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ABSTRACT

A high-gradient, S-band microwave gun with a thermionic
cathode is being developed in a collabqrative effort- by AET,
Varian, and SSRL. A prototype design using an upgraded Varian
dxspenser cathode mounted with thermal isolation directly in the
first half-cell of a 1-1/2 cell, side-coupled, standing-wave cavity
has been fabricated and is being tested. Optimization of the
cavity shape and beam formation was done using SUPERFISH,
MASK, and PARMELA. An overview of design details, as well
as the status of in-progress beam tests, will be presented.

INTRODUCTION

In a collaborative effort, AET Associates, Varian Asso-
ciates (VA) and the Stanford Synchrotron Radiation Laboratory
(SSRL) are developing a 2 MeV S-band microwave electron gun.
In one application it would be an integral part of a VA medical
or radiographic accelerator. In another application it would be
part of a SSRL pre-injector for SPEAR as a synchrotron light
source. In the first case simplicity and compactness are the de-
sign criteria. The goal is to be able to mount a cathode directly
in the first half cell of a standard VA side-coupled, standing-
wave accelerator section. Thus, the normally-used 20 kV gun
insulator and pulse-transformer winding would be eliminated,
but cathode thermal isolation and back-bombardment heating
problems might be substituted. In the second case, a 1-1/2 cell
(plus one side-coupling cell) microwave gun will generate a train
of bunches that will be compressed in time by an alpha magnet
and narrowed in energy spread by slits built into the alpha mag-
net. A fast, FET-switched chopper-collimator at the entrance
to a 150 MeV linac will allow selection of three bunches out of
the several thousand that are produced over a range of energies
and during several microwave gun cavity fill times.

Some of the earliest experiments with microwave guns
probably were with a hot tungsten filament inserted in the first
cell of a Hansen Laboratory disk-loaded, traveling-wave accel-
erator section. Significant current control and energy spread
problems were undoubtly encountered. More recent efforts at
Hansen Laboratory!? involved a separate gun with a lanthanium
hexaboride cathode in a RF cavity, followed by an alpha mag-
net. Currently, there is considerable interest by some research
groups to employ laser-pulsed photocathodes,®* hot and cold.
With such cathodes, control of the current and pulse length is
inherently easy, but the system cost and complexity is greatly
increased.

DESIGN AND TESTS

This section discusses a design and tests that are in
progress with a prototype microwave gun. Figure 1 shows a
cross-sectional view of this high-gradient 1-1/2 cell, S-band gun.
A demountable cathode structure was designed so that an RF
choke joint around the cathode stem can be installed if nec-
essary, and various cathode materials can be tested in the fu-
ture. The initial design incorporates an alumina thermal barrier
around the cathode stem. This barrier has been metallized and
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Fig. 1: Cross-sectional view of the 1-1/2 on-azis cells.

copper-plated (~ 0.01 mm). RF contact between the stem and
the barrier is made via a tungsten-wire spring in the form of a
toroid to further decrease conductive heat losses from the cath-
ode. An annular-focus electrode protrudes into the half-cell RF
fields from the thermal barrier surrounding the cathode. The
electrode shape was determined using MASK?® to obtain proper
focusing, while maintaining a high shunt impedance and a high
accelerating field, E,, on axis. The gun is over-coupled through
an iris in the full cell to a standard S-band rectangular waveg-
uide. For a maximum beam-loading power of 3 MW, which cor-
responds to an average beam energy of 2 MeV at 1.5 A, the RF
power lost in the cavity walls would be approximately 1 MW. If
B =~ 4 with no beam, the cavity will appear to be matched when
beam-loaded, as in this example.

The RF gun employs a high-performance, impregnated-
tungsten dispenser cathode that is coated with a Varian-
developed, emission-enhancing layer in order to lower the effec-
tive work-function of the activated cathode material. This layer
is comprised of a sputtered coating of an osmium alloy that is
crystallographically oriented to preferentially expose a single-
crystal plane at the emitting surface. The layer microstruc-
ture is controlled so that the individual crystallites are colum-
nar and are no more than 1000-2000 A in lateral extent. This
results in a very narrow spread in the work-function across the
cathode surface, and permits fully space-charge-limited opera-
tion at current densities of over 100 A/cm? with moderate tem-
peratures in order to achieve high intrinsic brightness. Cath-
odes of this type® with diameters up to 5.1 cm have been made
at VA and tested with current densities of up to 140 A/cm?.
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Fig. 2: Cathode current versus iemperature for a
Varian 100 A/cm? dispenser cathode.

Measured brightnesses exceeding 1 x 1019 A /(m-rad)? have been
recorded. Figure 2 shows a typical, experimentally-determined,
temperature-limited curve for such a cathode.

