historical Perspective

The design of the NLC main linacs is based on the extensive experience gained from the design, construc-
tion, and 35 years of operation of the 3-km SLAC linac, which is powered at a frequency of 2.856 GHz.
Since its initial operation in 1966, the SLAC linac has been continuously upgraded for higher energy,
higher intensity, and lower emittance.

The initial gradient of the SLAC linac was 7 MV/m. The original design included an upgrade path in
which the number of klystrons would be quadrupled. The upgrades that were eventually implemented
involved replacing each of the initial 24-MW klystrons with a single higher-power klystron (first with 35-
MW, XK-5 klystrons and, later on, with 65-MW, 5045 klystrons), and adding a SLED pulse compressor
after each klystron to more than double the peak power. The SLAC linac is currently energized by 240
high-power S-band klystrons. The klystron peak power and pulse duration are, respectively, 65 MW and
3.5 µs. After pulse compression, the power from one klystron feeds four 3-m constant-gradient S-band
accelerator structures operating in the 2π/3 mode. The accelerator gradient has been tripled since 1966, to
21 MV/m, and the maximum beam energy is now 50 GeV.

4.1.2 NLC Rf System Overview

The NLC has two main linacs that accelerate electron and positron beams from 8 to 250 GeV in the initial
configuration, and to 500 GeV or more after full installation. The 11.424-GHz radio frequency (rf) system
used for this purpose is similar in character to that in the SLAC linac. The NLC system is illustrated in Fig.
4.1 and includes all the hardware through which energy flows, from the AC input to the beam-line
accelerator structures. Electrical energy is transformed in several stages: the induction modulators convert
AC power to high-voltage pulsed DC; the klystrons transform the pulsed DC to high-power rf; the Delay
Line Distribution System (DLDS) combines the power from eight klystrons and routes it up-beam se-
quentially to eight sets of accelerator structures; and finally, the six structures in each set convert it to
beam power. Because the power required to drive the accelerator structures is high, it is important that the
conversion and transmission of energy at every stage of the rf system be efficient. Every effort must be
made to maximize the pulse energy generation and handling capabilities of the subsystems to reduce the
number of components, and thus the cost.

The primary technical choice for the rf system is the 11.424-GHz frequency (2.62-cm wavelength).
This frequency, high in the X-band range (8.2 to 12.4 GHz), is exactly four times that of the SLAC 50-
GeV linac. The choice of such a high frequency, relative to existing linacs, allows the same rf-to-beam
efficiency for a given beam current to be achieved at a higher gradient (thus a shorter linac) with less rf
energy per pulse (thus fewer rf components). On the downside, stronger transverse wakefields are gener-
ated by off-axis beams in higher frequency accelerator structures, which act to increase the beam emit-
tances. The choice of 11.424 GHz gains the major cost benefits of a higher-frequency rf system while
allowing achievable alignment tolerances associated with the stronger wakefields.
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Outstanding progress has been made in applying and extending the science and engineering of micro-
wave power and acceleration systems from S-band, the enabling technology for the SLAC linac, to X-
band, which can provide the significant performance improvements and cost reductions needed for a high-
energy linear collider. New modulators, klystrons, microwave power distribution systems, and accelerator
structures that can meet the challenging demands of the Next Linear Collider (NLC) are in the final stages
of development. The R&D on these components has been pursued as a joint effort with the Japanese
Linear Collider (JLC) project as part of the International Study Group (ISG) developing designs for an X-
band linear collider.

The X-band rf components for the NLC are being tested in the NLC Test Accelerator (NLCTA). The
NLCTA was constructed using the first versions of these components. It was commissioned in late 1996
and, in 1997, accelerated beam to 300 MeV at a gradient of 45-50 MV/m. The first iteration of the NLC
rf system installed in the NLCTA could have been used to power a 500-GeV linear collider, but the system
was inefficient and costly. Subsequent design changes have improved the electrical efficiency by roughly
50% and have reduced the expected cost by a similar factor. The current rf system being developed will
form the basis for a 1-TeV linear collider.

High-power pulse modulators with increased efficiency and reliability have been developed. They are
based on induction cells and relatively inexpensive IGBT switches, components made available by indus-
trial markets of much greater volume and competitiveness than high energy physics. A small-scale version
of the induction-based modulator has driven an S-band klystron in the SLAC Linac. A full-scale test
version will soon drive four S-band klystrons and, in 2002, eight X-band klystrons.

Klystrons have been developed that efficiently amplify pulsed X-band rf to high power using a
velocity-modulated electron beam vacuum tube, much like the S-band klystrons in the SLAC Linac. The
beam in the X-band tubes, however, is focused by periodic permanent magnets (PPMs) instead of electro-
magnetic solenoids to reduce power consumption. This saves 47 MW relative to operation with a compa-
rable number of solenoidal-focused klystrons. R&D versions of X-band PPM klystrons, designed for 50-
and 75-MW peak power levels have been successfully operated at low pulse-repetition rates. The PPM
klystron design is being improved to make it more robust, easier to manufacture, and operable at the

Figure 4.1: Schematic of a linac rf unit (one of 117 per linac).
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nominal 120-Hz pulse rate. In addition, klystrons are being built with industrial participation to qualify
potential vendors.

A dual-moded Delay Line Distribution System (DLDS) has been developed to transform the 3.2-µs
75-MW klystron pulses to the 0.4-µs 600-MW pulses needed by the accelerator structures. DLDS is a
more cost-effective and efficient implementation of the low-loss waveguide technology first developed
and used for high-power Binary Pulse Compression and SLED-II. The microwave properties of the most
critical components have been demonstrated. Full power tests of the DLDS are planned in the next two
years at the NLC Test Accelerator at SLAC, and later at an Engineering Test Facility (ETF) at Fermilab.

Accelerator structures for X-band have been developed and used to accelerate beams at gradients up
to 70 MV/m in the NLCTA. The intense transverse wakefields created by the small apertures of the X-
band structures have demanded new techniques for preservation of emittance and suppression of beam
breakup. Solutions incorporating cavity detuning and damping have been developed and proven effective.
Limitations on structure lifetime at these high gradients were encountered and a program to address this
issue is being vigorously pursued. Recent results from this program suggest that a 0.9-meter rf structure
with a low group velocity will meet the NLC requirements for accelerating gradient, reliability, and short-
range transverse wakefields.

System integration testing of the rf components will be carried out in two stages. The essential
elements of an NLC X-band linac rf unit will be tested with full power pulses at the NLCTA in two years.
An Engineering Test Facility containing a full-size linac rf unit as shown in Fig. 4.1 will be built later at
Fermilab. The ETF will use industrially produced versions of the components and allow studies of instal-
lation and maintenance procedures needed for the final engineering design of the collider. Acceleration of
beam in the ETF will provide operational experience and a bottom-line demonstration of its performance.
This facility could be completed in FY06/07, and would be a milestone on the road to completion of
construction of the NLC.

The parameters of the NLC linac beam and the major rf subsystems (modulators, klystrons, rf
distribution, and accelerator structures) are listed in Table 4.1. Of the rf parameters, the choice of accel-
eration gradient has the largest impact on the linac cost. The unloaded gradient (GU) of 70 MV/m is close
to optimal in the tradeoff between energy-related costs (e.g., modulators and klystrons), which scale
roughly as 1/GU, and length-related costs (e.g., structures and beam-line tunnel), which scale roughly as
GU. However, the overall linac cost has a fairly weak dependence on unloaded gradient in the range of
interest for the NLC (50 to 100 MV/m). The beam parameters were chosen as a tradeoff between
increasing rf-to-beam efficiency and easing tolerances related to both short-range and long-range trans-
verse wakefield effects. These beam-related choices are described in more detail in ref. [1] and are
discussed in Chapter 2.

The upgrade to 500-GeV beam energy (1-TeV cms energy) will be accomplished by doubling the
number of rf components while keeping the beam parameters the same. The linac housings will initially be
sized for 1-TeV cms energy operation, but only the upstream half of each linac will have rf components
installed. For the initial operation at 500-GeV cms energy, the beam will ‘coast’ through the downstream
half of each linac housing.

A brief description of each major rf subsystem follows, including design choices and R&D progress.
The section concludes with a description of the linac layout. Sections 4.2 through 4.5 describe the rf
subsystems in greater detail.
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Table 4.1: Linac Beam and Rf System Parameters. 
 
BEAM PARAMETERS VALUES UNITS 
Nominal cms Energy 0.5 TeV 
Initial Beam Energy 8 GeV 
Final Beam Energy 250.0 GeV 
Linac Pulse Rate 120 Hz 
Number of Bunches per Pulse 190  
Number of Particles per Bunch 0.75 1010 
Bunch Separation 1.40 ns 
Beam Current  0.86 A 
   
Rf SYSTEM   
Rf Units (8-Packs) per Sector 9  
Sectors with Rf per Linac 13  
AC Power for Modulators per Linac 60.7 MW 
AC Power for Other Rf + Cooling RF System per Linac 5.5 MW 
Total AC Power Related to Rf per Linac 66.2 MW 
Beam Power per Linac 6.6 MW 
AC-to-Beam Power Efficiency 10.0 % 
   
MODULATORS   
Modulator Type 1:3 Induction  
Modulator Efficiency 80 % 
Number of RF Modulators per Rf Unit 1  
   
KLYSTRONS   
Klystron Type PPM  
Output Power 75.0 MW 
Number of Klystrons per Rf Unit 8  
Klystron Pulse Length 3168 ns 
Klystron Efficiency 55 % 
   
Rf DISTRIBUTION  % 
Type 4x2 DLDS  
Power Gain = Number of Feeds per Rf Unit 8  
Compression Efficiency 85 % 
Switching Time 10 ns 
Rf Pulse Length per Feed 396 ns 
Rf Group Velocity in Delay Lines 0.974 c 
Implied Sector Length 468.6 m 
Implied Packing Fraction 0.830  
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Table 4.1: Linac Beam and Rf System Parameters (continued). 
 
ACCELERATOR STRUCTURES   
Structure Type TW  
Phase Advance per Cell 150 °/cell 
Initial Group Velocity  5.1 % c 
Structure Length 0.90 m 
Field Attenuation Factor (tau) 0.510  
Number of Structures per Rf Feed 6  
Fill Time 120 ns 
Acceleration Shunt Impedance   81.2 Mohm/m 
Loading Shunt Impedance 82.4 Mohm/m 
Peak Rf Power into Structure 85.0 MW 
Unloaded Accelerator Gradient 70.0 MV/m 
Normalized Current (IR/Gu) 1.01  
Beam loading 21 % 
Multibunch Loading 15.0 MV/m 
Single Bunch loading 0.34 MV/m 
Loaded Accelerating Gradient 54.7 MV/m 
Average Rf phase 11.0 degrees 
Rf Overhead (3% BNS + 3% Failed + 2% FB) 8 % 
Effective Gradient 47.9 MV/m 
   
LENGTHS   
Length of Rf Sectors  6.09 km 
Length of Non-Rf Sectors  6.09 km 
Length of Diag. And Bypass Regions 0.67 km 
Total Length of Each Linac Tunnel 12.86 km 
 
 

4.1.3 Klystrons

The X-band power required for the NLC has driven the development of klystrons much more powerful
than those commercially available. The designs first considered were similar in concept to the solenoid-
focused S-band klystrons used in the SLAC linac. The general design goal was to achieve the highest peak
power and the longest pulses possible while minimizing the overall klystron cost for the NLC. As a first
step, a robust design, the XL-4, achieved its target power of 50 MW. Ten of these XL-4s have been built.
They are used as X-band rf sources for R&D at the SLAC Klystron Test Laboratory and the Next Linear
Collider Test Accelerator (NLCTA). They reliably generate 1.5-µs, 50-MW pulses with a 43% beam-to-rf
efficiency. In a brief test, one XL-4 klystron was run with 75-MW, 1.5-µs pulses, which were produced
with 48% efficiency. The integrated running time of these klystrons is about 10,000 hours, during which
time there have been no major failures. (The NLC lifetime goal is > 20,000 hours.)

