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In this paper we present numerical work we have done in electron beam transport and in free-
electron-laser (FEL) simulation. We refer to the ONDINE] experiment at Centre d’Etudes Scientifiques
et Techniques d’Aquitaine, where we used a helical wiggler, a guiding magnetic field, and a low-energy
high-current electron beam (=2 MeV, 1 kA). A brief description of the codes we have developed is
given. Afterwards, we emphasize the effects of electron beam quality and space charge on FEL
efficiency. The combined use of an electron beam transport code and a FEL code is a unique way to un-
derstand the difficulties encountered in such experiments, where the cathode was not immersed in the
guiding field. Very good agreement has been found between experimental results and simulations.

PACS number(s): 41.60.Cr, 52.75.Ms, 41.85.Ja, 41.85.Lc

I. INTRODUCTION

Free-electron lasers (FEL) are now widely studied
throughout the world as sources of coherent radiation
over a broad spectrum from millimeter through optical
wavelengths [1]. This paper concerns FELs which use a
high-current (=1 kA) and low-energy (=1 MeV) electron
beam. In such a case, a helical wiggler is often used to
create the magnetic field that gives the basic periodic
transverse motion which leads to radiation gain. Fur-
thermore, a solenoid which produces a superimposed axi-
al focusing magnetic field is necessary; the resulting mag-
netic field is a superposition of both. High peak power
microwave radiation in the range 10-100 GHz has been
produced in several laboratories [2]. The key to success-
ful FEL operation is the electron beam quality. At
present, accelerators for FELs are designed and built so
as to reduce the emittance and the energy spread. Main-
taining beam quality during electron beam propagation,
on the one hand between the accelerator and the wiggler
entrance, on the other hand inside the wiggler itself is
certainly one of the most important problems in FEL
operation.

A few years ago we ran a FEL experiment which failed
[3]. The codes we used at that time were unable to ex-
plain the failure because they did not take into account
the transport section with several solenoids we used in
the experiment (i.e., they were not adapted to describe a
nonimmersed FEL experiment). In fact, they only com-
puted the FEL interaction with a constant guiding field.
Since we needed a numerical tool to compute the charac-
teristics of the electron beam at the beginning of FEL in-
teraction (i.e., after its propagation through a magnetic
line), we subsequently developed a beam transport code
(the ELECTRA code). In this way, a realistic description
of the electron beam at the wiggler entrance was obtained
and used to provide input to FEL simulation by using the
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SOLITUDE code. The space-charge (SC) effects, which are
often neglected at high energy, can become predominant
at 1 MeV. Nonetheless, the assumptions we make to de-
scribe them prevent us from computing both transverse
space-charge (TSC) and longitudinal space-charge (LSC)
effects simultaneously. Thus their numerical effects on
FEL interaction will be given separately.

The original idea in this work is the combined use of
these two codes by taking into account the effects of SC
to simulate a nonimmersed high-gain FEL experiment.
We study in particular the characteristics of the electron
beam just in front of the wiggler entrance where an axial
magnetic field gradient may be present. The simultane-
ous use of these codes enables us to understand the prin-
cipal causes of the erratic performance of the ONDINE 1
experiment.

The organization of the paper is as follows. A brief
description of the first FEL experiment done at Centre
d’Etudes Scientifiques et Techniques d’Aquitaine (CES-
TA) is given in Sec. II. General descriptions of ELECTRA
and SOLITUDE are presented in Sec. III where we study in
particular the effects of beam quality and SC. The com-
bined use of the two codes to simulate the results of the
ONDINE 1 FEL experiment is given in Sec. IV. Our
conclusions are given in Sec. V.

II. DESCRIPTION OF THE ONDINE 1 EXPERIMENT

In the recent past, the Commissariat a I’Energie
Atomique (CEA) had at CESTA a program to study high
power FEL in the microwave frequency range using high
brightness electron beams produced by induction linacs.
Thermionic cathodes intended for use in the induction
linac LELIA [4] were first studied with a pulse-line gen-
erator. With the electron beam generated, we seized the
opportunity to run our first FEL experiment. However,
the diode had been designed for hot cathode operation
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and this precluded running in the immersed cathode
configuration, which is generally used in the kind of ex-
periment where the electrons are emitted in a constant
axial guiding field.

