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Abstract

This paper discusses two 34-cavity 10-cm long, 33.3
GH, high gradient accelerator sections fabricated by
different methods. Also described are the construction
and testing of a septum coupler designed for per-
iodically extracting power from the free electron laser
(FEL) portion of a two-beam accelerator.

Introduction

The two-beam accelerator is a very promising can-
didate for achieving the ultra-high electron energies
(e.g. > 1 TeV) required in next-generation linear col-
1iders.1=3 A portion of the TBA is shown in Fig-
ure 1. 1In 1985, a seven-cell high gradient structure
(HGS) was constructed and tested at ELF4 at 34.6
GH,.2 It was fabricated by the electroform tec-
hnique. With only routine metallurgy and relatively
poor vacuum involved (~10~% to 104 Torr),
the HGS achieved a peak surface electric field gradient
of ~ 380 My/m during a 3.1 MW, 10-15 ns pulse. This
would correspond to an average accelerating gradient of
~ 190 MV/m in an actual accelerator. Encouraged by
this result, we began the construction of two identical
high-quality accelerator sections using different tec-
hniques. The first was fabricated using the
machine-and-braze technique. The second was to employ
the electroforming approach. We hoped to
comparison-Lesti the two at ELF and determine whether or
not either was markedly superior to the other insofar
as ultimate gradients were concerned. Also it appeared
that the electroforming approach might significantly
simplify the fabrication of these sections. The star-
ting points for the HGA design were our requirements
for (1) a filling time of ~ 15 ns, compatible with
the ELF pulse width, (2) ~ 33.31 GH, operating fre-
quency, centered in the tuning range of the magnetron
driving ELF, (3) a 2v/3 mode, vp = C, nearly
constant-gradient disc-loaded waveguide structures,
for easy comparison to existing Tower freguency
accelerators, and (4) radial pumpout holes in the walls
of each cavity in order to maintain <1077 Torr
vacuum levels.

Machined and Brazed HGA

Under contract, the Haimson Research Corporation
(HRC) produced the detailed design and carried out the
fabrication of the machined and brazed HGA. This
work is described in a companion paper®. A sim-
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plified diagram of the disc-loaded waveguide structure
is shown in Figure 1 of this reference. The Haimson
design results in a nominally 10cm-long structure of 34
cavities, an iris diameter from 0.10254 inches to
0.08540 inches and a corresponding cavity diameter
range from 0.28619 inches to 0.28100 inches. The tol-
erance on all critical dimensions is * 50 microinches
(+ 1.25 micrometers). The HGA is vacuum-jacketed and
pumped by a Vacion appendage pump. The complieted as-
sembly after bakeout and sealing is shown mounted to a
strongback in Figure 2. HRC fabricated the HGA brazed
microwave structure and couplers, the tapered £-bend
matched transition waveqguides with oversize WR28
flanges, the brazed alumina windows in WR187 oversize
waveguide, the stainless steel combination high vacuum
and microwave flanges and the strongbacks. LBL/LLNL
supplied the electroformed adapter and pump-out tapers,
each of which has an attached 2 &/s Vacion appendage
pump. A1l of the accelerator subassemblies except the
tapers were oven brazed at temperatures in the range of
1040 to 860°C and after final microwave tuning and
matching, the overall assembly was baked out at

250°C, sealed off and delivered under vacuum. It

is being maintained at a vacuum level in the 107°

Torr range while awaiting a high-power microwave source
for testing. This should be available in less than a
year. The HGA is expected to achieve an average accel-
erating gradient in the few hundred MV/m range. The
relationship between accelerating gradient and power is
given by Ezcc = 31.0/P(MW) MV/m; the maximum sur-

face field on a disc iris is 66.8/P(MW) MV/m.