When the XL-4 klystron was developed, it was known that it would not be practical for the NLC
because the large solenoid magnet used to focus the klystron beam would consume too much power
(about 25 kW, which is comparable to the average klystron output power). With the success of the XL-4,
attention turned to developing a klystron beam-focusing system using permanent magnets, which con-
sume no power. In the PPM design that resulted, about 40 magnet rings with alternating polarities are
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interleaved with iron pole pieces to generate a periodic axial field along the 0.5-m region between the gun
anode and beam collector. The resulting focusing strength is proportional to the rms of this sinusoidal axial
field. About 2 kG can be achieved practically, which is smaller than the 5-kG field in the solenoid-focused
klystrons. The weaker PPM field has led to a klystron design with a higher voltage-to-current ratio, which
reduces the space-charge defocusing. This higher ratio has the advantage of increasing efficiency through
improved bunching, but the higher-voltage requirement makes the modulator more of a challenge to build.

The first PPM klystron was built to generate 50-MW pulses, like the XL-4s. It worked well, produc-
ing 1.5-µs, 50-MW pulses with an efficiency of 55%, close to the predicted performance. For the next
klystron, the design goal was raised to 75 MW, which was achieved with similar efficiency after a number
of design modifications. This klystron was eventually run with pulse lengths up to 3 µs. However, like the
50-MW PPM prototype, it was designed to run at a low repetition rate. Average power effects have yet to
be tested at 120 Hz. Currently, a next-generation, 75-MW klystron called XP3 is nearing completion. It
incorporates lessons learned from the first 75-MW prototype and is designed to improve manufacturability
and operate at the full 120 Hz.

Based on initial success generating 75-MW, 3-µs pulses, the NLC rf system has been modified to use
these parameters. The ultimate pulse-length limit of the PPM klystrons has not been measured because
the existing SLAC modulators cannot produce pulses longer than 3 µs. An even longer pulse length for the
NLC would be difficult due to limitations related to cooling, modulator size and pulse compression.
Generating peak power greater than 75 MW with conventional klystrons is difficult due to the stronger
space-charge defocusing, higher surface fields, higher beam voltage (> 500 kV) and the greater potential
for oscillations.

4.1.4 Modulators

The 75-MW PPM klystrons require 500-kV, 270-A pulses to power them. Initially, conventional line-type
modulators like those used in the SLAC Linac were considered for this purpose. These modulators
contain pulse-forming networks composed of discrete inductors and capacitors that are slowly charged
and then rapidly discharged, via a thyratron, through a step-up transformer to generate the high-voltage
pulse. These modulators have several drawbacks including low efficiency. They also use thyratrons,
which in general have relatively short lifetimes (10,000-20,000 hours) and require periodic tuning. As an
alternative, the idea of a solid-state induction-type modulator was explored, based on recent advances in
high-power, solid-state switches (Insulated Gate Bipolar Transistors or IGBTs) that are used primarily in
the electric train industry. The concept is to sum many low-voltage sources (2-4 kV) inductively to yield
the desired klystron voltage. This has been implemented by having each source drive a toroidal-shaped
transformer made with a Metglas core. The cores are stacked so secondary windings, which sum the
output voltages, can be threaded through them. Each source is essentially a capacitor that is slowly
charged and then partially discharged (2%) through an IGBT switch to generate the pulse.

For cost reasons, it is preferable to drive as many klystrons per modulator as possible. For the
induction modulator, there are practical limits on the number of induction cells per modulator and on the
turns ratio. A reasonable choice given these limits and the current and voltage ratings of the IGBT switches,
is to drive eight klystrons witη 3-µs pulses through a three-turn secondary. If a much-longer pulse length
was required the optimization would change. It would be more cost-effective to drive fewer klystrons per
modulator because of the increase required in the thickness of the induction cores and the size of the
storage capacitors.

To develop the induction-modulator concept, a 10-core stack was built using two IGBTs per core
running in parallel. With a single-turn secondary, the stack produced 20-kV, 6-kA pulses into a load. It is
currently being used to power an S-band klystron in the SLAC Linac. A full-scale NLC prototype modu-
lator with 76 cores is nearing completion. It will be tested first by powering four S-band klystrons in lieu of
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PPM klystrons. Later it will be upgraded and moved to the NLCTA to be operated with a full complement
of 75-MW klystrons for an rf system test.

4.1.5 Rf Distribution

 Configuring the klystron output power to drive the accelerator structures is complicated by the different
pulse-length requirements. While long klystron pulses are optimal from a klystron cost perspective, shorter
pulses are needed to power the structures to minimize overall cost. For the structures, it is not cost
effective to generate longer pulses than needed to achieve good rf-to-beam energy-transfer efficiency. The
increased energy per pulse would require more rf components, and thus increase the machine cost. The
efficiency depends on the ratio of the rf pulse length to the structure filling time (120 ns). This ratio should
be greater than unity but not too large or it becomes more economical to increase the machine repetition
rate rather than the pulse length. For the present configuration where 190 bunches with a 1.4-ns spacing
are accelerated in each pulse, the ratio is 3.2, which yields a 76% fill-time efficiency.

In converting the long klystron pulses to the shorter rf pulses needed to power the structures, the goal
is to make the transition efficiently with as little waveguide as possible. A Delay Line Distribution System
(DLDS) proposed by KEK was chosen over other options. The SLED-II system is less efficient and the
Binary Pulse Compression system more complex. Like all of these rf distribution systems, the DLDS is
characterized by the ratio of the klystron to structure pulse length or compression ratio. Given the proto-
type PPM klystron pulse length results and the desired bunch-train length, a compression ratio of 8 was
chosen. In this case, the power from 8 klystrons is combined and sequentially routed up-beam in 8 shorter
pulses to feed 8 sets of accelerator structures. Each of these feed pulses is 1/8 the klystron pulse length but
essentially 8 times the output power of each klystron. This compression ratio is the maximum possible
with 8 klystrons since there is only one degree of freedom per klystron, the phase of the klystron drive rf,
available to do the routing. A 10-ns period is allotted for each phase shift, making the total klystron pulse
length needed to accelerate an NLC bunch train equal to 3.17 µs.

To achieve the factor of eight compression, a four-arm, two-mode version of DLDS will be used. It is
based upon the two-mode (TE10 and TE20) planar waveguide components that have been developed for
hybrid-like applications. Both the launcher and the extractors shown in Fig. 4.1 use these rectangular
waveguide modes. The planar geometry allows the component heights to be increased easily to achieve
low surface fields (< 40 MV/m) for the 600-MW power-transmission requirement (8 x 75 MW). Also,
rectangular-to-circular mode converters have been developed to transform the planar modes to low-loss
circular waveguide modes (TE01 and TE12) for transmission of the power in the long delay lines between
the klystrons and structures (up to 470 m). Overall, the DLDS transmission efficiency is expected to be
85% with most of the losses occurring in the rectangular waveguide components.

All critical components for DLDS have been designed, and low-power versions of some of them have
been built and tested successfully. A low-power transmission test of the two circular DLDS modes in a 55-
m delay line was done to verify that the polarization of the TE12 mode is preserved and to verify the
expected power attenuation per unit length of the modes. The results confirm the viability of these modes
for the DLDS system. At high power, extensive experience has been gained with operating TE01 compo-
nents in the SLED-II systems at NLCTA and the Klystron Test Laboratory. In one test, 500-MW, 150-ns
pulses were generated in a SLED-II system upgraded with a launcher-like hybrid. This verified the power
handling of the DLDS launcher system at NLC. Because of their close proximity to the klystrons, the 600-
MW pulses in the launchers can be shut off within 100 ns if breakdown occurs. For the DLDS extractors,
there is a greater concern about breakdown damage because they are far from the klystrons and can
receive the full pulse energy (450 J) after breakdown. To demonstrate the extractor power handling
capability, high power tests with up to 800-MW, 200-J pulses are planned at NLCTA in the next year. In
two years, they will be operated at full power and energy as part of an rf system test.
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4.1.6 Accelerator Structures

The number of accelerator structures per DLDS feed depends on the structure input-power requirements
and hence on the structure design. Until recently, the design of choice was the Rounded Damped Detuned
Structure (RDDS), which is a 206-cell, 1.8-m, traveling-wave structure. Its rf group velocity varies from
12% of the speed of light (c) at the upstream end to 3% c at the downstream end to achieve a nearly
constant gradient along the structure. The basic parameters were defined primarily by the choice of
average cell iris size, which determines the strength of the short-range (intrabunch) transverse wakefield.
An average iris radius equal to 18% of the rf wavelength was chosen to limit the wakefield-related bunch
emittance growth in the NLC linacs.

During about eight years of R&D, a number of refinements aimed at suppressing the long-range
transverse (interbunch) wakefield were made to the structure design. The wakefield suppression was
particularly challenging because a two order-of-magnitude reduction is needed for an interbunch spacing
of 1.4 ns. The initial solution was to use detuning, where the frequency profile of the dominant deflecting
mode of the cells along the structure is varied to produce an initial Gaussian-like decay of the wakefield
amplitude. This approach works well to suppress the wakefield for about the first 30 ns, after which its
amplitude increases due to a partial recoherence of the mode excitations. To offset this rise, weak mode
damping with a Q of about 1,000 was introduced. The modes are coupled through slots to four parallel
manifolds (terminated waveguides) that run along the structure at 90-degree azimuthal intervals.

Other changes were made to the structure design to improve efficiency. The original disk-shaped cell
was changed to a rounded one (hence the ‘R’ in RDDS) that increased the gradient by about 6% for a
given input power. During this design evolution, several prototype structures were built and their wakefields
were measured in the ASSET facility in the SLAC Linac. The results from the first RDDS and earlier
damped and detuned structures showed that the long-range wakefield can be suppressed to the levels
required in the NLC and that the wakefield can be modeled with great accuracy.