After some work on the electron beam itself, we put a
cold cathode in place of the thermionic one and ran the
ONDINE 1 experiment. Its setup is illustrated in Fig. 1
and it was planned to operate either in superradiant or
amplifier FEL regime at 35 GHz. It consisted of the
pulse-line generator EUPHROSYNE, two focusing coils,
and the pulsed helical wiggler and solenoid. The main
parameters are listed in Table I.

Working in superradiance, a low FEL power (=1 MW)
was obtained with poor reproducibility. We suspected
the cause was a significant beam quality degradation
somewhere in the magnetic transport line.

III. GENERAL SIMULATION CODE RESULTS

We developed ELECTRA to compute the beam transport
from the accelerator to the entrance of the wiggler.
Then, SOLITUDE, which includes interaction with the rf
electromagnetic field, calculates the electron trajectories
and the rf power growth in the wiggler.

TABLE 1. Main experimental parameters.

Electron beam parameters

1=2700 A
T=2.2 MeV
7=10 ns, single shot
r,=5-10 mm
£~ 1200 7 mm mrad

Current

Energy

Pulse duration

Beam radius
Geometrical emittance

Position in z z=0m
Wiggler
Type Bifilar helix
Period A,=12 cm
Length L,=300 cm
Number of adiabatic periods N,=8
Magnetic field on axis B, <2000 G
Position z=15m
Coil characteristics
Coil no. 1 Position: z;=0.142 m
Length: L,;=0.231 m
Magnetic field <1000 G
Coil no. 2 Position: z,=0.835 m
Length: L,=0.231 m
Magnetic field <1000 G
Coil no. 3 Position: z;=1.206 m
Length: L;=3.295 m
Magnetic field <10000 G
Best results
Frequency f=35 GHz
Power in K, band (2840 GHz) 1000 kW
Power at 35 GHz 200 kW
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FIG. 1. The ONDINE 1 experimental configuration.

A. ELECTRA simulations

1. Description of the code

The first step in studying beam transport is generally to
solve the envelope equation. It is a very simple and rapid
way to obtain coil current adjustments in a magnetic
transport line when beam energy, emittance, and current
are known. In our case, more precise calculations were
necessary and induced us to write the three dimensional
(3D) stationary particle code ELECTRA which follows the
electrons on their path in a magnet line and, in the case
of interest here, from the cathode to the wiggler entrance.

Electron trajectories are computed by solving the equa-
tions of motion with a fifth-order Runge-Kutta method
(the Merson method) [5]. A third-order magnetic field
expansion is used to describe correctly off-axis motion.
This is essential in our configuration because the electron
beams delivered by pulsed diodes or induction linacs can
have large transverse dimension (>1 cm): in some
places, the radius of the electron beam may approach the
radius of the transport coils. A beam transport line con-
sisting of various components such as magnetic coils,
steerers, accelerating gaps, wiggler magnet, and with
different pipe radii or diaphragms can be studied in order
to predict, for example, effects of coil misalignment on
beam propagation.

Working at low energy (=1 MeV), we particularly con-
sider the effects of TSC fields. They are computed by
solving the two following equations for the potentials:

3? 9? 47
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with the assumption that the vector potential A has only
a component in the z direction. Furthermore, the two
potentials are assumed to be independent of z and time ¢.
The solution is found by discretization on a 30X30
square mesh, depending only upon waveguide geometry.
The error of discretization is insignificant if the trans-
verse beam area corresponds to ten mesh intervals at
least. Our assumptions exclude a LSC electric field E.
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However, in SOLITUDE, we have the possibility to include
it as described later.

2. Simulation of the ONDINE 1 transport

When we study the ONDINE 1 experiment, the ELEC-
TRA initial conditions are provided by measurements of
the beam parameters at the diode exit just behind the
anode. First, they are used to run the envelope code.
Figure 2 shows the beam radius obtained with the set-
tings of the two associated coils. The ELECTRA results
shown in Fig. 3 are very similar. In this example we have
plotted the radii of several electron trajectories as func-
tions of z, the axis of propagation. Betatron oscillations
appear for z > 1.2 m and are visible in both codes. They
are caused by electron beam mismatch at the solenoid en-
trance. A slightly different magnetic field adjustment
would have given an electron beam radius close to the
equilibrium radius corresponding to a cylindrical en-
velope. During experiments, we measured a beam loss of
roughly 30% at the exit of the first guiding coil just as we
obtain in the simulation where some particles hit the 3
cm radius pipe at this position (see Fig. 3).

