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Abstract

A current experiment is underway to study beam dynam-
ics and rf production in a 35-GHz relativistic klystron us-
ing a 1-kA, 7-MeV electron beam produced by the PIVAIR
accelerator. We present simulations of transport in the PI-
VAIR accelerator, modulation from a free-electron laser in-
teraction, post-wiggler solenoidal transport, and interaction
with two rf cavities. These simulations are performed with
a suite of various codes. Steady-state and transient effects
are discussed. The calculated transverse and longitudinal
profiles of the beam are compared with experimental diag-
nostic measurements.

1 INTRODUCTION

An experiment to produce a 35 GHz modulated beam by a
FEL, and to subsequently extract power from this beam in a
resonant cavity has been performed at CESTA. This work
is in support of the study of two beamaccelerators based
on relativistic klystrons, and has been executed jointly by
groups at LBNL, CEA/CESTA, and CERN. One of the
aims of this current experiment is to validate and bench-
mark our simulation codes.

For the design of the experiment and the analysis of its
results, we have relied upon four distinct codes: an enve-
lope code for basic transport studies; PARMELA [1] for
more detailed examination of the transverse phase space
evolution; SOLITUDE [2] for the study of 3D, steady-state
FEL interactions; and RKS [3] to study the time-dependent,
3D bunch evolution and power production in output mi-
crowave cavities. A brief description of the experiment is
given elsewhere in these proceedings [4].

2 TRANSPORT IN PIVAIR

The simulation begins with a description of the transport
from the cathode to the experiment. For this the envelope
code is solely used. A plot of the magnetic field and beam
edge radius is given in Figure 1.

The currents in the two final solenoids and dipole coils
are adjusted for proper matching into the wiggler. A Ro-
gowski coil placed at the entrance to the wiggler measured
the beam current; 800 A were obtained in the current ex-
periment.

�Work performed at LBNL was supported under the auspices of the
U.S. Department of Energy under Contract No. AC03-76SF00098.
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Figure 1: Transport in PIVAIR.

Wiggler period 20 cm

Resonant field 1650 G
Total no. periods 32

Total length 6.4 m
Input signal frequency 35.04 GHz

Input signal power 5 kW
DC current at entry 1000 A

Table 1: FEL parameters.

3 TRANSPORT THROUGH THE FEL

The main FEL parameters are listed in Table 1 .
SOLITUDE has been run to obtain fair agreement with the
preliminary results of the current experiment, ie. 40 MW
of FEL power and 250 A of current at the wiggler exit. Be-
sides the basic parameters of the beam distribution (current,
radius, emittance) and the input microwave power, SOLI-
TUDE has a few additional ’knobs’ with which to tune the
resultant interaction. These allow the simulation to place
the entry of the beam centroid at any radius and polar an-
gle in the entry plane, and with two independent angles
with respect to the normal of the entry plane. Sensitivity
studies have shown that for small variations from normal,
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Figure 2: Evolution of FEL power and bunching.

on-axis injection, it is the azimuthal angle (angular diver-
gence from the wiggler axis) of the centroid motion which
has the largest effect on overall FEL performance. In par-
ticular, we have found that an azimuthal angle of ˜33 mrad
at the entrance plane generates trajectories within the FEL
region that lead to the observed 40 MW of output power
and 250 Amps of current at the exit current monitor. The
bunching parameter at the FEL exit is given by SOLITUDE
as b�0.4. The evolution of the output power and of the
bunching parameter as calculated by SOLITUDE is shown
in Figure 2. The output data generated by SOLITUDE in-
clude the detailed particle distribution in the horizontal and
vertical phase spaces, as well as the distribution in particle
energy and arrival time for a given bunch. These data pro-
vide an indication of the initial conditions for simulations
of the downstream region.

4 DOWNSTREAM TRANSPORT AND
CAVITY INTERACTION

After a short drift space, the bunched beam is focused by a
solenoid module (peak axial field ˜0.27 T) into one of two
Ka-band standing-wave RF output cavities. These cavities
were designed using standard electromagnetic codes, and
were built by the CLIC group at CERN. The measured pa-
rameters1of these cavities are shown in Table 3.

The transport from the end of the wiggler through the
cavities has been studied with PARMELA, the envelope
code, and RKS. The initial conditions generated by SOLI-
TUDE have been used in the envelope simulation. In the
case of the RKS code, on the other hand, we have slightly

1These shunt impedance values have not been directly measured, but
have been inferred from the beam interaction and the measured power.

Resonant frequency [GHz] 35.0 35.6

Quality factor,QLoaded 60 271
Shunt impedance [R/Q] [
] 76. 76.

DC current in cavity [A] 120 120
Measured output power [MW] 12 0.69

Table 2: RF cavity parameters.
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Figure 3: Beam edge radius evolution.

adjusted the initial conditions to obtain fair agreement with
the experimentally measured beam spot sizes, and the in-
cident and transmitted beam currents through the cavities.
The trajectories calculated by the envelope code and RKS
are shown in Figure 3.

The differences between the two codes are an indication
of the effects of the detailed statistics of the transverse dy-
namics. The envelope code assumes an on-axis beam de-
scribed by a transverse KV and a longitudinally uniform
distribution, while the RKS code uses a semi-Gaussian dis-
tribution for the transverse phase space and a Gaussian dis-
tribution for the longitudinal phase space. The ’edge’ ra-
dius in this case is twice the rms radius. These different
models present slightly different modes of evolution, while
showing fair agreement on the measured parameters at the
end points. RKS reproduces good agreement with exper-
iment in predicting a 4mm spot size radius at the cavity
plane.

Measurements of the FEL output power give an indica-
tion of the bunching parameter of the beam at the FEL exit.
This can be measured experimentally [5]. Subsequent mea-
surement of the cavity output power and beam current al-
lows us to indirectly measure the cavity shunt impedances.
The steady-state output power from the cavities follows
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Figure 4: Temporal power development in the two cavities.

from the relation

Pout = I2dcb
2QLoaded

�
R

Q

�
cos

2 ;

whereb is the bunching parameter, and is the cavity tun-
ing angle [6]. The temporal evolution of the output cavity
power is calculated by the RKS code. The output from the
low- and high-Q cavities is shown in Figure 4. The tempo-
ral evolution of the power and phase in the output cavities
is calculated by an equivalent circuit equation coupled to
the detailed beam dynamics [7].

5 CONCLUSIONS

We have presented a suite of calculations that demonstrate
the physics modelling of beam dynamics in a complex
experiment. Good agreement has been reached between
the codes and the experimental measurements. In particu-
lar, the codes have reproduced the experimentally observed
output powers of 12 MW and 0.7 MW to very good agree-
ment. More definitive measurements of the bunching pa-
rameter may increase the agreement between the code pre-
dictions and experiment.
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