After the wakefield measurements, the 1.8-m structures were processed to high gradients in the
NLCTA or Klystron Test Laboratory at SLAC. During the past year, the testing capability at the NLCTA
was increased significantly, allowing automated, around-the-clock, higher-power processing. Measure-
ments made during this period revealed breakdown-related damage in the structures at gradients lower
than had been expected. Shifts of the net structure phase advance by about 20 degrees per 1,000 hours of
operation were observed at gradients as low as 50 MV/m. This was surprising since earlier tests had
shown that gradients of more than 80 MV/m could be readily achieved in standing wave and short, low
group velocity structures. Such designs had been used in earlier tests because high gradients could be
achieved with the limited rf power available at the time.

A major clue as to the cause of this discrepancy was that most of the damage in the 1.8-m structures
occurred in the upstream end where the group velocity is highest (12% to 5% c). No damage was seen in
the downstream end where the group velocity is comparable to that in the early test structures (< 5% c).
Subsequent tests of lower group velocity structures have confirmed that they indeed achieve higher
gradients before the onset of damage. The damage threshold for structures with an initial group velocity of
5% c is 70-75 MV/m. Even lower group velocity structures (< 3% c) and standing-wave structures are
currently being tested. These damage tests have been performed on simple, easily assembled structures.
The next step will be to build and test NLC-compatible versions of the successful structures with better
efficiency and an acceptable average iris radius (18% of the rf wavelength). In a parallel effort, designs are
being developed which apply previous experience with damping and detuning techniques to address the
long-range wakefield suppression requirement. It is expected that a basic high-gradient structure design
will be finalized in a year. Tests of such a structure with wakefield suppression will require about another
year.
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Figure 4.2: Schematic of rf system to be constructed at NLCTA to demonstrate
essential performance goals of an NLC rf unit.

For the current linac design, 0.9-m structures with initial group velocities of 5% c are assumed.
Powering six of these structures per DLDS feed at 85 MW input power (600 MW x 0.85/6) yields a 70-
MV/m unloaded accelerator gradient. This gradient minimizes overall rf system cost. In earlier designs
with three 1.8-m structures per feed, the gradient was 5% higher. To power each structure, the rf will be
tapped off from the DLDS feed via a series of hybrids whose designs are based on the two-mode planar
waveguide components used in the DLDS.

The six structures will be supported on a common girder, which itself will sit on remotely controlled
transverse movers. During NLC operation, beam-induced signals from the structure damping manifolds
will be used to center the structures relative to the beam. Tests of this approach during the wakefield
measurements of the 1.8-m structures showed that micron-level resolution can be achieved, well below
the 10-µm alignment requirement for NLC.

As noted above, a system test will done in about two years that includes the four basic rf subsystems:
a modulator, klystrons, DLDS and structures. Ideally, the test would be of a full linac rf unit as shown in
Fig. 4.1. For it to be affordable and realizable on a two-year time scale, however, the DLDS and the
number of structures will be reduced. Figure 4.2 shows the proposed test layout at the NLCTA, which
allows a demonstration of the essential NLC performance goals. One DLDS arm will be long enough so
that the extractor will witness the full pulse energy in the event of a breakdown (if it were shorter, the
klystrons would be shut off by a reflected energy interlock system before the full pulse was launched).
With this shortened DLDS configuration, two sets of six accelerator structures will be powered. The
structure designs will be of the type being developed for high-gradient operation. The ultimate perfor-
mance requirement for the NLC rf system will be to accelerate 0.86-A, 265-ns bunch trains at a 55-MV/
m loaded gradient where the beam-loading variation along the train is compensated at the 0.1% level. To
test this requirement, NLCTA bunch trains will be accelerated in the structures and the resulting beam
properties measured.
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4.1.7 Linac Layout

The main NLC linacs are each 12.9 km and are divided logically into twenty-six 468-m sectors, plus three
diagnostic regions and extraction sections that feed bypass lines (see Fig. 4.3). The first 13 sectors in each
linac each contain nine interleaved rf units. Each rf unit contains one induction modulator, eight 75-MW
klystrons, a four-arm, two-mode Delay Line Distribution System, and eight girders each supporting six
0.9-m accelerator structures. The 0.9-meter structures require a somewhat longer linac than the 1.8-m
structures originally planned. The loaded gradient is about 5% smaller and another 4% in length is required
to accommodate the longer structure fill time (120 ns compared to 104 ns for RDDS), which increases the
distance between DLDS feeds. This extra space allows room for the additional structure input and output
couplers.

 These components are described more fully in the sections that follow. The linac beam-line enclosure
contains the DLDS components and accelerator structures, and a parallel enclosure (klystron gallery)
houses the klystrons and modulators. The gallery region containing the nine eight-packs of klystron is one-
eighth the length of the sector. The klystron gallery is separated from the beam-line enclosure by at least 6
feet of concrete for shielding purposes and can be occupied during NLC operation for maintenance and
repair of the rf equipment. This will enable high availability of the linacs. The last 13 sectors in each linac
are drift sections that will eventually be filled with rf units to produce cms energies of 1 TeV or higher.

RF Sectors
1-2

RF Sectors
3-7

RF Sectors
8-13

Bypass Lines

Diagnostic
Region

2.5 km
45 GeV 150 GeV 250 GeV

3.0 km 5.4 km

12.9 km
5-2001
8602A50

 Figure 4.3: Linac beam-line layout.

The linac transport optics were chosen to minimize the net effect of dispersive and wakefield-related
beam emittance growth. Quadrupole magnets in a FODO configuration are located after every (one, two,
or three) girders at the (beginning, middle, or end) of each linac. The quadrupoles in the rf regions will
have 12.7-mm-diameter apertures and vary in length from 0.32 m to 0.96 m. They will be permanent
magnets with a 20% field strength adjustability. The girders and quadrupoles will be supported on movers
that will be remotely adjusted during beam operation based on signals from the structure manifolds and
beam position monitors in the quadrupole magnets. To monitor the beam emittance, diagnostic regions at
three locations along the linac will allow for full beam phase-space analysis.

Bypass lines with transfer points located at 50, 150 and 250 GeV will allow extraction of the beam
into a common transport line in each linac. Three transfer points are sufficient to provide a continuous
range of cms energies at the IPs. These lines also serve to transport the beams through the second half of
the linac housings.
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4.2 Modulators
4.2.1 Introduction

The NLC modulators convert AC line power to the high-voltage, high-current pulses required by the
klystrons. Like all of the major rf subsystems, the modulators need to be designed for the highest possible
efficiency and reliability, and for the lowest possible cost. Initial R&D was aimed at using line-type
modulators like those in the SLAC Linac, where the number of klystrons is about an order of magnitude
smaller than for the current NLC design. In these modulators, a lumped transmission line (Pulse Forming
Network, or PFN) is charged to a high voltage, then switched through a high-voltage, high-current thyra-
tron into a step-up transformer. The line-type design had three main deficiencies for use in the NLC: 1) the
thyratron switch tube requires frequent adjustment and has a relatively short lifetime; 2) the overall
efficiency is only 50-60% due to losses in the various components including lumped line, switch tube and
pulse transformer; and 3), the unit cost is high, which would make these modulators a dominant cost
driver in the rf power system. Although R&D was directed at these issues, it soon became clear that
significant improvements in this technology were not likely in the short term. After evaluating many
options [1,2], a solid-state switching approach was adopted. This takes advantage of the emerging Insu-
lated Gate Bipolar Transistor (IGBT) technology being developed for the electric train and motor drive
industries [3]. The induction-style modulator design promises to be more reliable (no thyratrons), more
efficient (> 80 %) and less expensive (< half the cost per joule) than the Line-type modulators. The design
and development of these modulators are discussed below following a summary of their requirements.

Figure 4.4: IGBT induction concept.



48

4.2.2 Modulator Requirements

The modulator design is closely linked to the manner in which rf power is produced and distributed in the
NLC linacs. As shown in Fig. 4.1, the power from groups of eight klystrons is combined in the Delay Line
Distribution System. Thus, a modulator design that powers eight klystrons was a logical choice. Table 4.2
shows the requirements for powering these ‘eight-packs.’

Table 4.2: Main Linac 8-Pack Modulator Requirements 
 

Output Peak Voltage 500 kV 
Output Peak Current  2120 A 
Pulse Flat Top 3.2 µs 
Pulse Transformer 1:3 Step-up from Induction Stack 
Rise & Fall  200 ns loaded 
Droop/ Flatness ±1% nominal 
Pulse-Pulse Amplitude ±0.1% nominal 
Pulse-Pulse Jitter ±10 ns 
Pulse Repetition Rate 120 Hz 
Modulator Load Eight 75-MW klystrons in parallel 
Power Supply 550 kW continuous for full load @ 120 Hz 
Overall Efficiency > 80% 
Reliability >10,000 hrs MTBF 

 
 

4.2.3 Solid-State Induction Modulator

The solid-state induction design was started at SLAC in 1998. It is based on an induction-linac principle in
which the high voltage is developed by magnetically stacked cells driven at relatively low voltage (2-4 kV)
by separate solid-state switches on printed circuit boards. A stack of N cells develops a voltage of NVcell in
each turn of the secondary. Figure 4.4 shows the circuit concept, and Fig. 4.5 shows the full modulator-
packaging concept. The enabling technology for this approach is high-speed, high-switching-power Insulated
Gate Bipolar Transistors. Unlike the thyratron, which is a fast ON switch that takes a long time to turn
back off, the IGBT is a fast ON-OFF switch that permits using a partial discharge of a large storage
capacitor to produce the desired pulse of a few microseconds. This technique generates short pulses with
excellent rise and fall times at much higher currents than the nominal maximum DC current rating of the
IGBT. Since there is no impedance-matching issue as in a line-type modulator, it is straightforward to
drive any number of klystrons, up to a maximum of eight in the NLC design. The same induction
components will be scaled to power the NLC injection linacs, which use S- and L-band tubes of differing
voltage and current requirements.

As an initial test of the concept, a stack of six Metglas cores was built. These are made of a very high
permeability, low-loss, amorphous magnetic material. Each core was driven through a one-turn primary
using a single IGBT to generate 12-kV secondary pulses [3]. This simple demonstration in 1998 spurred a
major development program in 1999, in collaboration with LLNL and its mechanical engineering contrac-
tor, Bechtel-Nevada. Resources have been heavily concentrated on demonstration of a full prototype of
the induction design.
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Figure 4.5: 8-Pack Packaging Concept.

Figure 4.6: Magnetic Core and Cell Prototype.

Several key technical challenges encountered in bringing the design from concept to working proto-
type include:

Core Material: The amorphous core materials are designed for very high performance, but there
were problems with obtaining a coating on the tape that preserved the performance when wound. The
mechanical assembly required potting the cores within a machined aluminum case, without voids or
impregnation between layers of the cores. Finally, a low-inductance connector scheme was needed to
mate the driver boards to the core, since the circuit requires tight control of inductance to achieve the fast
rise and fall times that are basic to high waveform efficiency. The completed core and cell prototype
designs are shown in Fig. 4.6. Driver boards connect through the flat slots on each side of the cell so that
two drivers can pulse the same cell from opposite sides at 3,000 A each, via a flat rf contact-band
connector soldered flat on the circuit board (see Fig. 4.7).



