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INTERPRETATION OF WAVE-PROFILE MODIFICATION MEASUREMENTS IN HIGH-GAIN
RAMAN FREE-ELECTRON-LASER EXPERIMENTS

E. JERBY and A. GOVER

Faculty of Engineering, Tel Aviv University, Tel Aviv, Israel 69978

This paper presents a theoretical analysis of wave-profile modification measurements in FELs, using data that was reported
recently [Phys. Rev, Leti. 59 (1987) 1177]. The results are related to a high-gain Raman free-electron laser, operating at long
wavelengths ( ~ 3 cm). Two possible mechanisms for wave-profile modification were examined. One is the known e-beam optical
guiding effect. The other is that of the transverse electrostatic fields (TEF), excited by the bunched electron beam. The numerical
results suggest that in the above-mentioned reference the measured wave-profile modification was predominantly a consequence of
the TEF components. An experimental setup for verification of this analysis is proposed.

1. Introduction

Effects of wave-profile modification due to FEL
interaction are of great importance in understanding the
FEL physics and in the design of new FELs. The
optical guiding effect [2] in high-gain FELs produces
confinement of the EM wave profile near the e-beam
and consequently a higher gain. Another transverse-field
effect is the creation of transverse electrostatic fields
(TEF) by the bunched electron beam due to its finite
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transverse dimensions [3,4,6]. In FELs 1t may modify
the synchronism condition and the gain with respect to
the 1D-model predictions. These two effects, optical
guiding and TEF, may occur simultaneously. Although
they are consequences of different mechanisms, they
have similar profile shapes outside the electron beam.
Therefore, a clear distinction between them is called for
in theory and experiments.

Measurements of wave-profile modification in a
high-gain free electron laser were published recently [1].
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Fig. 1. A figurative description of the electrostatic wave components, spread out of a bunched e-beam in a waveguide: the
longitudinal (a) and transverse (b) cross section in the waveguide, the x-polarized (c) and the y-polarized (d) electrostatic wave
. components, and the TE, waveguide mode profile (e).
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This FEL was operating at a long wavelength (~ 3 cm}
in the Raman regime. The reported wave profiles are
concentrated in the vicinity of the e-beam cross section.
This kind of shape may be anticipated when the
optical-guiding mechanism exists in high-gain FELs.
However, such profile modification effects can also be
produced by other physical mechanisms such as the
TEF, and particularly by a 3-D space-charge wave
interference effect to be discussed henceforth.

A three-dimensional theoretical FEL model [3] and a
numerical analysis were applied to analyze the result of
ref. [1] in order to determine what was the main physi-
cal effect responsible for the measured wave-profile
modification. The theoretical analysis shows that the
modification in the electric-field profile may be attri-
buted to interference of (slow) electrostatic fields and
the amplified fundamental TE,, mode. The optical-
guiding effect was found negligible in this case. The
electrostatic fields, which in a transversely infinite sys-
tem (1D fimit) are considered to be purely axial, have
significant transverse components in a finite-beam
cross-section case (3D model). The transverse compo-
nents of the electrostatic fields fringe out of the bunched
e-beam toward the waveguide walls, as shown in fig. 1.
This effect is also known as the cause for the reduction
of the effective plasma frequency in bound-electron
beams [4].

2. Theoretical model and numerical results

The profile of the amplified electromagnetic wave (at
the exit of the FEL) was computed by solving the 3D
gain-dispersion matrix equation

EQ = {1+ Rx VKO~ ixGx D)
X[I+Rxf_+l)] EXD‘ (1)

This 3D equation was presented and explained in refs.
[3,5-7}. The EM field vectors, EY® and Eq, consist of
vector components, each of which represents a discrete
transverse spatial Fourier component of the radiation
wave, where E,, corresponds to the entrance to the
interaction region and EY is the Laplace transform (in
the z-dimension) of the spatial Fourier components at
the exit. This representation can be regarded as an
expansion of the field in terms of a spectrum of plane
waves. Waveguide modes are represented in this formu-
lation by a linear combination of two or four plane
waves. The unit matrix is denoted |, and R is the
space-charge reduction matrix. K is a diagonal matrix
that represents the EM-wave-propagation constants of
the various plane waves (spatial Fourier components).
The matrix G is the e-beam coupling matrix. It consists
of the transverse spatial Fourier compenents of the
e-beam profile function g{x, y) which are packed in

the matrix in a way which performs a numerical con-
volution operation between the spatial Fourier spectra
of the e-beam and the radiation beam profiles. The
coupling parameter is «, and x'*'" is the 1D longitudi-
nal susceptibility of the bunched electron beam {8]. The
space-charge reduction matrix R was found to be [3]

220 (s + k)

