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Abstract. A critical issuc for a Two-Beam accelerator based upon extended relat1v1stlc klystrons
is controlling the comulative dipole instability growth We describe a theoretical scheme to reduce
_ the growth from an exponenual to a more manageable linear rate, and a new experiment to test this
~ concept. The experiment utilizes a 1-MeV, 600-Amp, 200-ns electron beam and a short beamline of
periodically spaced RE dipole pillbox cavities and solenoid magnets for transport. Descriptions of
the RTA injector and the planned beamline are presented followed by theoretical studles of the
beam transport and dipole mode growth.

IN T-RO DUCTION

A Lawrence Livermore National Laboratory (LLNL) and Lawrence Berkeley
National Laboratory (LBNL) collaboration is studying the application of induction
accelerator technology to the generation of microwave power. We refer to this scheme
of power generation as the Relativistic Klystron Two-Beam Accelerator (RK-TBA)

[1]. This scheme is considered a TBA approach as the extraction of microwave power

_is distributed along a drive beam parallel to the high- -energy RE linear accelerator. The

RK designation indicates that the power is generated by the interaction of the

relativistic modulated drive beam with resonant structures s1m11ar to those used in a
_ conventional klystron.
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FIGURE 1. Illustration of a repeating module that comprises the extraction section of a RK.

The primary advantage of TBA concepts is that the conversion of drive beam power
to microwave power can be highly efficient (> 90%). This efficiency is realized by
distributing the power extraction over an extended length. The interest in RK-TBA's is
that induction accelerators are efficient at producing very high power electron beams.
Present induction accelerators operate at currents of several kiloamperes and accelerate
the beam to 10's of MeV for beam power of 100's GW [2]. The induction accelerator
can realize improved efficiency at converting wall plug power into beam power by
replacing the standard electromagnet solenoids for beam transport with permanent
magnets. Even higher efficiency can be attained if the induction cells are used as high-
voltage step up transformers driven by a relative low voltage (~ 20 kV) pulsed power
system. Present designs of a RK-TBA predict efficiency of about 40% in conversion
of wall plug power into beam power [3], or a total wall plug to microwave power
efficiency of about 36%.

The main section of an RK where the microwave power is generated is comprised
of many repeating modules as illustrated in Figure 1. Within each module, the
induction cells replace the energy extracted from the electron beam by the microwave
output structure. The efficiency of this process — extraction and reacceleration — is
nearly 100%. Not shown in Figure 1 are the beam generation and modulation sections
and the final beam dump. Fixed energy losses in those processes have to be included
in calculating the total beam energy to microwave conversion efficiency. Thus, it is
imperative that the RK have many of the efficient extraction and reacceleration cycles
to reduce the relative value of fixed losses with respect to the total energy transferred
to the beam.

Several proof-of-concept experiments have been performed to demonstrate the
viability of the RK-TBA concept. These experiments have shown the generation of
collider-scale drive beam in induction linacs, production of high-quality, high-power
microwaves from standing- and traveling-wave structures driven by induction
accelerator beams, and multiple reacceleration and extraction cycles [4, 5]. As will be
described below, we are continuing to perform experiments to study specific physics
and technology issues while constructing a prototype relativistic klystron.

RTA FACILITY STATUS

The RTA Facility at LBNL was established to study issues related to RK-TBA
designs. The principle effort is the construction of a prototype RK to serve as a test
bed for physics, engineering, and cost studies. We have completed the first major
component of the prototype RK, the commissioning of the induction gun [6]. A
schematic of the gun is shown in Figure 2. The induction cores are individually driven
at 15 kV as a demonstration of the type of pulsed power system proposed for a full
scale RK. The 3.5" M-type dispenser cathode and electrodes are designed to produce a
normalized edge emittance of 300 = mm-mr. Currently we are performing some minor
refurbishment to the gun and upgrades to the pulsed power system. Once this work is
finished, we will re-characterize the beam and then begin a series of beam dynamics
experiments (described below).