50

Figure 4.7: Induction cell driver board.

Core and IGBT Cooling: The inner region of the cores will carry insulating oil for the multiturn
secondary of the transformer, shown conceptually in Fig. 4.8. However, this is not designed to provide
primary cooling. The thermal path from the IGBT power device through its heat sink, then through the
cell and magnetic core to its center, represents too high an impedance to the oil column. Instead, cooling is
accomplished via a water jacket in the form of a band around the magnetic core, inside the aluminum
case, which cools the core, cell and IGBT. This removes approximately 200 W per cell from boards and
core at full rated operation with only a modest temperature rise. One drawback of the design is the large
number of water connections required. Another concern is that the oil column is separated by O-rings
between each cell, and a very tight seal at all locations may be problematical. The stack has been tested
with vacuum but not yet with oil.

IGBT Reliability: For fast pulse performance, the IGBT drivers must be operated in a regime where
they are not well modeled. The drivers are designed for locomotive traction, requiring very high power at
a few kV, 600-800 A AC, continuous duty. The pulse-power requirements of the modulator are very high
dI/dt, peak currents that nearly saturate the bipolar switch, high voltage lasting only for a few microsec-
onds, and inductive connections through the drivers, cells and transformer secondary to capacitive loads
(klystrons). After each pulse, the core has to be reset, and stored energy recovered. This must be done
without producing transients on the gate of the IGBT sufficient to exceed its ratings and destroy the
transistor. Finally, IGBTs have a known susceptibility to neutron radiation induced from cosmic rays, or
accelerators, which can cause a Single Event Upset (SEU) that latches and destroys the bipolar transistor.
Shielding solves this problem in the NLC application, but the failure mode is serious enough that, in
locomotive applications, the device specifications are derated roughly 30% to prevent catastrophic failure.
This derating has been applied in the NLC modulator design. Shielding from any radiation source is
assumed to be equivalent to 3 meters of concrete.
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IGBT Protection: Many studies have been conducted to develop circuits that will protect the IGBTs
under conditions of a short circuit to the load and of core saturation [4]. The latter is the more difficult to
protect. Even with proper sizing of the cores and a protection mechanism to assure that the pulse width
never accidentally exceeds a programmed maximum, it is still important that the device not fail if this
happens. The problem is complicated by the wiring layout of separate chips inside the IGBTs, but a
successful protection system has been developed. Some layout changes have been made in the transistor
itself to minimize unwanted transients. A second problem is to protect the stack if a single IGBT fails. The
circuit developed for this assures that on failure, the device is shorted and disconnects its drive voltage
from the cell primary single turn. Therefore, the stack suffers an incremental drop in voltage due to the
loss of the one cell, which could be compensated by slightly raising the supply voltage on each cell. This
fail-soft feature will enable longer periods of continuous operation without interruptions for maintenance.
Intervention is required only when enough boards have failed that the voltage cannot be maintained at
some minimum acceptable level.

Figure 4.8: Three-turn transformer secondary.

Klystron Protection: One major worry is that if one tube arcs in an array of eight klystrons, it could
draw all the stored energy from the other seven tubes and be destroyed. There are two approaches being
adopted to prevent this. Passive inductance from the stack to each tube, and between tubes, is used to
slow the transfer of charge to the faulting tube. In addition, the entire stack is designed to sense the fault
and shut off in about 400 ns, drawing most of the load’s stored charge and shunting it to ground. Klystron
faults have been studied on pairs of X-band klystrons in NLCTA, so far with no apparent degradation.
However, the statistics are small and one cannot assess damage without dissecting tubes. One major goal
in the near-term testing program is to operate tubes as diodes to look for signs of arc damage under
controlled faulting.

4.2.3 Development Program

As a first step to building a full-scale NLC prototype modulator, a stack of ten cells, as shown in Fig. 4.9,
was operated. For an early practical demonstration, the 10-Stack was connected through a 1:15 step-up
transformer to drive a single 5045 SLAC S-band modulator [5,6]. The 10-Stack develops 22 kV at up to
3 µs, which is then transformed to 330 kV, 360 A at the output. The output pulse has a slow rise and fall
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due to the large transformer drive line mismatch ratio (Fig. 4.10). The unit has operated in the SLAC
klystron gallery for 200 hours. It reached about half its full power rating. The power was limited by circuit
protection problems that have since been solved.

Figure 4.9: 10-stack induction modulator prototype.

Figure 4.10: 10-stack pulses produced when driving a 5045 S-band klystron.
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A full-scale induction modulator is being built that will be capable of producing the 500-kV, 2120-A,
3.2-µs, 120-Hz pulses required by the NLC (see Fig. 4.11) [7,8]. It will be tested to near full power, but
less than full voltage, using four 5045 S-band klystrons operating as diodes. These klystrons are the only
loads available that permit testing to near full power, but less than full voltage. The prototype is nearing
completion and testing has started with 76 sections running at 2.2 kV, ultimately to develop 167 kV on the
primary. To date, tests are limited to 75 kV in air. Installation of a 1:3 transformer in oil will later raise the
output voltage to 500 kV. Figure 4.12 shows the output waveform at 75 kV, 1100 A into a water load in air.
The rise time is slow because the circuit does not include the 1:3 step-up transformer and capacitive
klystron loads. Sections of the core stack will be time-delayed to shape the pulse rise time and flattop.

The current program goals are to complete the four 5045 S-band klystron unit and to operate it up to
the rating of the klystron loads, which is 420 kV at 1800-A peak, 3.2 µs and 120 Hz. This unit will then be
upgraded and moved to the NLCTA to power the 75-MW PPM klystrons as they become available. It will
eventually power eight such klystrons for a system test that includes a scaled-down version of the DLDS,
powering two sets of six accelerator structures. In the course of this program, the various technical issues
will continue to be addressed and mitigated: cooling, reliability, circuit protection, klystron protection and
overall efficiency. In addition, the design team will continue to work with industry partners and collabora-
tors to improve manufacturability, robustness and cost.

Figure 4.11: Full-scale modulator prototype with drivers installed.
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Figure 4.12: Full-scale prototype running at 75 kV with a water load.

1) Voltage 4nfd 10% Delay
2) Current 4nfd 10% Delay
3) Current 4nfd 100 A/Div.
4) Voltage 4nfd 5 kV/Div.
5) Voltage 0nfd 5 kV/Div.
6) Current 0nfd 100 A/Div.
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2) 200 A/Div. 500 nSec 

4.3 Klystrons and Low-Level Rf
4.3.1 Introduction

Linear-beam microwave vacuum tubes called klystrons will be used in the NLC to produce the X-band
power for the accelerator structures [9]. Klystrons and the low-level rf (LLRF) systems that drive them
are well-established technology [10, 11] to provide high power, gain and efficiency with minimal pulse-to-
pulse variation. The challenge is to provide the power in a cost-effective manner, both for acquisition and
operation. This requires long klystron pulses, high peak and average powers, manageable voltages, en-
ergy-efficient klystron beam focusing, and long lifetimes (> 20,000 hours). The R&D work on the X-band
klystron has been performed mainly at SLAC and KEK [12]. It has been very successful in systematically
advancing the state of the art for microwave devices of this type. The X-band development has built upon
the success of the SLAC 5045 S-band klystron [13] (65-MW peak power, 27-kW average power, 350-kV
beam, 40,000-hour lifetime), which has been produced for the SLAC linac in quantities of a thousand
(700 new, 500 rebuilds).

For the NLC, the basic S-band (2.856 GHz) design had to be scaled to X-band (11.424 GHz). To
reduce average power consumption, the solenoids used for beam focusing had to be replaced by perma-
nent magnets. Since there was little experience with either technology for high-power klystrons, the first
step was to scale to X-band but maintain solenoid focusing. The initial goal for output power level was 100
MW, but this proved to be too difficult a first step. A robust 50-MW klystron, called XL-4, was built. The
XL-4 reliably produces 1.5-µs pulses with 43% efficiency at the design power [14]. Ten of these klystrons
have been built to date. They are being used at the NLCTA and the SLAC Klystron Test Laboratory with
over 10,000 hours of operation at 60 Hz. The klystron has been run stably to produce 75-MW, 1.5-µs
pulses at 120 Hz, but only for brief tests. It has also been operated at 2.4 µs and 50 MW without difficulty.
At KEK, two similar klystrons at the 50 MW level (XB72K series) have been produced.

The second step in developing an NLC X-band klystron was to incorporate periodic permanent
magnet (PPM) focusing. Like the solenoid klystron development, the initial goal was 50 MW [15, 16].
The first klystron was built at SLAC and produced 50 MW with pulse lengths up to 2.4 µs in excess of the
design goal of 1.5 µs. For simplicity, the klystron was not designed for high rate operation, but it was
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tested briefly at the NLC pulse rate of 120 Hz at 50 MW. In addition to the klystron produced at SLAC,
two have been built in industry as part of a program to develop potential vendors. The klystrons have
recently been delivered to SLAC where they will be tested shortly. One klystron has already been success-
fully operated by the manufacturer at 50 MW with pulse lengths up to the 1-µs limit of their modulator.
KEK has also produced a 50-MW PPM klystron in an industrial partnership.

The next phase of the NLC klystron program was to increase the output power level to 75 MW and to
produce a robust design that lends itself to mass production [17, 18, 19, 20]. The first klystron produced
in this effort, denoted XP1, was an extrapolation of the 50-MW PPM design. It eventually produced 3-µs
pulses at 75 MW where the pulse length was limited by the modulator. Figure 4.13 is a photograph of a
ppm klystron and Fig. 4.14 shows a power measurement. Like its predecessor, it was not designed for

Figure 4.13: Photo of PPM klystron.
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high-rate operation. The next prototype klystron (XP3) is nearing completion. It includes many modifica-
tions to improve manufacturability, and incorporates the lessons learned from the first 75-MW klystron. It
is designed to run at 120 Hz with a 3-µs pulse length based on the success of the previous klystron. The
initial test of this klystron should be completed by late Summer 2001. A klystron containing the magnet
and rf output assembly produced by industry should follow in early 2002. At KEK, a 75-MW industrially
produced klystron is under test. This klystron was designed for 150-Hz operation with a 1.5-µs pulse
length. Additional klystrons will be produced by both laboratories to support the larger-scale rf system
tests that are planned during the next three years.

4.3.2 PPM Klystron Development at SLAC

Although the solenoid-focused XL-4 klystrons can deliver pulses close to those desired for the NLC, their
efficiency is too low to be practical, especially when including the 25-kW solenoid power requirement.
Using a superconducting solenoid would be too expensive, and while other more exotic, lower-power,
warm solenoid approaches appear possible, they would require long-term R&D. Permanent magnets
remain as the most viable option. A periodic permanent magnet stack design was chosen where the
magnets are ring-shaped and the fields flip direction magnet-to-magnet. To achieve good efficiency (about
60%) with such a klystron and to reduce the beam-focusing strength requirements, which are harder to
achieve with permanent magnets, a lower microperveance was chosen (0.60 for the 50-MW klystron and
0.75 for 75-MW klystron) than that of the XL-4s , which was 1.2. Thus, while the XL-4 produces 75
MW with 440-kV, 350-A high-voltage pulses, the 75-MW PPM design operates at 490 kV and 256 A with
60% efficiency.