Our computation stops at the wiggler entrance where
the axial guiding field B, added to the wiggler field be-
comes constant. We use these results as initial conditions
in the SOLITUDE code. Inspection of the beam structure
at this position (z =1.5 m) reveals a very important axial
energy spread due to cyclotronic motion generated by the
axial magnetic field gradient at the solenoid entrance
[Fig. 4(a)]. This effect, when associated with TSC, also
leads to a significant total energy spread as we can see in
Fig. 4(b). The corresponding trace phase X'-X is shown
in Fig. 4(c). The area occupied corresponds to a so-called
effective geometrical emittance of 2800 7 mm mrad. It is
eight times greater than the original value of 350
s mm mrad. This enhancement comes from an azimuthal
velocity dispersion which occurs during the beam’s en-
trance into the solenoid. There, the gradient in B, in-
duces a radial field B, which depends on the radial posi-
tion r. It produces a dispersion of the cyclotronic motion
and increases the volume occupied in the trace phase.
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B. The SOLITUDE code

With the 1D FEL linear theory one can obtain opera-
tional parameters and estimations of efficiency or satura-
tion length in both the high-gain Compton and Raman
regimes [6]. Knowledge of the energy, current, and elec-
tron beam radius permits one to solve the 1D linear
dispersion equation. Then, for each pair of magnetic
fields (B, B, ) corresponding to stable orbits, the interac-
tion frequency and corresponding linear growth rate can
be calculated. Here B denotes the axial guiding field
and B, is the wiggler field amplitude. The subsequent
gyroresonance, where the cyclotron period in the guiding
field B, approaches the wiggler period, is the dividing
line between the so-called group I and group II regions of
operation. This occurs at [6]

Qo=vk,v, , (2)

where Q,=eB,/m is the nonrelativistic cyclotron fre-
quency, y=[1—(v2/c?)]7!? is the relativistic factor,
k,=2m/A, is the wiggler wave number, and v, is the
electronic axial velocity. It is very difficult to work near
this region because transverse velocities are very large
and the electron beam can be lost by striking the wall of
the pipe. For our parameters, the best amplification was
expected in group II (high guiding field region) with a
compromise between the high gain obtained near the res-
onance and the loss of electrons due to unstable orbits. It
has been recently demonstrated that another regime ex-
ists which uses negative values of guiding field obtained
by reversing its direction. One of the maximum experi-
mental FEL efficiencies has been measured in this re-
versed field regime [7].

Although it is possible to improve 1D theory with 3D
corrections [8], it is necessary to use 3D nonlinear simu-
lation codes to compute efficiency or to study saturation
by taking into account an actual electron beam. Its ini-
tial parameters can be obtained either by measurements
or by computation done with a reliable electron transport
code such as ELECTRA. Knowledge of these initial condi-
tions is essential.
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FIG. 3. Electron radial position vs z for 40 sample electrons
as computed with ELECTRA. One can see current loss occurring
in the first guiding coil for z=~20 cm. In this example, betatron
oscillations seen on the right could be minimized by a better
choice of coil currents.

1. Description of SOLITUDE

The SOLITUDE code is a single-frequency, nonlinear 3D
simulation code designed for the purpose of studying
FEL amplifier experiments [9]. The electromagnetic
wave to be amplified propagates in a cylindrical
waveguide and is developed in TE and TM modes. With
the SVAP (slowly varying amplitude and phase) approxi-
mation [10], we can solve Maxwell’s equations by averag-
ing over a wave period A and obtain the amplitude and
phase evolution of the fundamental TE;; mode. Cou-
pling of higher modes is not yet included in SOLITUDE
whereas they can be investigated with the ARACHNEE
code [11]. In fact, SOLITUDE uses the same FEL formal-
ism as ARACHNEE, with a slightly different numerical
method, but with significant differences in the description
of the electron beam and in the computation of the
space-charge effects.

Electron trajectories are computed by integrating the
Lorentz force equation. The wiggler field is linearly in-
creased from zero to its nominal value in the adiabatic
entrance consisting of N, wiggler periods. The coupled
system of nonlinear differential equations obtained is
solved by using the variable step Merson method men-
tioned above.