Electroformed HGA

In a collaborative effort between LBL, LLNL, and
the Sandia National Laboratory, Livermore (SNLL), an
electroforming process has been developed for fab-
ricating an HGA. This work is discussed in a companion
paper? and elsewhere®. QOur goal was to produce
an HGA having the same dimensions and mechanical tol-
erances as were achieved in the brazed HGA. Input and
output microwave couplers identical to those of the br-
azed HGA were fabricated by HRC. These were to have
been joined to the HGA by electroplating. A variety of
copper-plating studies was conducted to achieve our re-
quirements for (1) low porosity, inclusions and grain
size, (2) precisely replicated mandrel surface, and (3)
negligible void formation and outgassing at bakeout
temperatures as high as 450°C. Additionally, mac-
hining methods for producing the deeply slotted al-
uminum mandrels were investigated. Figure 3 shows a
mandrel section and finished HGA prototype alongside a
centimeter scale. The final design calls for wider
longitudinal strengthening ribs into which cavity rad-
ial pumpout holes and tuner access ports are drilled.
The standard 6061-T6 aluminum alloy was used for the
mandrel material. A dc cyanide plating process prod-
uced optimum results when operated at a current density
of 4 A/ft2 and a mandrel rotation rate of 10 rpm.

Grain size and outgassing rate were acceptable and void
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formation was negligible when samples were baked at
650°C. Budget restrictions made it necessary to
discontinue this work before a final HGA could be com-
pleted. A number of acceptable mandrels have been pro-
duced as well as the couplers and HGA vacuum manifold
and windows.

Septum Coupler Design and Fabrication

The origin of the septum coupler concept is dis-
cussed elsewhere2. Figure 4 shows a
cross-sectional diagram of the type of test section we
have constructed and tested at ELF. The microwave
E-vector of the TE,, mode lies vertically in the
plane of the paper; power flow is from left to right.
The dimensions shown are in inches (centimeters). The
spacing between the leading edges of the first and
second pairs of septa is six inches. A number of geom-
etric and electrical constraints essentially fixed all
of the key dimensions of the coupler. Taking advantage
of the Tt,, mode symmetry plane, the coupler was
fabricated in two halves by a numerically controlled
milling machine. These halves were later TIG-welded
together. Figure 5 shows the lwo halves. The mat-
erial chosen for the coupler was 310S stainless steel.
Individual wall thicknesses were held to 0.062 in.
Stress calculations® indicated that the maximum
broad-wall deflection under vacuum loading would be
about 0.021 in.

Septum Coupler Testing

The techniques employed for high-power microwave
measurements at ELF have been described prev-
jously®+4. For the septum coupler, calibration
measurements on a test bench and in position following
the wiggler at ELF established both the relatively good
symmetry of power coupled out by both oppositely-paired
septa and the attenuation through the five coupled
arms. However, these tests revealed that the second
pair of septa only coupled out about a third of the ex-
pected power. We conclude that in this largely over-
sized guide the tapering between the first and second
septum pairs is too abrupt. We assign a general 3 dB
uncertainty ("error bar") to the FEL power meas-
urement. Also, the calibrations were conducted with
10-20 ns microwave pulses. This avoided resonant ab-
sorption peaks, caused by mode conversion, that arise
during long-pulse or c.w. excitation of oversized wave-
guide systems.

Figure 6 shows the power measurement nomenclature
and the locations for magnetic field measurements.
Test results will be summarized here; they are des-
cribed in detail elsewhere®, The ELF operating
frequency was 35.0 GH,. In the first lests, the sep-
tum coupler was placed after the ELF wiggler and beam
dump. Power from the five coupler outputs passed thro-
ugh separate vacuum-pumped diffraction-loss chambers
which introduced ~ 40 to 50 dB loss into each line so
that the remaining power could be handled and measured
by standard components. We wished to study the symmet-
ry and stability of power division, stability of rel-
ative phase, relative higher mode content, and arcing
thresholds. The value for Py is inferred from the
measured P, value and the previously measured value
for the loss straight through the coupler, typically
~ 1.3 d8.