The first SLAC PPM klystron was built in 1996 and was designed for 50-MW operation. Consider-
ations of cathode life led to an electron gun design with an area convergence ratio of 144:1. Since this
value is higher than previous SLAC klystrons, including the XL-4, a beam test diode was fabricated to
prove the gun and drift region optics for the PPM design. The diode was tested successfully, demonstrat-
ing very stable operation up to a 2.8-µs pulse length at 120 Hz and 490 kV, where the average beam power
was 42 kW and the beam transmission was 99.9%. These excellent results provided confidence that a
magnet structure could be designed with no allowance for shunting or adjustment.
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Figure 4.14: 84 MW peak output pulse from the XP1 klystron.
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Initial testing of the 50-MW klystron showed evidence of multipactoring in the drift klystron, so the
tube was coated with a titanium-nitride (TiN) layer roughly 100 angstroms thick. The klystron reached the
full operational specification of 50 MW at 2 µs. The efficiency at 50 MW was well over 55%, and over
60% at 60 MW, based on calorimetric diagnostics. The intercepted beam power at 50 MW was about 1%
of the total beam power, but about 7% of the beam current was lost while passing through the klystron,
suggesting that the average energy of the intercepted electrons was approximately 66 keV. (This is caused
by the high efficiency of the klystron, which draws the kinetic energy of many of the electrons down to
very-low levels.) Recently the 50-MW klystron was retested to explore longer pulse operation. It reached
50 MW at 2.37 µs and 60 Hz with 55% efficiency.

The design and construction of a 75-MW PPM klystron was begun in 1997. In comparison with the
50-MW klystron, a number of major changes were made in the design, including higher microperveance
(0.75), an enlarged stainless-steel drift tube for higher beam current and the elimination of the gun focus
coils. Opening the beam tunnel by 13% to 0.425 inches reduced the efficiency of the beam-cavity interac-
tion and thereby forced the inclusion of an extra gain cavity. This also allows more modes to propagate
within the drift tube, including the second-harmonic TM mode. The construction of the 75-MW PPM
magnetic circuit differed in that the drift tube is a semicontinuous stainless-steel structure interrupted by
the cavities, with the iron pole pieces and nonmagnetic spacers placed outside the vacuum envelope (see
Fig. 4.15). This design change addressed three separate issues: avoiding the multipactoring seen in the 50-
MW klystron; taking a step toward the eventual low-cost design of a production klystron using a clamp-on
magnetic circuit; and adding loss in the drift tube to increase the start-oscillation currents of the various
parasitic modes which may arise.

The 75-MW design used neodymium-iron-boride (NdFeB) magnets which have a higher energy
product, are easier to machine and are less brittle, but have a lower Curie temperature and are more
sensitive to radiation damage. However, at 500-keV X-ray levels, the radiation effects do not seem to be a
limitation given the projected lifetime of the magnets. Furthermore, NdFeB magnets are less expensive
than samarium cobalt (Sm2Co17) in bulk quantities.

Several problems were encountered in early testing of the klystron and eventually solved. Most of the
magnets failed to meet specification as delivered and they had to be adjusted to achieve a more desirable
field profile. A 20-GHz oscillation was seen at the end of the beam pulse, and a replacement transition
from the output cavity to collector was designed to damp the rf energy in the 20-GHz range. A strong 1.5-
GHz gun oscillation was seen, which was confirmed with SUPERFISH analysis of the gun geometry. A
lossy collar of silicon-carbide-loaded beryllium oxide (BeO-SiC) ceramic was designed and fabricated
along with a set of screens to isolate the potential cavities formed in the gun structure. After modification,
the klystron operated at a peak voltage to 463 kV and delivered over 90 MW in a 3-µs pulse length and 72
MW at 3.13 µs. The gain was found to be between 55 and 60 dB with 60% efficiency at 70-MW
saturated output power. This latest operation was limited to 1-Hz repetition rate due to heating of the
uncooled magnet stack.

A lower-cost design of a 75-MW klystron, known as the Design For Manufacture (DFM) klystron or
the XP3, has been developed over the past three years. This design seeks to minimize parts count,
decrease complexity, and reduce construction labor, while increasing the reliability of the klystron. The
main modifications are a smaller gun and collector, better output waveguide hardware such as mode
converters and windows, and a simplified drift tube and magnet structure. In addition, the pulse width was
doubled from the 1.5 µs required of the first 75-MW klystron to 3 µs, and this resulted in a rigorous
examination of the thermal characteristics of the klystron and its mechanical design. Modeling shows that
1580 watts can be absorbed in the drift section and 770 watts in the buncher section without affecting the
magnet fields significantly. Of all the possible problems on microwave klystrons, thermal problems are the
most tractable due to the availability of analytical tools and the variety of mechanical solutions possible.
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Figure 4.15: XP1 PPM stack.

Since there were changes from the first 75-MW klystron, a diode (similar to the diode for the 50-MW
klystron) was constructed and is now in electrical test. Like the first 75-MW klystron, this diode showed a
different spurious oscillation in the gun region. A similar suppression mechanism was adopted for the
diode and the second 75-MW klystron.

The rf design is very similar to the design of the first 75-MW klystron with modifications to allow for
a smaller drift-tube diameter throughout the gain section of the klystron. The klystron will use the smaller
gun and collector utilized in the diode as well as a clamp-on magnetic circuit. The output is through dual
TE01 windows. A dual directional coupler will be installed between the output cavity and one output
window of the klystron for diagnostic purposes. An adjustable gun-coil/anode-coil assembly will be used
to allow tuning of the entrance magnetic field into the PPM stack. Once the klystron behavior is well
characterized, this assembly can be replaced with fewer, smaller coils for the production version of the
klystron.
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4.3.3 Low-level Rf

The low-level rf drive system [21] in the main linacs generates the rf that is amplified by the klystrons to
power the accelerator structures. Rf amplitude and phase are modulated at the milliwatt level for each
klystron in the linacs. The low-level rf reference signal used for this purpose is generated by frequency
multiplication of the master timing signal (714 MHz) sent to each sector through fiber-optic links. After
modulation, the rf power is increased to the 1-kW level by a traveling-wave-tube (TWT) amplifier driving
each PPM klystron. Both the TWT amplifier and klystron are operated near saturation to improve stabil-
ity and efficiency.

During each pulse, the relative phase of the rf input going to each klystron is modulated as required for
the DLDS (Section 4.4) to route the combined power of eight klystrons to the accelerator structures in the
proper sequence, synchronous with the beam. Modulation of the phases of pairs of klystrons, in quadra-
ture, compensates for the beam loading by creating a 120-ns initial ramp on the pulse that accelerates the
beam. This shape ‘preloads’ the structures so the field profile witnessed by the first bunch is the same as
that in steady-state loading.

Rf detectors on the structure outputs will be used to monitor the rf-to-beam phase. To improve
sensitivity, the phase of the beam-induced rf will be measured on dedicated pulses where the klystron
power is absent. This information will be used to phase optimally the rf going to each of the eight DLDS
feeds. Any steady-state phase variations during the pulses can also be compensated, in particular, those
resulting from voltage ripple on the modulator pulse. The goal is to achieve a 1° rf-to-bunch setting
accuracy and a 1° pulse-to-pulse stability. The rf amplitude stability is expected to be better than 1%. The
bandwidth of the system will allow the power routing to be changed in about 10 ns. This switching time,
which represents a loss in efficiency, has been taken into account in the design parameters.

For rf modulation and demodulation, a programmable digital IF solution is planned, rather than an I/Q
approach currently being used at NLCTA. Prototype studies have begun using a Direct Digital Synthe-
sizer, a new commercial component that promises 12-bit vertical resolution, 300-MHz update rate, 100-
MHz bandwidth, and low cost. The system would use an 89.75-MHz sub-IF that would be frequency
multiplied by a factor of 8 and mixed up to 11.424 GHz.

The 1-kW amplifier needed for each klystron has such low average power (a few watts), that it can be
designed to maximize lifetime without causing unacceptable thermal problems. The TWT amplifier por-
tion of this system is being developed through the use of High Energy Physics SBIR funding from the
Department of Energy. Prototype units have been made available to SLAC and integrated with traditional
power supplies. These units are in operation but do not yet contain the desired long-life features. A
prototype of an inexpensive Marx-style power supply is being developed and will be tested soon.

4.4 Rf Distribution
4.4.1 Introduction

The rf distribution system for the NLC transports the klystron output power to the accelerator structures.
This task is complicated by the fact that the klystron pulse length and peak power, which were chosen to
minimize klystron costs, are not optimal for powering the structures. Thus, a simple one-to-one connec-
tion between the two is not practical. To transform the relatively long, low-power NLC klystron pulses to
the short, high-power pulses needed for the structures, several methods were considered during the past
decade. They are generally referred to as pulse-compression systems since the pulse length is shortened in
order to increase peak power. Most of the practical experience with pulse compression has come from the
development of SLED-II [22], which is a delay-line version of the SLAC Linac Energy Doubler (SLED).
In its implementation in the NLCTA, a ‘magic T’ splits the klystron power equally to fill two 40-m , 12.1-
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cm-diameter delay lines (circular waveguides). These lines are shorted at the far ends and have irises at
the near ends that partially reflect the rf. In operation, the lines are resonantly filled during the first 5/6 of
the 1.5-µs-long klystron pulse, and then essentially discharged through the remaining hybrid port by a
180º reversal of the klystron phase during the last 1/6 of the pulse. This yields a shorter (1/6 as long),
higher-power pulse that is used to power NLCTA accelerator structures. Although it works well, it is not
particularly efficient. Only about 65% of the input power ends up in the compressed pulse, so the power
gain is about four.

An intrinsically more efficient scheme of pulse compression called the Delay Line Distribution System
(DLDS) was proposed by KEK and has been adopted for NLC [23]. It reduces costs, eliminates the need
for resonant rf storage, and utilizes the time-of-flight of the beams to decrease the required length of delay
line. In this latter respect, it is superior to an early SLAC proposal called Binary Pulse Compression
(BPC), which also had high intrinsic efficiency [24]. As initially conceived, power in the DLDS delay lines
was transported in a single mode. To further reduce the amount of waveguide, multimoded DLDS [25]
was introduced with two modes transported in each delay line.