We can take into account TSC by solving Egs. (1) as we
do in ELECTRA to obtain the self-fields E,, E, and
B,, B,. This calculation is different from the one recent-
ly added to ARACHNEE [12] where an idealized model
permits one to obtain analytical expressions for the self-
fields. Its hypothesis consists in considering the electron
beam fixed along the z axis and is too restrictive for us.

Since the potential ® does not depend on z, one cannot
compute the electrical field E, at the same time. Hence
the effects of LSC that can be important in a FEL work-
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FIG. 4. Electron beam quality showing (a) axial energy vs z
with a very large axial energy dispersion due to cyclotron
motion in the solenoid fringing field; (b) total energy vs z with a
spread coming from space charge (roughly 4%); and (c) corre-
sponding phase spaces (X',X) and (Y',Y) at the wiggler en-
trance (z =1.5 m), showing a large effective emittance enhance-
ment (from 350 to 2800 7 mm mrad in this case).
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ing in the Raman regime can only be studied by neglect-
ing TSC. The same hypothesis that is used in the ARA-
CHNEE code has been used [11] to incorporate LSC into
SOLITUDE.

2. General results from SOLITUDE

Figure 5 gives SOLITUDE predictions for the NRL Ubi-
tron experiment [13]. They agree very well with the
curves computed by ARACHNEE, both in the Compton
FEL regime where LSC effects are neglected (circles) and
in the Raman FEL regime where it is taken into account
(triangles). We show by using SOLITUDE that including
TSC in the Compton case does not change the results
(squares).

The earliest studies with the ONDINE 1 parameters
were done assuming a perfect electron beam (monoener-
getic, zero emittance, and on-axis injection) and without
SC effects. As we said before, the linear theory provides
a set of optimized magnetic field pairs (B,,B,,) in both
group I and II: Table II shows some of them for 2.5
MeV, I =1 kA, and r,_=5 mm. The maximum power
in the TE;; mode computed with SOLITUDE is obtained
for values which are very close to the theoretical B, value
predicted by the linear theory. This is indicated in Table
IT where we have chosen to fix the value of B, obtained
by the linear theory and we have made a sweep in B,,.
Power in the TE;; mode versus the distance z, phase
space (y,1) at a given z, and one-electron tracking over z
are typical outputs from SOLITUDE. Examples are given
in Fig. 6 for the (8000,1000) group II reference pair
which yields the maximum efficiency (35%). In this case,
we assumed a perfect homogeneous beam. The curve giv-
ing power versus z shows that saturation is reached at
z=3.8 m [Fig. 6(a)]. The phase-space plot exhibits the
well-known bucket shape at z =3.5 m, just before satura-
tion [Fig. 6(b)]. The high electromagnetic power can
strongly perturb the electronic motion. This effect is evi-
dent in the sample trajectory seen in Fig. 6(c) at this loca-
tion. Figure 7 represents a close-up in a (B,,B,) plane
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TABLE II. Examples of 35 GHz resonant magnetic field
pairs. Kinetic energy: 7 =2.5 MeV; beam current: I =1 kA;
beam radius: 7,=5 mm. In parentheses are given the values of
B, maximizing the 1D linear growth rate. It is very close to the
value found by SOLITUDE which gives the maximum power.

B, B, Pren
()] (€] (MW)
Group I
3950 250 196
2950 500 256

(2800)

2000 750 426
1000 1050 488
Group II
5850 250 507

(5750)
6550 500 260
(6700)
7350 750 383
(7460)
8050 1000 982
(8200)
8900 1250 624
(9060)
10200 1500 210
(9980)

around a high peak power pair (500 MW) showing the
bandwidth in magnetic fields, arbitrarily defined for an
amplification greater than 1 MW:

AB,=550 G, AB,=150G .

These results are important for choosing the step in mag-
netic fields when running single shot experiments.

25 ——— T T T T
X ) Ay = 2.54 cm
Compton Lw =508 cm
] (] Na
20 - 2 rg=0815cm | 7| .
T=217keV FIG. 5. Comparison between SOLITUDE and
1=30A ARACHNEE for the NRL Ubitron. The curves
—_ Te=04cm ] show gain as a function of frequency. Circles
% 15 AV =1% are simulations which neglect the effects of SC,
— + f=15 GHz squares are results obtained with TSC effects,
£ + N Po=160W and both are quite similar. The Raman case
© 10 ; A+‘+‘+ i " Bw=282G | obtained by including LSC effects is shown by
o e Lt Bo=2500G triangles which are in very good agreement
| | with crosses representing experimental results.
s | A Raman i The solid lines represent ARACHNEE resulits.
"
A
0 L L L \ L L ' ‘ 1 1 s
10 15 20 25
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TE,, power vs z, (b) phase-space plot at z =3.5 m just before saturation, (c) typical electron orbit along the 3 m interaction length.