A second effort involves parameter and optimization studies of possible RK-TBA
designs. We have considered microwave frequencies from X-band to Ka-band [7] for
powering colliders with center-of-mass energies up to 5-TeV. In support of the higher
frequency designs, we participated in an experiment where an induction beam was
modulated at 35 GHz using a FEL and then transported through a resonant cavity to




_ generate power [8]. Th1s experiment was performed at CESTA with collaborators and
_support from the University of Bordeaux LBNL, LLNL and CERN Additional
experiments are planned. ‘
We are also continuing to develop relevant 1nducuon accelerator technology in
collaboration with other induction accelerator programs at LLNL, LBNL, and Los
~ Alamos National Laboratory (LANL) as well as with small businesses [9]. A recent
example is the testing of a High Gradient Insulator (HGI) [10] on LLNL's ETA-II
accelerator. The HGI is a multilayered construction of alternating insulator and
conductor material that has shown great ability in holding off electrical fields. The
HGI has also been used in induction cell designs to produce lower lmpedance The test
placed an HGI in an actual induction cell (modlﬁed ETA-II cell) under electrical field
stress in excess of 100 kV/cm during accelerator operations with a 2-kA beam. The
sucessful demonstration of the insulator under realistic conditions was a major
mllestone towards the 1ncorporanon of HGI technology into operating accelerators
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FIGURE 2 Schematlc of the RTA mducuon electron gun

An 1mportant issue for the RK-TBA is the conversion of wall plug to microwave
power efficiency. Most of the components of an RK can be independently tested to
_determine efficiency, cost, and lifetime — e.g. pulsed power components and induction
cells. However, the number of extraction cavities determines the overall efficiency of
the RK, and this number is limited by beam dynamics. We expect the prototype RK to
be able to address all the relevant beam dynamics issues. However, prior to the
completion of the prototype, we intend to do a series of smaller proof of concept

'expenments to study specific beam dynarmcs issues.

BEAM DYNAMICS ISSUES

The ultimate efficiency of a RK is determmed by the induction beam dynamlcs —
i.c. the number of extraction structures that the beam can transit. We have identified
three critical areas of beam dynamics that must be understood. The first involves
maintaining the longitudinal modulation of the beam or "RE bucket" structure. In the
drifts between output structures, space charge forces w1ll cause the beam to lengthen in




phase space, i.e., "debunch". If this effect is not corrected, the RF current (Fourier
component of the beam at the modulation frequency) will decrease resulting in a
decrease in the microwave power that can be extracted. Inductively detuning the
output structures, similar to the penultimate cavity in conventional klystrons, can
counter the space charge forces. The requirement for long-term longitudinal stability is
reestablishing the initial longitudinal charge distribution at the end of a synchrotron
period. Computer simulations have shown that with proper detuning, the RF current
can be maintained over the 150 output structures envisioned for a full scale RK-TBA.

The other issues involve transverse instabilities. The beam will excite dipole modes
in the induction cell accelerating gaps as well as in the resonant output structures. The
induction cell accelerating gaps can be severely damped with RF absorbers for all
resonant modes since the applied voltage pulse is quasi-static compared to the resonant
frequencies. In addition, the natural energy spread over the RF bucket contributes to
phase mixed, or Landau, damping. The combination of RF absorbers and energy
spread is expected to maintain the transverse instability due to the dipole modes in the
accelerating gaps at acceptable levels. '

The resonant output structures present a more difficult transverse instability issue.
The fundamental mode must couple sufficiently with the beam to extract the required
energy. Various techniques exist to damp higher order modes in both output and
accelerating structures. However, the permanent magnet focusing system envisioned
for an RK-TBA allows the application of a new technique that we refer to as the
Betatron Node Scheme.

Transverse beam instability theory is well developed and the exponential growth
predicted is supported by experiment. However, the standard theoretical approach
assumes that the discrete cavities interacting with the beam are closely spaced
compared to the betatron wavelength due to the focusing system. Our design for an
RK-TBA system requires strong focusing to maintain the required beam radius and a
constant average energy over each extraction/reacceleration cycle. This combination
leads to spacing between output structures of one betatron wavelength and the basic
assumption of the standard theoretical approach does not hold.