Figure 4.16 shows a schematic of an NLC linac rf unit featuring the dual-moded DLDS components.
During operation, the 3.2-µs pulses from the eight 75-MW klystrons are combined and then sent upstream
(opposite the beam direction) in eight sequential, 396-ns pulses. The power routing in the ‘launcher’ is
controlled via the phase of the rf drive to the individual klystrons. The shorter pulses are transported in
two circular-waveguide modes (TE01 and TE12) in the delay lines. In each line, the TE12 pulse is extracted
to feed a nearby set of structures. The TE01 pulse passes through the ‘extractor’ to feed a set further
upstream. At the end of each feed, the power is split evenly among a set of six 0.9-meter structures. The
feeds are spaced so that the same beam-to-rf arrival time is achieved in each set of structures. Nine such
rf units are interleaved to power a contiguous set of structures in each rf sector of the NLC linacs.
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Because the DLDS must transport high peak power (600 MW), design efforts have concentrated on
reducing surface field levels in all components other than the circular waveguides, where this is not an
issue. The use of moderately overmoded, rectangular waveguide to manipulate the rf was chosen for this
purpose. Transitioning to and from the highly overmoded circular delay line waveguide is done through
special mode-order-preserving tapers. Component designs exploit planar symmetry, which makes it easier
to manipulate the modes and allows the waveguide height to be arbitrarily increased to reduce surface
fields. The goal has been to keep the electric field below 40 MV/m while aiming for compactness to
minimize ohmic losses.

Figure 4.16: Schematic of the four-arm, dual-moded DLDS with eight accelera-
tor feeds. The feeds are numbered by the order in which power is received.
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Figure 4.17: Average transmission losses in the DLDS delay lines versus delay
line diameter.

In the following sections, the major components of the NLC DLDS are described.

4.4.2 Delay Lines

For low-loss transmission of rf power, the circular TE01 mode is ideal since its attenuation is very small
with reasonable waveguide diameters. Much experience has been gained in the past decade in transporting
hundreds of megawatts of X-band power in this mode [26]. At the waveguide diameter being considered
for the NLC, the next lowest-loss mode is TE02, although TE12 is very close. Since TE12 simplifies the
design of launcher and extractor, as will be discussed below, it was chosen as the second transport mode.
The feasibility of using TE12 was demonstrated in recent transmission experiments in 55-m circular
waveguide where no coupling between cross polarizations was detected [27]. The average transmission
efficiency in the DLDS delay lines versus the delay-line diameter is shown in Fig. 4.17. A waveguide
diameter of 17.1 cm was chosen since it yields a good transmission efficiency (> 97%) and it is centered in
the widest gap in the distribution of nearby higher-order mode cut-off diameters so coupling to other
modes in minimized.
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 Because the long delay lines must be built in sections, a flange design is needed that allows both
modes to pass through unperturbed. The TE01 mode is insensitive to small gaps because it has no longitu-
dinal field [26,27]. The longitudinal current component for the TE12 mode decreases rapidly with increas-
ing waveguide radius. With proper gap dimensions, the effect of a discontinuity at the waveguide diameter
on this mode can be reduced to negligible levels as shown in Fig. 4.18

4.4.3 Rectangular-to-Circular Mode Converter

The rectangular waveguide modes used to route power are TE10 and TE20. To make the transition from
them to the TE01 and TE12 circular waveguide modes, it is easier to first convert to TE01 and TE11 and
then to use an adiabatically corrugated circular waveguide to convert TE11 to TE12 while passing TE01
unperturbed. To launch TE01 and TE11 in circular waveguide from the rectangular launcher, the transition
between the two cross sections was constructed in such a way that a one-to-one correspondence was
achieved for the respective operating modes. An adiabatic cross-section taper naturally converts TE10 to
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Figure 4.18: Mode-matching simulation of S12 for the TE12 mode through eleven
cascaded flanges.
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TE11. For TE20, however, it tends to produce a combination of the circular modes TE21 and TE01. The
cross-section deformation had to be done in two properly designed and spaced taper sections to yield a
pure TE01 wave [28]. This was accomplished within a length of several centimeters without compromising
the TE11 conversion. The design is illustrated in Fig. 4.19 [29]. In DLDS, the output of this converter,
which is 4.1 cm in diameter, is connected to a specially corrugated waveguide to convert to TE11 to TE12.
A transition to the 17.1-cm-diameter circular waveguide is then made through a special taper [30] that
preserves both TE01 and TE12.

4.4.4 Launcher

The use of rectangular waveguide components in which planar symmetry is exploited to allow arbitrary
waveguide height began with the design of a planar hybrid [31] to replace the ‘magic T’s in the SLAC
Klystron Test Laboratory SLED-II system. The Ts had exhibited rf breakdown problems above 200 MW,
particularly at the mouth of the E-plane port. One novel hybrid design has an ‘H’ geometry. Its central
guide is wide enough to support two TE modes and, at its junctions, triangular wall protrusions produce
essentially double mitered bends. Prototypes have been built and successfully operated at peak power
levels of roughly 500 MW.
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If two such ‘magic H’ hybrids, with ports half the width of the central guide, are placed side-by-side
and their common wall removed, the resulting oversized ports have the same cross section as the central
guide. If these are split again with Ts at the proper distance, the symmetry is completed, and an eight-port
device in the shape of a cross potent (cross with a cross bar at each extremity) results [32]. This ‘cross-
potent super hybrid’ can be used to combine power from four input ports into any one of four output
ports, by proper phasing of the input rf. Opposite pairs of cross arms are isolated. A prototype has been
built and its scattering parameters measured with a network analyzer. The performance was as expected.

To use this design to launch circular modes, the T split on one or more of the arms can be left off,
substituting posts for matching. The TE10 and TE20 modes are then transformed to the circular modes via
the rectangular-to-circular mode converter described above. A one-arm launcher configuration is illus-
trated in Fig. 4.20. The wide dimension of the launcher arm is 3.7 cm, and the height can be chosen to
accommodate the mode converter.

Figure 4.19: Rectangular-to-circular mode converter (¼ geometry shown) with
field patterns illustrating conversion between a) rectangular TE10 and circular
TE11 and b) rectangular TE20 and circular TE01.

Figure 4.20: Cross-potent launcher with electric field patterns illustrating launching
a) TE10 and b) TE20 in the right overmoded rectangular port with the indicated
relative phases for four equal amplitude inputs. Alternate phasing of the inputs
sends the power to either of the left ports.

The DLDS launcher circuit, which uses four cross-potent super hybrids, is illustrated in Fig. 4.21. At
the input portion of the circuit, two hybrids each combine the power from four klystrons and direct it to
one of two circular waveguides in one of two modes (in the figure, the circular waveguides are either the
right two or left two). These circular waveguides transport the power from the klystron galleries in the
NLC through a shielding wall to the beam-line tunnel, which houses the DLDS delay lines. At the output
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portion of the circuit, two hybrids are used to combine and direct the power from the two circular
waveguides to one delay line in one mode. As discussed above, the four output ports are connected to
TE11 to TE12 converters and then tapered up to the 17.1-cm diameter delay lines.

From
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To Delay Lines

Local Feed

Dual-Moded
Transfer Lines
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4.4.5 Extractor

In each delay line, a section is added that extracts one mode and transmits the other. This extractor uses
the same rectangular modes as in the launcher. As input, the circular modes are converted back to
rectangular modes in the reverse manner in which they were launched. Thus the extractor input has the
same rectangular dimensions as the launcher output. A 45º H-plane bend with an inner-wall radius-of-
curvature of 2.7 cm then mixes the two rectangular guide modes, converting them into an equal combina-
tion of TE10 and TE20 (see Fig. 4.22). A short, straight section is used to achieve the proper relative phase.
Then a doubly matched T split, at which the TE10 field adds constructively to one lobe of TE20 and
destructively to the other, sends all the power one way for a given extractor input mode and all the power
the other way for the other input mode. Since the two input modes result in combinations with opposite
relative phases, they excite opposite ports at the split. The rectangular TE10 mode was selected for
extraction because it corresponds to the circular mode with the larger attenuation.

Figure 4.21: DLDS launcher circuit.
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Figure 4.22: Extractor with electric field patterns illustrating a) extraction of the
TE10 mode and b) passing the TE20 mode.

Single-moded 45º H-plane bends orient the extraction port waveguide perpendicular to the delay line
and the through port waveguide parallel to it, albeit offset. The latter waveguide is then tapered to full
width and sent through a dogleg or ‘jog converter,’ which simultaneously brings the port back in line with
the delay-line axis and restores the TE20 mode. An identical mode converter is appended to the extraction
port. Using the same rectangular-to-circular transitions employed after the launcher, both the transmitted
and extracted TE20 mode are converted to the low-loss circular TE01 mode for further transport. The
extracted power is sent to a set of accelerator structures a few meters away while the transmitted power is
sent 59 meters upstream to the next structure set.

4.4.6 Tap-offs

Each DLDS feed must deliver close to 600 MW of power split evenly among six adjacent accelerator
structures. This is accomplished by first dividing the power in half through a ‘magic H’ hybrid such as
discussed earlier. Each of the two outputs runs parallel to three of the six structures. For the first structure
in each triplet of structures, one third of the power is tapped off, and for the second, half the remaining
power is tapped off before the waveguide terminates in the third structure.

To isolate the structures in case of rf breakdown, a directional coupler-like layout is used for the tap-
offs. The ‘magic H’ serves as the second tap-off as illustrated in Fig. 4.23. For the first tap-off, the
modified hybrid design is used to give the proper 1/3-to-2/3 split. This is achieved by adjusting the
differential phase length of the coupling section in the 3-dB design while maintaining the match. Any
reflected power from the structures travels back through the waveguide system or ends up in the fourth
ports of the hybrids, which are connected to high-power loads. Since the structure inputs are only about a
meter apart, the power is transported between them in rectangular waveguide.

Figure 4.23: A 3-dB tap-off made with a ‘magic H’ hybrid and jog converters.
Electric field patterns are shown for power flow from left to right.
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4.5 Accelerator Structures
4.5.1 Introduction

The NLC linacs will each contain about 5 km of X-band accelerator structures to increase the beam
energy from the 8 GeV at injection to 250 GeV for collisions at the IP. There are three basic requirements
on the structure design: it must transfer the rf energy to the beam efficiently to keep the machine cost low;
it must be optimized to reduce the short-range wakefields which depend on the average iris radius; and it
must suppress the long-range transverse wakefield to prevent multibunch beam breakup (the resonant
amplification of bunch betatron motion by the bunch-to-bunch transverse wakefield coupling).

4.5.2 Structure Design Considerations

The primary issue for the basic structure parameters is the tradeoff between high rf-to-beam efficiency
and low wakefield-related emittance growth. The emittance growth is caused by the head-to-tail trans-
verse wakefield deflections generated when the bunches travel off-axis through the structures. Resonant
head-to-tail amplification is suppressed by introducing a correlated energy spread along each bunch (so
called BNS damping, Section 7.4.1). The size of the remaining nonresonant growth depends on a number
of factors including the average iris radius, the bunch charge and the achievable beam-to-structure align-
ment (the goal is about 10 µm). The average iris radius and the bunch charge also affect the rf-to-beam
energy transfer efficiency. Higher efficiency comes at the expense of increased emittance growth. As a
result of this basic tradeoff and the constraints on a number of related parameters, an average structure iris
radius of 18% of the X-band wavelength was chosen for the linac design [33].