In the half-cell containing the cathode, there is a cut-off
aperture on the wall opposite to the side-coupling cell aperture
that is designed to serve both as a vacuum pumpout port and as
a symmetrical RF perturbation, in order to minimize field dis-
tortion along the beam centerline in the vicinity of the cathode,
where the beam is least stiff. Two 8 £/s vacuum ion pumps were
installed, one directly on the first half-cell and the other on the
input rectangular waveguide.

Since the microwave gun current will be controlled by vary-
ing the cathode temperature in a way similar to that prescribed
in Fig. 2, a feedback circuit on the heater power supply will be
necessary to stabilize this current. The problem is exacerbated
by cathode heating from back-bombardment, which is especially
characteristic of RF guns. Cavity frequency tuning will be ac-
complished thermally, and it may include feedback to control
the cooling water temperature. Tests of the thermal character-
istics of the cavity are in progress. Subsequently, RF power will
be applied and the beam characteristics will be measured.

‘The design goals that were established for the gun, for op-
eration as part of the SSRL pre-injector are: (1) for a current
density at the cathode of J < 100 A/cm?, each bunch injected
into the linac should contain at least 10° usable electrons; i.e.,
electrons with momenta > 80% of the peak momentum in the
bunch, (2) manageable back-bombardment power; i.e., less than
5 W average, (3) 2 to 3 MeV/c peak momenta in the bunches,
(4) linear, monotonic dependence of momentum, p(t), on time
for 20 to 40 ps during a bunch in order to allow bunch compres-
sion by an alpha magnet, (5) well-controlled, transverse beam-

* size over a wide range of cathode current densities (10 A/cm? <
J < 100 A/cm?) for field levels that produce 2 to 3 MeV/c peak
momentum and (6) rms geometric (unnormalized) emittance of
less than 3 # mm mrad in both planes, over the same range of
conditions.

COMPUTER SIMULATIONS

In this section, various simulations of the gun are discussed
with regards to which parameters were varied in order to opti-
mize the design, and what is the predicted performance of the
final design. The primary tool for simulating the gun was the
program MASK, which is a fully relativistic and electromagnetic
particle-in-cell code. The program is very CPU-intensive and is
typically run on a super-computer. For present purposes, MASK
was modified to run on SSRL’s VAX 8810 computer. MASK re-
sults were tested partially with a program called RFGUN7 which
integrates the longitudinal equations of motion in the presence
of the electric field profiles calculated by SUPERFISH® and in

the absence of space charge. Calculations with the simpler and
less-accurate program PARMELA gave similar results to those
given by MASK. _

Ideally, one would simulate the entire gun, including the
coupling cell, for a full RF pulse, which could be as long as 2 us,
or 5700 RF periods for 2856 MHz. The cathode would emit
particles throughout the simulation, although at first these par-
ticles would not exit even the first cell. With such a simulation,
one could verify that, at some point in the operating cycle, use-
ful electron bunches would emerge from the gun. One could also
demonstrate whether or not, in the presence of beam, the cavity
oscillated as desired in the w-mode, with the required field ra-
tio between the two cells. Since beam-loading power is expected
to exceed wall losses by as much as a factor of 3, it is possible
that the equilibrium field configuration reached by the gun with
beam will be different from that reached with no beam. Unfor-
tunately, a single such simulation would take roughly six years
of CPU time! '

Rather than simulate the entire operating cycle of the gun,
it was decided to assume that the gun would reach equilibrium
with the desired field configuration, in which case it is only nec-
essary to simulate a single RF cycle with beam. From such a
simulation, the beam-loading power at the assumed equilibrium
can be calculated and used to assess the input power needed
by the gun. The fundamental mode of the cells can be excited
very efficiently by an antenna driven for four RF periods by a
shaped, sinusoidal pulse. With proper pulse shaping and proper
placement of the antenna, excitation of other modes can be kept
below 10~2 of the fundamental. Emission of particles from the
cathode can be started on the fifth RF cycle, and the complete
simulation need only run for seven cycles.

The first and second cells of the gun were simulated sepa-
rately, in part to obviate the need to simulate the coupling cell,
and in part to allow easier independent variation of the electric
field strength in the two cells. The boundary conditions between
the two cells cannot be properly simulated in this way, but this
proved unimportant since the particles of interest have kinetic
energies of over 200 keV by the time they reach the interface.
Small frequency differences between the two cells are inevitable
due to the nonzero mesh size of the simulations. These are com-
pensated for by adjusting the relative phases to be slightly dif-
ferent from w. Thus, when electrons arrive in the second cell,
the field configuration is very close to that which would exist
if the cells oscillated at the same frequency and with a phase
difference of .