Allowing for pulse-to-pulse variations in the ELF
output, we observed the coupled power distribution to
be stable. By homodyne phase measurements, we also ob-
served that the relative phase relationship between ou-
tputs was as stable as the phase of ELF itself (< +
20° pulse-to-pulse variationil) when averaged
by 5 ns integrators. Without the integrators, the
phase "noise" was < + 40° during the
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fine-structure variations of the ELF pulse top. With
the coupler installed, there was no significant change
in the TE,,/TM,, mode content at the Py, out-

put as compared to that of the ELF output alone. To
study arcing thresholds, the ELF output power was var-
ied by changing the length of the resonantly excited
wiggler. Being perpendicular to the microwave
E-vector, we did not expect the presence of the septa
to lower the arcing threshold appreciably. In ad-
dition, a previous test had demonstrated that WR-28 wa-
veguide could handle in excess of 140 MW of power in
10-20 ns pulses without breakdown occurring. We were
therefore surprised to observe evidence of arcing at an
input power level of 50 to 100 MW. Power in the small
coupled output guides ranged from 7 MW to 43 MW at the
onset of arcing. As power was increased, the Pg,
output power increased appropriately but the power from
the four coupled outputs rapidly leveled off. The lack
of suitable diagnostics and time precluded a detailed
study for determinining the location of the arcing.

In the second series of tests, the septum coupler
had its flanges removed, was carefully butt-welded to
stainless steel waveguide extensions and placed inside
the wiggler. The first septum-pair leading edges were
Tocated 1.5 m into the wiggler. This placed the septa
in a high-power exponential FEL gain region. In add-
ition to the parameters studied outside the wiggler, as
described above, we wished to study the time-dependent
penetration of the puised wiggler magnetic field into
the coupler, the effect of the presence of the coupler
on FEL behavior, and any changes in output
third-harmonic content. Using a small, carefully pos-
itioned coil B vs t was measured at the five locations
shown in Figure 6. At all of them the B risetime was
< 20 ps. This showed that no significant change in the
field penetration time was introduced by the multiple
walls of the coupler. General FEL behavior, e.g.gain,
peak power, and beam transport, appeared unchanged by
the presence of the coupler in the wiggler. The power
division in the coupler and the relative phase of the
five outputs was as stable as before. The
TE,,/TM,, mode content and third-harmonic con-
tent also were not significantly different from their
values obtained while operating the FEL without the
coupler. The arcing threshold measurements, however,
produced another surprise. At an active wiggler length
of 1.0m, where the FEL power was only 0.6 to 0.8 MW,
all four coupled outputs showed evidence of arcing.
This was indicated by the detected pulse shapes red-
ucing in width to only 2 to 3 ns (FWHM). The Pg,
and Py, power levels were 200 to 300 kw; the
Py, and Pg, levels were ~ 100 kw. These
pulse shapes remained narrow and sharply peaked when
the FEL power was increased to ~ 65 MW.

Inside the wiggler, of course, the septa are in an
environment which includes both a magnetic field and a
high current beam. The latter may have a halo or
"wings" which extend to the septa leading edges. With
such a ready source of electrons possibly striking the
septa leading edges and causing secondary emission, an
avalanching mechanism such as multipactori? seems a
likely culprit. Instead of causing arcing, whose in-
jtiation within 2 ns is somewhat difficult to explain
(the vacuum is typically ~ 3x107% Torr), a multi-
pactor could result in simple electron loading, i.e.
absorption of the microwave power. This seems to have
been confirmed by our observing an absence of power re-
flected back to the FEL input. Such reflections were
seen during arcing when the septum coupler was located
outside the wiggler. Alternative mechanisms are being
considered, e.g. local high gas pressure at the septa
edges which might enable a fast breakdown. In both
cases, a beam-size limiter, or scraper, might eliminate
the problem. Again, time did not permit further ex-
perimental studies of this power-limiting phencmenon.
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A means for suppressing this effect must be found if
the septum coupler is to continue being considered for
a key role in the TBA. Within a year, we hope to
resume coupler testing with improved diagnostics.
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