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Abstract

We present design simulations and experimental setup
for the first ever experimental demonstration of a bi-reso-
nant klynac; klynac is a term coined for a compact linear
accelerator with integrated klystron source utilizing the
same electron beam. This device is bi-resonant, one reso-
nant circuit for the klyston input and gain cavities, and one
for the klystron output and linac cavities, the schematic is
presented in Fig. 1. The purpose of a klynac-type device is
to provide a compact and less expensive alternative for an
accelerator up to 6 MeV. A conventional accelerator re-
quires a separate RF source and linac and all the associated
hardware needed for that architecture. The klynac config-
uration eliminates many of the components to reduce the
weight of the entire system by 60%. We have built an 8-
cavity, 2.84 GHz RF structure for a 1 MeV klynac. A 50-
kV, 10-A pierce-type electron gun provides the single beam
needed. Numerical modelling was used to optimize the de-
sign. The separation between the klynac output cavity and
the first accelerator cavity was adjusted to optimize the
bunch capture and a pin-hole aperture between the two cav-
ities reduces the beam current in the linac section to about
0.1 A. Standard high-shunt impedance linac cavity designs
are used. We have fabricated the first test structure and
present very preliminary results.

DESIGN PROCESS AND SIMULATIONS
Design

K1 K2

Figure 1: Schematic of the Klynac design. K1, K2, and K3
form one resonant cavity and serve the purpose of gain cav-
ities. K4 is the gain output cavity and L1-L4 are the accel-
erating cavities, together they form the second resonant cir-
cuit. Unmarked cells are coupling cells and have 0 field in
the /2 mode.

K3 K4 L1 L2 L3 L4

The klystron input cavity is K1 which forms a resonant
circuit with the two RF gain cavities, K2, and K3. The RF
output cavity, K4, as well as the four linac cavities, L1, L2,
L3, and L4, form a second resonant structure. Additionally,
K4 acts as a conventional klystron output cavity, generat-
ing RF power that is then used to drive the linac cavities
and accelerate the electron beam. This structure resonates
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in the /2 standing-wave mode, therefore the fields in the
coupling cavities are negligible and they can be ignored in
the design analyses. Note that this mode ensures that suc-
cessive klystron cavities are 180° out of phase with the pre-
vious cavity, but cavity amplitudes can be designed to max-
imize the extraction power. The cavity locations in the gain
section are similarly chosen to maximize harmonic current.
An efficiency of 38% was achieved for the gain section, we
believe that could be improved upon. The separation be-
tween K4 and L1 is adjusted to optimize the bunch capture
in L1. An intercepting aperture between cavities K4 and L1
reduces the beam current in the linac section to about 1%
of that in the klystron section, this is the amount of beam
current that can be accelerated with the power delivered by
the gain section. The amount of beam current in the linac
section is adjustable by pinching the beam with an external
magnetic field. The coupling cell between K4 and L1 is
special because it is not open to the axis, it is a toroidal
cavity rather than a pillbox cavity [1]. Once the beam
reaches L2, it is relativistic. Thus the separation between
L2 and L3, and L3 and L4 are close to half the free-space
wavelength of the klynac’s operating frequency. Standard
high-shunt impedance linac cavity designs are used. Both
the gap in L1 and the center-to-center separation of L1 and
L2 are shortened to provide for better capture of the ini-
tially low energy electron beam injected into the linac sec-
tion.

Table 1: Nominal 1 MeV Klynac Parameters from
Simulations

Nominal Design Parameters Value
1 MeV Klynac

RF power generated 160 kW
Number of linac cavities 4
Linac cavity impedance 8.5 MW
Linac cavity transit time factor 0.80
Linac cavity gap voltage 440 kV
Linac electron beam current 0.09 A
RF power dissipated in linac 69 kW
section

RF power into beam power 91 kW
Final beam energy 1.00 MeV
RF power generated 160 kW

The cavity voltages in the accelerating cavities were de-
termined from the klynac power balance, which can be ap-
proximated as:
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where I, and V| are the klystron section beam voltage
and current, 77 is the RF power conversion efficiency of
the klystron section, /; is the electron beam current in the
linac section, 77 is the transit-time factor for the linac cav-
ities, V; 1is the voltage of linac cavities L2 through L4, and
Z is the cavity impedance of linac cavities L2 through

L4. Note that here we are using the accelerator community
convention of cavity impedance instead of the RF source

community convention, defined by Z; T L2 =V Ty )2 /P,
where we recognize V; 7, as the maximum energy gain of

the electrons in the linac cavities and P is the RF power
dissipated in the cavities. Additionally, in (1) we assume
that L1 has the same impedance as L2, L3, and L4, and a
relative amplitude of ¢ and that the RF power dissipated
in the klystron cavities is negligible.

Equation (1) states that power balance is established
when the RF power generated in the klystron section is
equal to the RF power dissipated in the linac cavities and
the RF power that goes into the electron beam. Roughly
speaking, we design the device to have about half the
power going into the RF losses and half into the beam; if
much less than half of the power goes into RF losses, the
overall length can be shortened by increasing the gradient

0.007

0.008

0.005

0.004

~ 0.003

0.002

0.001

0

0 0.6

z(m)

Figure 2: Radial-axial plot of simulation particles from start
to end of klynac structure. The constricting aperture is at
25 cm, reducing the average beam current from 10 A to
0.14 A.

without too much performance degradation and if much
less than half of the power goes into the beam, the beam
power can be increased without a significant increase in
overall length. Nominal klynac design parameters are pre-
sented in Table 1.