Defining the structure parameters required a number of other design choices. A traveling-wave struc-
ture was selected because standing-wave designs are generally more expensive. A disk-loaded waveguide
geometry was used since disk-shaped cells are easy to manufacture. The gradient and iris surface field
along the structure were held roughly constant to avoid having one region of the structure limit the gradient
because of rf breakdown. The gradient profile was shaped by varying the rf group velocity along the
structure, a common method for achieving a constant gradient. The phase advance was chosen to be 120
degrees per cell, the same as in the SLAC S-band structure. This value gives a high shunt impedance per
unit length which improves efficiency. (The shunt impedance is the ratio of the square of the unloaded
gradient to the power dissipated per unit length in the copper cells.) The structure filling time was chosen
to maximize the rf-to-beam energy transfer efficiency, taking into account the length of the NLC bunch
train. These choices constrained the basic structure geometry, and resulted in a 206-cell, 1.8-m long
structure with a group velocity varying from about 12% to 3% c.

Once the basic design had been selected, a method for suppressing the long-range transverse wakefield
had to be developed. A final design with acceptable wakefield properties was achieved by using two
techniques. “Detuning” requires that each cell of the rf structure have a slightly different dipole frequency,
such that the wakefields from the different cells have decohered by the time the second bunch arrives.
“Damping” requires that the cells be engineered to reduce the e-folding time for the wakefields, effectively
causing the dipole wakefield power to be dissipated more rapidly in the structure. This achievement
required major advances on two fronts. One was the accurate modeling of wakefield generation in struc-
tures whose geometry varies from cell to cell. This was achieved using 3D finite-element calculations to
obtain parameters for an equivalent circuit model of the cells. Another key advance was in the precision
machining of the cell shapes to produce the desired acceleration and dipole mode frequencies. The result
of these two efforts produced structures with frequencies that matched design to better than 1 MHz. The
precision fabrication methods also result in structure straightness better than the NLC requirements. The
wakefield suppression methods are described in the next section, followed by a discussion of the structure
fabrication and testing procedures in Section 4.5.4.
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In parallel with the structure design effort, upgrades to the NLCTA were made to allow for systematic
studies of the structure long-term, high-gradient performance. During this program, evidence for rf break-
down-related damage was seen. The NLC group, in collaboration with KEK and LLNL, immediately
began an intensive program to understand the damage mechanism and find a structure design that will
support the full gradient. This program is described in Section 4.5.5. Preliminary results indicate that a
shorter 0.9-m structure design will reach 70 MV/m gradient reliably.

4.5.3 Long-Range Wakefield Suppression

In order to deliver the desired luminosity, the NLC will operate with a train of 190 bunches. A major
concern is that the long-range transverse wakefields generated as the beams traverse the accelerator
structures can strongly couple the motion of the bunches. This coupling will resonantly amplify any
betatron motion of the train, unless the transverse wakefield is reduced by about two orders of magnitude
during the 1.4 ns between bunches. This difficult goal was met by using a combination of cell detuning and
damping [34]. These methods are described below in the context of the most recently built 1.8-m struc-
ture, the first Rounded Damped Detuned Structure (RDDS1). Figure 4.24 shows cutaway views of the
structure and one of its cells. ‘Rounded’ in the name refers to the fact that it has cells with a rounded shape
instead of the disk-like ones of previous Damped and Detuned Structures (DDSs). This change in geom-
etry increased the shunt impedance by roughly 15%, which improved the rf-to-beam efficiency by about
6%.

(a) (b)

Figure 4.24: Cutaway view of (a) upstream end of RDDS1 and (b) RDDS1 cell.

The first technique to be developed was mode detuning. The frequencies of the lowest (and strongest)
band of dipole modes are varied so that the modes excited by an off-axis bunch do not add constructively.
For RDDS, the variation is systematic along the 206-cell structure to produce a Gaussian distribution in
the product of the mode density and the mode coupling strength to the beam. This detuning produces an
approximately Gaussian falloff in the net wakefield generated by each bunch. Detuning works well to
suppress the wakefield for about the first 30 ns, after which the amplitude increases due to a partial
recoherence of the mode excitations. To offset this rise, weak mode damping was introduced. The damp-
ing is achieved by coupling each cell through a longitudinal slot to four TE11 circular waveguides that run
parallel to the structure. Two of the circular waveguide manifolds are in the horizontal plane and couple to
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the vertically deflecting dipole modes. Two are in the vertical plane and couple to the horizontally deflect-
ing modes.

The manifold damping works because the phase velocity of the manifold mode is greater than c and
the detuning results in localized dipole modes in the structure that each have a phase velocity profile that
varies from near c at one end of the mode (the π-mode-like end) to infinity at the other end (the 0-mode-
like end). Thus a near-speed-of-light beam excites the dipoles modes near their π-mode end. The energy
propagates at the local group velocity until it reaches the region of the mode where the phase velocity
matches that of the manifold mode, at which point it couples to the manifold. The damping is optimized
when the coupling is adjusted so 100% of the dipole energy flows directly into the manifolds, as if it were
a perfectly terminated traveling wave.

At the ends of the structures, the circular manifold waveguide makes a transition to rectangular
waveguide, which transports the power out of the structure. It is sent either to matched loads or to
processing electronics so the signals can be used for beam position monitoring. If the power is extracted
without any reflections, the manifolds reduce the dipole mode Qs from about 6,000 to 1,000, enough to
keep the wakefield from significantly recohering. However, a surprisingly small mismatch (voltage stand-
ing-wave ratio of 1.05) at the output ends of the manifolds can significantly degrade the long-range
wakefield suppression. Such a mismatch can double the average value of the wakefield in the region from
about 30 to 60 ns behind the driving bunch.

The process of designing the damped and detuned structures is quite complex [35]. It has been
simplified somewhat by treating short regions of the structure as if they were part of a periodic (constant
geometry) structure. Such an approximation makes the calculations easier and is accurate because the cell
geometry varies slowly through the structure. In this regard, an n cell structure is initially treated as n
periodic structures, each with a unique synchronous dipole mode frequency (a synchronous mode in a
periodic structure is one with speed-of-light phase velocity).

The first step of the design process is to choose a set of synchronous dipole mode frequencies that has
a truncated Gaussian distribution when weighted by the amplitude of the mode excitation per unit beam
offset, referred to as the kick factor. Figure 4.25 shows the distribution of the 206 dipole modes for
RDDS1, both weighted and unweighted. The weighted distribution has a mean frequency of 15.2 GHz
and a frequency spread of 11.25%. It is truncated at 4.75 σ. These values produce more than a factor of
100 falloff of the wakefield within one bunch spacing (1.4 ns). The resulting wakefield is essentially the
inverse Fourier transform of the weighted frequency distribution, and is approximately Gaussian.

The second design step is to compute the cell parameters for each dipole frequency using a 2D field
solver. Since this alone does not uniquely define the cell parameters, the extra degrees of freedom are used
to selectively detune the weaker dipole modes in the third and sixth band. For the third band, the iris
thickness is varied, while maintaining a minimum thickness of 0.75 mm for mechanical considerations.
For the sixth dipole band, the iris bulging radius is changed. To match the desired frequencies in the first
band, the iris radii are varied with the constraint that their average equals 18% of the rf wavelength as
discussed earlier. The remaining cell parameter, the cavity radius, is adjusted to obtain 11.424 GHz for the
fundamental mode. The manifold slot parameters are set somewhat empirically by iterating the sizes until
a ‘good’ wakefield is achieved (see below).

The third step is to construct an equivalent circuit to model the wakefields in a damped and detuned
structure [36]. The schematic is shown in Fig. 4.26 where the LC circuits represent the TE and TM
components of the dipole field of the individual cells. Each component is magnetically coupled to both
components of the adjacent cells. The beam excitation of the cavity is modeled by the input currents to
each of the TM cells. The manifold structure is modeled by the uppermost sequence of transmission line
sections each carrying a TE11 waveguide mode and shunted by an LC circuit at the junction of adjacent
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Figure 4.25: RDDS1 dipole mode frequency distributions: dn/df is the mode
density and kdn/df is the density weighted by the mode kick factors (k).
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transmission lines. Coupling of the accelerator cells to the manifolds is represented by a coupling between
the shunt capacitance of the manifold and the capacitance of the TE component of the corresponding
accelerator cell.

Figure 4.26: Equivalent circuit for the damped, detuned structure.
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In this model, there are nine parameters per cell. The cell dimensions are determined for a representa-
tive set of seven cells. The periodic circuit predictions are fitted to computed dispersion curves for three
modes, the two lowest dipole modes of periodic structures having the dimensions of the selected cells, and
the lowest mode of the manifold. The circuit parameters for the other cells are determined by interpolation
from these results. A newly developed 3D finite-element, parallel-processing code (Omega3P) was used to
compute the dispersion curves for RDDS1. To verify the accuracy of the code, five sets of test disks were
carefully measured mechanically with a coordinate measuring machine (CCM). These mechanical data
were then used to predict the disk properties. Excellent agreement (< 1 MHz) was obtained between
electrical measurements with a network analyzer and the finite-element predictions.

In the final step of the design process, the long-range wakefield is computed and the results evaluated.
First, the equivalent circuit is used to compute the dipole impedance as a function of frequency over the
bandwidth of interest (about 15% of the mean frequency). The results are then inverse Fourier trans-
formed to obtain the time dependence of the wakefield. If the wake suppression is at the level desired, the
wake function is used as input to simulations of linac beam transport to determine its effect on betatron
motion and emittance growth. If acceptable levels are not found, the procedure is iterated, varying the
structure parameters, in particular the detuning width and sigma and the damping slot sizes.

4.5.4 Structure Fabrication and Testing

To build a structure, disks and cells are first rough-machined using regular lathes and milling machines
[37,38]. At this stage, more than 40 µm of extra copper are left on all surfaces except the coupling slots
and manifolds. Final machining is done to micron accuracy and 50 nm surface finish using single crystal
diamond turning. The cells are carefully cleaned and rinsed with ozonized water, and then stacked in the
V-block of a special fixture. The whole stack is pre-diffusion bonded at 180°C and final-diffusion bonded
at 890°C. The final assembly including flanges, vacuum ports, WR90 waveguides for the fundamental
mode, and WR62 waveguides for the dipole modes are brazed in a hydrogen furnace at 1,020°C. The
brazed section is then installed on a strongback for final mechanical measurement and straightening in a
CMM. This procedure has produced structures with straightness over the 1.8-m length that is well within
the NLC requirement of 10 µm rms.

During the assembly process, microwave quality control is used to evaluate the cell and structure
properties at several steps [39,40]. This is particularly important since the cells are not designed to be
tuned. As the cells are fabricated, the fundamental and dipole modes are measured to look for significant
cell-to-cell deviations. Stacks of cells are also measured to verify that the phase advance is correct at
11.424 GHz. If the net phase error deviates by more than several degrees, the dimensions of subsequent
cells are modified to compensate the phase shift. After the structure is assembled, a semiautomated bead
pull system is used to measure the field phase and amplitude along the structure. Phase deviations of less
than 20 degrees are generally achieved, within the NLC specifications.

