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Abstract—Design of a beam energy recovery system for
application to the CP1 VKS-8262S S-band klystron is presented.
The multi stage pulsed depressed collector optics, mechanical and
thermal design, energy recovery modulator, and experimental
program will be highlighted.
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l. INTRODUCTION

For many RF accelerator facilities, there is substantial
investment in existing high power RF power source
infrastructure. However, there are programmatic as well as
economic motivations for upgrading the power sources both in
peak power as well as increased efficiency. The Generator for
Recovering Energy from RF (GREEN-RF) program initiated in
early 2015 to address the question, “How can we increase the
energy efficiency of existing US Department of Energy (DOE)
facilities while substantially reusing existing hardware?” There
is motivation to apply the developments to both accelerator as
well as broader commercial uses. Funded by the DOE
Accelerator Stewardship Program, a partnership between
SLAC National Accelerator Laboratory and Communications

and Power Industries, LLC (CPI) is addressing these
challenges.
TABLE I. PARAMETERS FOR KLYSTRONS STUDIED IN THE GREEN-RF
PROGRAM.
CPI VKS-8262S | SLAC 5045
RF Efficiency 45% 45%
Beam Voltage 120 kV 350 kV
Perveance 2 HA/\V32 2 HA/\V32
Average RF Power 5.7 kW 41 kKW
Peak RF Power 5.5 MW 65 MW
RF pulse Width 5.8 us 3.5ps
Target Collector Efficiency 57% 45%

Depressed collectors are commonly used to increase the
overall efficiency of RF devices [1]. Because of complications

encountered at very high peak powers and the requirement that
existing modulators shall be reused, we are pursuing a new
approach to incorporate this technology: a feed-forward energy
recovery modulator. This technique has been demonstrated on
a low power tube. Efforts are currently underway to apply this
technology to the 5.5 MW CPI VKS-8262S and the 65 MW
SLAC 5045 (see Table 1) [2, 3].

Il. ENERGY RECOVERY MODULATOR

The GREEN-RF approach to recovering energy from a
depressed collector is to add a second, small energy recovery
modulator to self-bias the collector stages. This modulator
recovers energy during one pulse, and resonates the energy
back to the main driving modulator during the inter pulse
period. In this way, the driving and recovery modulators are
decoupled during the pulse [2].

—

Fig. 1. Photograph of an inverse Marx topology energy recovery modulator
for the CPI VKS-8262S. The Marx has 5 stages and will be connected to a 4-
stage depressed collector.

Collector stages must be biased at potentials approaching
the beam voltage (100’s kV), while typical modulators store
energy between 1 and 25kV. Therefore, the “inverse Marx”
was invented to convert the potentials for this application [4].
This topology is effectively a pulsed step-down converter:
energy is recovered at high voltage, and resonates back to the
modulator at low voltage.
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An inverse Marx was designed and built for the 8262 tube,
shown in Fig. 1. As discussed in the next section, a 4 stage
depressed collector was designed. One feature of an n-stage
inverse Marx topology is that it may bias 1 to n number of
collector stages. Adding more “taps” for more collector stages
is straightforward. The bias potential varies over the length of
the pulse as the inverse Marx capacitors charge up. This
topology is detailed further elsewhere [4].

I1l. RADIATION AND OIL COOLED DESIGNS

High peak power, high voltage pulsed depressed collectors
produce challenges not encountered in more ubiquitous
applications of depressed collectors such as in TWTs and
lower-voltage Kklystrons. During the design of the collector
optics for this device, it was found that the traditional conical
stage shapes did not produce substantial efficiency gains (<5%)
over cylindrical-shaped stages. In the interest of a more cost-
effective prototype, this cylindrical arrangement was chosen,
see Fig. 2.

Fig. 2. Michelle simulation of spent beam and the 4 stage depressed
collector.

For removing heat from the collector, two schemes are
pursued. First is a “traditional” oil-cooled design. For this
approach, oil flows over the outer surface of copper collectors
stages. Ceramic cylinders isolate and support the stages. A
grounded outer can contains the oil. The oil serves the dual
purpose of cooling the stages as well as providing high voltage
insulation. An advantage of this approach is that it has been
successfully implemented in  many prior applications.
However, the large ceramic vacuum seals may present issues
for some applications.

The second cooling approach that is being built is a
radiation-cooled design, shown in Fig. 3. Here, ceramic rods
support the stages, but the vacuum envelope is now the outer
grounded metal can. The graphite collector stages radiate heat
to the metal, water-cooled can. The advantage of this approach
is that the vacuum seal is much simpler, a more compact design
is achievable, and an oil cooling circuit is not needed.
Challenges for this approach include proper handling of the
large absolute temperatures and temperature gradients
encountered with the collector stages.

Fig. 3. Solid model of the radiation cooled collector.

IV. EXPERIMENTAL DEMONSTRATION AND PROJECT STATUS

Both versions of the depressed collectors have been
finalized and are being fabricated at CPI. Delivery of the oil-
cooled version to SLAC is anticipated in late Spring of 2017.
At SLAC, the tubes will be tested with the SLAC-fabricated
energy recovery modulator.

A follow-on study is underway to demonstrate the
technology on the 65 MW SLAC 5045. Results from this
design are presented elsewhere [5].
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