Simulations

Our numerical modeling of the klynac was done with the
particle-in-cell, finite-different time domain numerical
model TUBE [2]. In the following simulations, we mod-
eled the beam transport in the klystron, aperture, and linac
sections. We externally imported RF field profiles from
SUPERFISH [3] and iterated the cavity gap amplitudes by
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hand when needed in order to match the required phase re-
lationships.

100 radial emission points were used for initiating the
50-kV, 10-A, 0.5-cm radius electron beam and about 41000
simulation particles were used in the following simula-
tions. All RF cavities used the same SUPERFISH field map,
with a transit time of about 0.80.

The ohmic power losses in K2 and K3 are 276 W output
620 W respectively, leaving 159 kW for ohmic power
losses in L1-L4 and for accelerating the beam. Scoping
simulations showed that a relatively low L1 voltage (40
kV) was ideal for capturing the klystron bunch (i.e., it pro-
duced the highest harmonic current at the location where
the harmonic current was in phase with the circuit voltage).
Choosing L1 voltage of 40 V in turn required L2-L4 volt-
ages of 420 kV to achieve a 1 MeV peak beam energy.
Ohmic power losses in L2-L4 are about 62 kW, leaving 98
kW for the beam, or a current of 0.098 A at 1-MeV energy.

L1 was located such that its induced current is 37/4 out
of phase with its voltage in order to provide both accelera-
tion and bunching. L2 and L3 were located such that their
voltages are in phase ( and 0) relative to the harmonic cur-
rent at their respective locations. The location of L4 was
chosen to cancel the out-of-phase contribution to the in-
duced current produced by L1’s location. Due to the cir-
cuit’s induced current scaling favorably with cavity volt-
age, and the low voltage of L1, L4 was able to be located
in very nearly the optimum location for acceleration.

The overall 7-z plot of the beam is shown in Fig. 2. A 1-
mm aperture located at z=25 cm reduces the beam current.
Even with L1 acting as a bunching cavity, a large enough
energy spread is produced in the linac (Fig. 4) so the linac
can accelerator more current than initially indicated by the
power balance, a total of 0.14 A with a harmonic current of
about 0.18 A. L1 is located at 29.6 cm, and L2, L3, and L4
at 37 cm, 41 cm, and 45.7 cm respectively. Note the excel-
lent bunching achieved by L1 by the location of L2 in Fig.
3. The peak accelerated electron energy is about 1.15 MeV.
The final energy spectrum is shown in Fig. 4. The output
rms beam size is about 6.4 mm, with an average electron
energy of 0.98 MeV with an rms energy spread of 43 keV.

The final tuned voltage for L2-L4 was 439.5 kV, with
induced currents of 0.134, 0.150, and 0.127 A respectively.
The phases of the induced current are 2.376, -0.154,-3.114,
and 0.258 radians in L1-L4 respectively.
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Figure 3: Axial momentum plot of the simulated particles

as a function of axial position. Most of the accelerated

charge has energy below the peak energy gain.
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Figure 4: Final accelerator electron beam energy spectrum.
The average electron energy is 0.98 MeV with an rms en-
ergy spread of 43 keV.

EXPERIMENTAL SETUP

The klynac is currently under test at LANL. The klynac
is driven by a 50 kV, 10 A Pierce-type electron gun pow-
ered by a 48-stage solid-state diode-directed MARX mod-
ulator [4]. The high voltage transformer into the gun is
protected in a lexan box using SF6 to supress breakdown.
The modulator is pulsed at 50 kV for 5 us, with a 100ns
turn on, single-shot. The cathode is heated by 84 W float-
ing at high voltage. Two solenoids are used to confine the
beam, 300 G on the electron gun, and about 900 G, approx-
imately three times the Brillion field, to confine the low
energy beam in the RF gain section of the klynac. An input
and pickup loop, inductively coupled are located in the
third cavity, K3, in the gain circuit, the pickup loop is 30
dB down from the input loop. A similar pickup loop is lo-
cated in the last accelerating cavity, L4. The accelerated
beam hits a copper beam stop used as an x-ray converter
and the photons are sampled with a scintillator and multi-
channel analyser. The experimental setup is shown in Fig.

10-A electron gun is about 20-cm long and the KLYNAC struc-
ture is about 60-cm long.

PRELIMINARY RESULTS

Very preliminary results are currently presented. RF
build-up is demonstrated in the gain section of the klynac.
The pickup loop shows 80 mW of RF power at approxi-
mately 20 dB down from the beam location as can be seen
in Fig. 6. Initially, the spectrum shows that most of the
power is in the t-mode, not the /2 mode as operation was
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intended. Results were only obtained up to a beam operat-
ing voltage of 45 kV, as significant breakdown issues in the
gun region were occurring above that voltage. Simulations
show that operation in the m/2 mode at voltages less than
46.5 kV show negative efficiency in the gain section. II-
mode operation at approximately 6.7 GHz has positive ef-
ficiency at this beam energy. We do not expect RF at this
frequency to drive the accelerator section, no photon en-
ergy spectrum was measured above background at this
beam energy.
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Figure 6: Oscilloscope data from RF pickup loop demonstrating
build-up of RF power. Orange curve is FFT of the frequency
spectrum plotted linearly, with a peak at 6.7 GHz. Beam power
of 44.6 kV.

CONCLUSION

Through analysis and numerical simulations, we have
shown that a resonant klynac device is stable and will ac-
celerate electrons up to 1 MeV. In particular, our approach
has the potential for excellent gain and extraction effi-
ciency. A prototype has been built and is being experimen-
tally studied. Preliminary experiments have demonstrated
RF power produced by the beam.
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