FIG. 7. A close-up in the (B,,B,) plane
around a high efficiency pair (B,B,) shows
the magnetic field ranges corresponding to
power =1 MW: 300 G in B, and 1000 G in
B, around the 500 MW pair (7500,750).
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3. Efffects of space charge on performance

Special attention has been paid to TSC and LSC effects.
They are given here for the reference pair in group II
(8000,1000) [Fig. 8(a)] and for another pair at low guiding
field (2000,750) in group I [Fig. 8(b)]. As we can see, if
SC is present great care is required when drawing con-
clusions because maxima in power are shifted due to
changes in the axial velocity. So, we need to make a
sweep in one of the magnetic fields, B, for example. In
group I, we do not see a decrease in power but only this
shift. In contrast, for group II, TSC effects are much
more important and lead to a 20% reduction in power.
This reduction would increase with introduction of beam
emittance. Then, we conclude that in experiments simi-
lar to the Ubitron experiment, but working at higher en-
ergies, TSC can play an important role.

4. Effects of beam quality

FEL operating parameters can be obtained more rapid-
ly with ARACHNEE, but we believe a more accurate and
physical description of the electron beam, especially in
our configuration with several correcting coils, can be ob-

1000
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600 |-

Power in TEj1 (MW)

9500

500

w EN
o (=]
< <
T 1

Power in TE] | (MW)
(3
g
T

100 -

1800 2000 2200 2400 2600 2800
By (G)

FIG. 8. Illustration of space-charge (SC) effects with a “per-
fect beam.” Circles are computed neglecting SC, squares corre-
spond to including TSC, and triangles to taking into account
LSC. TSC effects are more important than LSC effects: (a)
power vs B, in group II; (b) power vs B, in group 1.
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tained with SOLITUDE. For example, we can look at
power reduction due to emittance, misalignment, and
off-center wiggler injection: all these effects reduce
efficiency (see Table III). The electronic distribution used
here is Gaussian in transverse position; the beam is as-
sumed to be monoenergetic whereas the transverse veloc-
ities are obtained from an ellipse of emittance. This latter
is described by using Twiss parameters [14]. In the exam-
ple presented the ellipse is degenerate; it corresponds to a
beam waist. In Table III, for the zero emittance runs, we
can see that a misalignment increases power for the
(8000,1000) reference pair. A misalignment is analogous
to a beam slope at wiggler injection with a value of the
axial velocity v, which is smaller and closer to the ideal
value for the best interaction with the rf field at 35 GHz.
Decreasing v, can also be done by decreasing B,: the pair
(8050,1000), which gives the maximum power in the per-
fect beam case (Table II), gives the correct value of v,.

It appears more reasonable to predict the effects of
beam quality on FEL efficiency using readily accessible
experimental parameters such as emittance rather than
using an effective energy spread Ay,/y, which is not
easily measured. Although expressions can be found to
connect this latter quantity with emittance or space
charge [15], the approximations made are quite restric-
tive for the low-energy and high-current beams which
concern us. In our opinion, using an effective axial ener-
gy spread as a free parameter to fit experimental data is

GROUP |
400 }'
TR (@)
300
; A
g 200
[ S X A
x
100 * N
x A
0 x .4 X N 4
1000 1200 1400 1600 1800 2000 2200 2400
Bo (G)
GROUP I
400
-
R ®)
300 .
E
g 200
o
A
100 x
x
x x x A
0 X X A
7600 7800 8000 8200 8400 8600
Bo(G)

FIG. 9. Power vs B including TSC effects. Crosses are re-
sults obtained from the combined use of ELECTRA and SOLITUDE
whereas black triangles correspond to SOLITUDE predictions
made using an ideal beam. Substantial power loss is observed,
especially in group II. The beam kinetic energy is 2.2 MeV: (a)
group I, B,, =750 G; (b) group II, B, =1000 G.
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TABLE III. Effects of beam emittance, decentering, and misalignment on beam power for two pairs
(By,B,) in groups I and II; T=2.5MeV, I =1kA, r,=5 mm.