An alternative approach to studying the transverse instability uses transfer matrices
[11]. Assuming a monoenergetic beam and a thin cavity, Equations (1) through (3)
indicate the salient parts of this theory. Equation (1) represents the transverse
momentum change an electron receives passing through the cavity. R is an integral
operator that accounts for the part of the beam that has already passed through the
cavity. The first matrix on the RHS of Equation (2) is then the transfer matrix for the
beam going through the cavity. For a sufficiently thin cavity, the transverse position
does not change. Only the momentum is affected. The second matrix represents the
betatron motion of the electrons between cells where 0 is the phase advance. Thus,
Equation (1) advances the position and momentum of electrons from the exit of on
cavity to the exit of the following cavity. By repeatedly multiplying the two transfer
matrices, the position and momentum at the exit of any cavity can be related to the
initial conditions. For the situation where 9 is constant for all sections and 0 << 1, the
series of matrix multiplications can be shown to yield the same expected exponential
growth as the more standard approach.
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For the case where = 2m (or any integral multiple of 1), the matrix multiplication is
greatly simplified. The betatron motion returns the electrons to the original transverse
position and momentum (oppos1tely directed for odd multiples of m). The
multiplication involves only the matrix describing the effect of the cavity, and, as
shown in Equation (3), this leads to a linear growth in the transverse instability.
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There are many nonideal factors in a realistic accelerator including cavities of finite
thickness and variation in phase advance due to energy and/or focusing errors.
~ Parameter studies through computer simulations indicate that the transverse instability
is significantly reduced for systems with reasonable variations in parameters. We
intend to experimentally test the validity and robustness of the Betatron Node Scheme.

‘BETATRON NODE SCHEME EXPERIMEN’T

The basic elements involved in a test of the Betatron Node Scheme are: a set of
devices that generate a localized transverse impedance, a tunable focusing and
 transport system, and diagnostics to measure the BBU mode signal on the beam as a
function of time and distance along the beamline. A schematic for a possible beamline
is shown in Figure 3. The localized impedances are generated in simple pillbox ‘
cavities, tuned so that the TM,;, mode frequency matches the modulation of the beam;

a series of solenoid magnets provide tunable focusing; and rf ("B-dot") loops (rf
BPM’s) placed between cavities provide a means of collecting the dipole mode signal
carried by the beam. We have built several sections of this beamline, using off-the-
shelf components wherever p0351ble Each section is one betatron wavelength long and
is comprised of one pillbox cavity, a pumping port, a diagnostic; and three solenoids.

A photograph of a single section is shown in Figure 4.
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FIGURE 3. Schematic of the minimum beamline configuration required to demonstrate one period of
the Betatron Node Scheme.

The designed solenoidal focusing ficld and expected beam envelope is mdlcated in
Figure 5. The ten solenoids shown prior to the exit of the injector can be identified in
the schematic of the electron gun (Flgure 2). The next four solenoids are used to
transport the beam through a transport region c0n51st1ng of an inline gate valve and




pumping station, and to match the beam into the repeating sections of the Betatron
Node Scheme experiment. We will start with only two sections to verify transport
calculations and dlagnostlc performance. Additional sections (up to a total of ten) and
an initial driven tlckler cav1ty w111 be added over the» ollowmg months.
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FIGURE 5. Solenoid field and beam envelope as a function of distance along beamline,




Computer simulations of the increase in power measured by the RF diagnostics at
the dipole mode frequency are shown in Figure 6. Variations of = 10 % in the
solenoidal field (betatron phase advance) from the optimum should produce several
orders of magnitude increase in measured mode power after only a few sections. The
graphs in Figure 6 indicate the maximum power expected during the main body of the
beam (“flat top”). The temporal power variation during the pulse (not shown) is
predicted to have different characteristics between under- and over-focused scenarios.
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FIGURE 6. Computer predictions of BBU mbde growth as a function of the number of sections
(cavities) the beam has passed through for five values of the average solenoid field (left graph), and as a
function of the average solenoid field (betatron phase advance) after 10 sections (nght graph).

SUMMARY

The long-term goal of the RTA Facility is to build a prototype relativistic klystron
that has all the major components required for a RK suitable for collider applications.
The prototype would serve as a test bed for examining physics, engineering, and cost
issues. The first major component, the 1-MeV, 600-A, induction electron gun, of the
prototype has been completed and commissioned. Before continuing with the next
section of the prototype, we intend to perform a series of beam dynamics experiments.
In particular, we will demonstrate the effectiveness of the Betatron Node Scheme. We
are also continuing to study and optlmlze collider designs based on the RK-TBA
scheme. :
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