Having made the decision to design a gun based on a 1-1/2
cell side-coupled standing-wave cavity, the most convenient pa-
rameter at our disposal for modifying the longitudinal distribu-
tion was the ratio of the on-axis, peak electric fields, E;, in the
two cells. For the i** cell, where i = 1,2, the electric fields on-
axis have the form E.i(z,t) = E,; Eni(z) sin (wt+¢;), where the
E,i(z) are the mode patterns, normalized to unity. The relative
excitation of the two cells is thus characterized by a = Eyy/ Ep;.

In order to keep back-bombardment power low, o was
made appreciably greater than unity, which means that the par-
ticles will gain most of their energy in the second cell. In order
to avoid break-down problems, Ey3 was kept below 80 MV/m,
which corresponds to a peak surfacefield of about 160 MV/m.
It was found from simulations with RFGUN that for 2 < a < 3
and 50 MV/m< Ep; < 80 MV/m, design criteria (3) and (4)
could be met. If Ej,j is kept constant, then a larger a has the ad-
vantage of reducing the back-bombardment power and produc-
ing high energies without increasing the nonlinearities in p(t).
A smaller a results in more charge entering the second cell, but
in greater back-bombardment power on the cathode.

A value of a ~ 3 was obtained for the prototype gun. For
this a, 40-60% of the particles emitted from the cathode reach
the second cell, depending on Epy. The vast majority of the
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particles that do not reach the second cavity return to hit the
cathode, but with about half the average kinetic energy of the
particles that exit the first cell. For 60 MV/m < Ep; < 80
MV/m, 85-90% of the particles in the second cell exit by the
desired route. The remaining particles are accelerated back into
the first cell or hit the cavity walls.

The transverse distribution is affected by many factors, in-
cluding the rate of acceleration in the first cell, the focusing nose
near the cathode, the size of the cathode, the current density,
the radial electric fields produced by the noses in the second cell,
and the thermal energy of electrons (this latter effect is negli-
gible). Of these, the focusing nose near the cathode, the size
of the cathode, and the current density are most readily var-
ied and controlled. The rate of acceleration in the first cell is
limited by the desire to keep back-bombardment low. For sim-
plicity in construction and design, the noses in the second cell
were unaltered from a standard Varian design. However, due to
the RF nature of the focusing from these noses, they affect the
beam emittance, and modifying their shape may be worthwhile
in future designs.

To the authors’ knowledge, there is no prescription for
optimum radial fields near the cathode for an RF gun that emits
a long pulse, for which the time dependence of the RF focusing
dominates the emittance, though such a criterion does exist for a
short pulse.>® From simulations with MASK, it was found that
the emittance is a weak function of the shape and position of
the focusing noses, provided that the beam is not focused to a
waist in the first cell. Hence, the focusing was made only weakly
convergent; i.e, only sufficient to keep the beam from hitting
the “anode” nose and the drift-tube walls between the first and
second cells. In order to further reduce transverse space-charge
effects and maximize the lifetime of the cathode, the cathode
current density was kept low by using a 6-mm-diameter cathode.
A beam tube diameter of 7.6 mm was chosen to maintain a high
shunt impedance with minimum beam interception. No claim is
made that the optimum possible combination has been found.

Figure- 3 shows the comparison of numerical results
from SUPERFISH and experimental results from a bead-drop
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Fig. 3: The longitudinal electric field pro-
file along the beam centerline through the gun
(solid = computed; dashed = measured).

measurement of the axial electric field of the cavity of Fig. 1.
Figures 4(a), (b) and (c) shows that the beam size increases as
the current density is increased for a fixed accelerating field. A
comparison of Figs. 4(a) and (d) shows that the beam size—and,
in fact, the emittance—decreases with decreased accelerating
field; for the lower accelerating field, this smaller emittance may
be a result of less charge entering the second cell. Figure 5 gives
the energy spectra versus bunched-beam charge, Q, for various
RF accelerating field levels. Figure 6 shows the dependence of
emittance and accelerated charge on the peak cathode current.
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Fig. 4: Transverse phase-space distribution at the gun exit witha = 3 in all cases: (a) Eyp =75 MV/m
and J =10 A/cm?, (b) Epy =75 MV/m and J = 40 A/cm?, (c) Ep2 = 75 MV /m and J = 80 A/cm?,

and (d) Eyp = 60 MV/m and J = 10 A/cm?.
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Fig. 6: MASK results for the geometric (unnormalized) beam
emittance, €ms = (aiag, - a'gz,)l/z, and “useful” accelerated
charge per bunch, Qa, as a function of the charge emitted from

the cathode surface, Q., or the surface current density, J, for
E,= 75 MV/m, a =3 and vy > 4.4 (or E > 1.74 MeV).
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