 To determine if the long-range wakefield of the structure is as predicted, the wakefield is measured in
the Accelerator Structure SETup (ASSET) facility in the SLAC Linac. The positron beam passes first
through the structure and induces a wakefield, the effects of which are then observed with the trailing
electron beam. For RDDS1, a comparison of the measurements and prediction is shown in Fig. 4.27.
Although the agreement is excellent, the wakefield is larger than originally designed and is not acceptable
for NLC. This is due to a defect in the final assembly procedure. Several cells of the structure were
distorted by a support ring during the final braze of the vacuum manifolds onto the outside of the struc-
ture. This changed their frequencies by about 30 MHz. To estimate the effect of this error, the phase
advance of the fundamental mode was measured after assembly. A corresponding change in the dipole
frequencies was then included in the wakefield prediction. Despite this defect, the random dipole fre-
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quency errors are less than 1 MHz, which is demonstrated by the fact the wakefield dips to the 0.1-V/pC/
m/mm level at about 25 ns. In an earlier structure (DDS1), a smaller wakefield was achieved, but a
mismatch in the manifold vacuum windows also caused it to be larger than designed.

Figure 4.27: RDDS1 vertical (circles) and horizontal (crosses) wakefield mea-
surements and prediction (solid line).

Centering tests were also performed in ASSET using the dipole signals from the manifolds as a guide
to position the positron beam. Measurements of the resulting short-range wakefield (< 300 ps) indicated
that the beam had been centered to less than 20 µm in the structure, which is close to the requirement
during NLC operation.

In summary, the techniques for suppressing the long-range transverse wakefield are well developed
and structures with wakefields that are close to meeting the NLC requirements have been fabricated. The
modeling tools needed for the design, and the fabrication methods needed for construction, are well
advanced and are being applied to the high-gradient designs that are being developed (see below). Activity
has begun to prepare for eventual production of these structures by industry, which will help to reduce the
uncertainty in the cost for mass producing the structures.

4.5.5 High Gradient Development

During the period when the long-range wakefield-suppression techniques were being developed, there was
little concern about the feasibility of operating the 1.8-m structures at unloaded gradients in the 50-80 MV/
m range. Earlier rf power tests with standing-wave cavities and short, low group velocity structures had
achieved gradients that far exceeded the NLC goal. These first tests were limited to cavities and short
structures because of the limited rf power available at the time, which was insufficient for a long structure.
Some pitting was seen on the cell irises of these structures after high power operation. This pitting was
clearly associated with the rf breakdown that occurred during processing. At that time, it was generally
thought that this damage occurred only at the highest gradients, or only during the initial processing to a
high gradient. Facilities were not available to study the long-term effects of high-gradient operation, and
the effect of the pitting on the structure performance was not measured.

High-power testing of NLC and JLC prototype structures only began in earnest when higher-power
X-band sources became available and facilities for doing more extensive studies came into operation. Four
of the 1.8-m structures that had been developed for the wakefield suppression studies were installed in the
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NLCTA. They were initially intended to operate at 50 MV/m with 240-ns pulses, which was the maxi-
mum pulse length possible in the NLCTA. It took a few hundred hours to process the fields to the desired
level, but the 50-MV/m gradients were eventually achieved.

During this time, a 1.3-m JLC structure was tested at the Klystron Test Laboratory at SLAC, which
achieved gradients up to 85 MV/m with 150-ns pulses [41]. A new bead-pull technique was used to
compare the phase profiles before and after processing of the JLC structure. It showed the surprising
result that the net phase shift through the structure had changed by 25 degrees. This shift occurred only in
the upstream two-thirds of the structure.

A similar pattern of damage was later observed when processing one of the damped, detuned struc-
tures to 70 MV/m with 240-ns pulses in the NLCTA. This measurement used an in-situ beam technique.
During about 1,000 hours of operation at high gradient, the net phase shift increased by 90 degrees. Once
this continued degradation was seen, bead-pull measurements were made on the remaining three1.8-m
structures. All of these had about 500 hours of operation at gradients less than 55 MV/m. The same
pattern of damage was observed [42].

Based on these results and those from the early structure tests, it was hypothesized that the damage
was related to the higher group velocity at the upstream end of the structures. This relation was proposed
in part because the rf power required to achieve a given gradient increases with group velocity. In addition,
if the structure is viewed as a transmission line and rf breakdown as a load impedance, the fraction of
incident power absorbed during breakdown increases with group velocity. If damage relates directly to
absorbed power, these two effects combined predict that the gradient at which a given level of damage
occurs is inversely proportional to the group velocity.

Another possible explanation for the greater upstream damage is that reflected rf energy from a
breakdown causes an overvoltage upstream that initiates further breakdown within the same rf pulse.
Such events have been observed, and this mechanism would increase the number of upstream break-
downs. Contrary evidence is that more than 70% of breakdowns appear to occur in one location.

A series of structures with different lengths and group velocities was built to study the factors contrib-
uting to the damage. In addition, various improvements were made to the structure cleaning, handling and
processing procedures to determine their impact on high gradient performance. The first structure tested
in this program was made by cutting off the last 52 cells of one of the 1.8-m structures that had been run
in NLCTA. This portion was chosen because it showed no discernible phase shift from the previous
operation at less than 50 MV/m. The shortened structure was operated for about 1,700 hours with 240-ns
square pulses at gradients up to 73 MV/m. Although the structure incurred some damage, as indicated by
a 5-degree phase shift, the breakdown rates at the end of the experiment the were fairly low, about 1 per
hour at 70 MV/m and 0.25 per hour at 65 MV/m. The value at 65 MV/m is almost acceptable for NLC
operation.

The goal of the next test was to compare the relative breakdown rate in two structures with a common
group velocity profile but different length. For this purpose, two new structures were fabricated at KEK
with initial group velocities of 5% c. One was 20-cm long (23 cells) and the other 105-cm long (120 cells)
with the first 23 cells identical to those in the shorter structure. The iris surface fields were held constant
along the structure to eliminate field-strength differences and both were powered equally. The shorter
structure was found to have an internal overvoltage of roughly 10% due to a reflection from the loads,
which had to be taken into account in the measurements. Both structures behaved similarly. At lower
gradients, the breakdown occurred mainly near the input or output couplers so the effect of length was
unclear. At the highest gradients, the coupler regions were not the dominant breakdown locations and the
breakdown rates were comparable. In general, the breakdown rates were similar to those measured in the
previous test but the damage was less (< 2 degrees of phase shift). This reduction may be the result of the
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improvements made in the way the structure was prepared, with better degassing, and rf processed, with
a reduced rf trip threshold.

In a parallel program to the tests discussed above, a 1.8-m prototype NLC/JLC structure that had not
previously been powered was tested to determine the gradient at which damage begins to occur. Like the
previous prototype structures operated in the NLCTA, this structure has an initial group velocity of 12% c.
A ‘less aggressive’ processing protocol was used to prevent the breakdown from continuing for several
pulses and to allow a longer time for outgassing after a trip. In spite of these changes, the damage
threshold was found to be 45-50 MV/m, consistent with the earlier 1.8-m structure results. Clearly, the
lower group velocity structures were able to reach much higher gradients before damage, 70-75 MV/m.
The low group velocity structures also reached gradients of 50-60 MV/m before the breakdown rate
exceeded several per hour. This occurred much earlier, at 30-40 MV/m, for the higher group velocity 1.8-
m structure. This dependence is very evident in Fig. 4.28.
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Figure 4.28: Operational Histories of Three Accelerator Structures as they are
processed to high gradients. (a) A 1.8-meter-long NLCTA structure with group
velocity 12% the speed of light at the input end. (b) A 0.5-meter-long test struc-
ture with group velocity 5% the speed of light at the input end. (c) A 1.0-meter-
long test structure with group velocity 5% the speed of light at the input end. The
data are unselected and correspond to a range of operational conditions.

 Much has also been learned during the structure processing from measurements of various emission
signals (rf, light, X-rays, sound, vacuum pressure and electron currents) before, during, and after break-
down. In addition, the cell irises have been examined after processing to look for contaminants. Some of
the general conclusions are listed below:

• No consistent precursors to breakdown have been found.

• No definitive evidence has been found as to what triggers breakdown.

• After a breakdown begins, up to about 80% of the incident rf energy is absorbed. The transmitted
power falls to zero in about 100 ns.

• Rf transmission fully recovers after the main rf pulse has been off for several microseconds, even
if there has been a large gas burst.
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• Vacuum pressures up to 10-7 torr do not seem to affect the breakdown rate.

• When running at a fixed gradient, the breakdown rate decreases slowly. A more rapid reduction is
seen after processing first to a higher gradient.

Perhaps the most important observation is that, for the longest pulse operation at the highest gradi-
ents, the breakdown events tend to be clustered in time and localized in regions of the structure. These
events suggest that a breakdown can cause secondary damage that lowers the breakdown threshold on
subsequent pulses. Evidence for such secondary damage has been seen on irises inspected after process-
ing. The number of pits observed can be 100 times larger than the number of rf trips that occurred during
processing. This collateral damage mechanism would explain why a given cell iris behaves differently in a
high group velocity structure rather than a low group velocity structure (i.e., it breaks down more in one
case than the other for the same surface field). It is the larger secondary damage that causes the continued
breakdown.

The principal focus of the NLCTA program this year will be to gain greater understanding the gradient
limits in X-band accelerator structures. In the next set of tests, two structures of the same length (53 cm)
but different initial group velocity (5% and 3% c) will be operated to assess the dependence on group
velocity. In parallel, two 15-cell standing-wave structures will be tested. The standing-wave approach was
chosen because it is difficult to lower the group velocity of a traveling-wave structure below 3% c without
reducing the average iris radius or losing efficiency. The standing-wave structures are efficient and the
group velocity with respect to breakdown should effectively be less than 1% c.

For later tests, several types of standing wave structures and low group velocity traveling-wave
structures will be built. The low-velocity structures built for the current tests could not be used for NLC
because they have small-diameter irises that would produce stronger wakefields. The newer structures
will have a higher phase advance per cell (150º instead of 120º) to achieve both acceptable iris sizes and
low group velocities. Three designs are being developed, one that is 0.9-m long with an initial group
velocity of 5.1% c and two that are 0.9-m and 0.6-m long with initial group velocities of 3.2% c. These
prototypes are scheduled for high power testing by the end of the year. Various methods of pretreating the
structures will also be tried, including glow discharge cleaning.

The structure design chosen for the current NLC configuration is a 0.9-m long traveling-wave struc-
ture with a 5.1% c initial group velocity and a phase advance of 150 degrees per cell. The higher phase
advance allows an average iris radius that is 0.18 of the rf wavelength, which is necessary to attain the
desired short-range wakefield performance. The structure is similar to one of the test structures to be
studied this fall in the NLCTA. The recent results from the NLCTA high-gradient program suggest that
this structure will meet the NLC requirements on accelerating gradient, reliability, and short-range wakefields.
Preliminary damped and detuned parameter sets have been developed for the structure that produce
acceptable long-range wakefields. The proper wakefield suppression will be added using the same tech-
niques that were successful with the earlier structures. A full prototype structure, meeting all of the
performance requirements, will be developed and tested late next year.
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