Emittance Decentering Misalignment P MW) P MW)
€ ro a (8200,1000) (3950,250)
(7 mm mrad) (cm) (deg) group II group I
0 0 643 160
0 2 709 144
4 724 149
0 544 135
0.5 2 525 156
4 454 105
0 204 4
1 2 212 1
4 204 2
500 0 613 58
0 2 521 12
4 392 7
0 416 57
0.5 2 391 25
4 315 9
0 2
1 2 5
4 1

not a very profitable exercise. It is more useful to calcu-
late tolerances based on experimentally observable beam
parameters such as alignment or emittance.

IV. COMBINED USE OF soLITUDE AND ELECTRA

In order to simulate the effects of beam quality and SC
on the ONDINE 1 experiment, we have coupled the two
codes described above. The initial positions, velocities,
and energies of each electron at the SOLITUDE input are
furnished by the ELECTRA output. The following calcula-
tions are made now at 2.2 MeV, which corresponds to the
ONDINE 1 experimental energy. As before we investi-
gate two cases, one in each FEL group. Figure 9 shows
power in the TE;; mode as a function of B,,. Black trian-
gles correspond to SOLITUDE runs, including TSC, assum-
ing a perfect electron beam but using the electron beam
radius and current given by ELECTRA at the wiggler en-
trance. Electrons are monoenergetic with zero transverse
momentum and one finds the maximum efficiency. The
power is lower than results shown in Fig. 8 because beam
radius is greater in this case. Therefore the electronic
current density is lower, leading to less efficiency.
Crosses correspond to runs obtained by coupling ELEC-
TRA and SOLITUDE with TSC. These results clearly show
the effects of beam quality, which leads in both groups to
a narrowing of the bandwidth defined previously (Sec.
III B 2). This narrowing is very drastic in group II where
we lose the large band in B, leading to a high power we
have obtained assuming a perfect beam (black triangles in
the curve). The power levels reached must be considered
separately in group I and group II. For group I [Fig.
9(a)], we lose half the power but for group II [Fig. 9(b)],
roughly 75% is lost. As we showed before, the effective
emittance is enhanced by the solenoid gradient. Working

in group I means that B, and its associated gradient are
not very high. The power reduction is consequently less
than expected in group II, where the gradient is much
more important.

Although SOLITUDE is an amplifier code we can never-
theless compare this power reduction with the typical 1
MW power level obtained experimentally in the superra-
diant case instead of the 5 to 10 MW which were expect-
ed on the basis of efficiency obtained in similar immersed
cathode FEL experiments.

V. CONCLUSIONS

We have investigated free-electron lasers with a helical
wiggler but where the guiding field is not constant along
the axis of propagation. This corresponds to a transport
section from the cathode to the wiggler entrance. We
have written the ELECTRA code to examine beam trans-
port while we have developed the SOLITUDE code to com-
pute FEL amplification. We have focused on the effects
of space charge and electron beam quality.

Results obtained from SOLITUDE only, for the parame-
ters of the experiment described, showed that transverse
space charge can play an important role in group II by
shifting the resonance and decreasing the efficiency. In-
troduction of a realistic beam emittance (corresponding
to measurements at the diode output) was not enough to
explain the low power levels observed in the experiment.
In fact, we have understood the failure of the ONDINE 1
experiment by combining the FEL code with ELECTRA.
A strong magnetic field gradient appears before the
wiggler entrance when working in group II (high guiding
solenoidal field). It causes an efficiency degradation by
increasing the transverse motion in such a way that the
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effective emittance at the wiggler entrance becomes very
large. In fact, from the results of this numerical work we
can understand quantitatively why in a non-immersed
cathode FEL experiment using a helical wiggler and high
axial guiding magnetic field and working with low-

energy, high-current, and high emittance beams, one can-
not reach high power levels. Furthermore, the greater
the initial emittance, the more significant the gradient
effect will be. This kind of FEL is really efficient only
when working in an immersed configuration.
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FIG. 1. The ONDINE 1 experimental configuration.



FIG. 7. A close-up in the (B,,B,) plane
around a high efficiency pair (B,,B,) shows
the magnetic field ranges corresponding to
power =1 MW: 300 G in B, and 1000 G in
B, around the 500 MW pair (7500,750).