The indices (0, + 1) correspond to various Floquet space
harmonics, Thus K'*1 is equal to K% shifted by the
transformation § — 5+ ik, in the complex s-plane (s
is the Laplace transform variable corresponding to z).
The profiles of the electrostatic waves were com-
puted by solving another 3D dispersion equation [3,6]:

Gk (2)

isV,
B = BV g RO (14 R ]
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_i"GXEH)] Exq. (3)

This equation describes the relation between the longi-
tudinal component of the slow (order +1) Floguet
component which is the electrostatic (ES) wave EL™
and the initial electromagnetic (EM) wave at the en-
trance, E,,. The ES waves are distinguished here from
the EM waves by their phase velocity, which is close to
the e-beam velocity (v, ~ w/[Re{s} + kvw]). The trans-
verse components of the ES wave are related to ils
longitudinal component by [3,6]

kO
x g ELHD
SENELY, (4)

E{Y = 1X5)

where the vector EY*! is found from eq. (3). The
reduction matrix for the electrostatic waves, R’, is given
by

f e @’ (+iyy 1 5
R 2 ¥50 ) (s + iky) (e ®
It is noted that R’ differs from R [eq. {2)] by the
reversed order of the matrix multiplication, (K(* M)~ 'G.
The gain dispersion equation for ELT Y [eq. (3)] differs
from the one for E [eg. (1)] by the position of the
wavenumber matrix K in its denominator. Therefore
its poles and zeros in the s-plane are not the same as
those of eq. (1).

Egs. (1), (3) and (4) were used to calculate the
profiles of the EM and ES waves according (o the
parameters of rel. [1], at L, = 1.32 m (40 wiggles). Fig.
2 shows the computed amplitude profiles of the input
and the output EM waves, and the e-beam current-den-
sity profile, which is in this case taken to have a
Gaussian shape. The profile of the amplified output
wave looks similar to that of the fundamental TE,,
mode, which is the input field. No observable profile
modification is seen in this component, which is the
solenoidal radiation field. This is a reasonable result,

IV. LINEAR REGIME THEORY
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Fig. 2. The amplitude profiles of the electromagnetic waves at

the entrance and the exit of the interaction region for the MIT
(1} FEL parameters. J is the current density profile.

taking into account that the next waveguide mode (the
TE, or the TE,) is in cutoff and is decaying at a rate
of 248 m™".

The profiles of the ES waves in the £- and j-direc-
tions are shown in figs. 3a and b, respectively. These
computed profiles of E,, E, and E, have similar shapes
to the profiles sketched in fig. 1. Examination of the ES
wave profile curves (fig. 3) indicates that the transverse
field components are not negligible, and are even greater
than the axial components of the ES wave. Note that
the displayed profiles correspond to the absolute values
of the fields. The phase profiles were also calculated but
are not shown here. The transverse electrostatic field
components, Re{ EFS(x, »)} and Re{ E;(x, »)}, are
essentially the fringe fields of the beam space-charge
bunches and therefore are antisymmetric and vanish on
axis. The longitudinal field EF(x, y) is symmetric.
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3. Interference of EM waves and ES waves

In order to interpret the result reported in ref. [1], we
propose that the measured profiles (fig. 4 in ref. 1]
correspond to probe measurements of the product of
two field signals, the electromagnetic wave EF™ and the
electrostatic wave EFS. The power P(x, y) measured
by the probe is relative to the square of the total field
amplitude, | EEM + EF¥| 2. The probe measures the in-
tensity in both equal frequency fields |ESM|? and
| £55)2, but also measures a superimposed interference
term 2Re{ EEMEES*}. Even when |ESS| <« |EPM|,
this interference term can produce a significant contri-
bution. The computed amplitude of EF™ is about 1.45
and the extremum values of EFS are +0.04. Hence one
may expect a power intensity variation across the beam
in the £ (narrow) dimension of the WG of more than
10%, superimposed on the power profile of the radiation
mode | EEM|2. In the case that the e-beam profile was
assumed as a cylinder with sharp edges, the field EZ
reaches +0.07 and the power-intensity transverse varia-
tion is almost doubled.

4, Notes on experimental methods

Although the interpretation given here for the wave-
profile modification measurements [1] provides a rea-
sonable explanation for the reported results, there still
is a considerable difference between the measured and
the calculated results. The quantitative difference can
be explained by various reasons. Due to the experimen-
tal limitation, the probe used in the experiment could
peak up an additional in-phase component of E)'::S and
further increase the difference. A second reason can be
associated with the lack of transparancy of the probe
mounting, which could produce a non-negligible profile
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Fig. 3. The relative amplitudes of the electrostatic wave components in the x-direction (a), the y-direction (b) and the z-direction
(a and b), given in per mills of the input EM amplitude in fig. 2.
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Fig. 4. Experimental setup for separating electromagnetic and

electrostatic wave components on the waveguide walls. The

signals received by a pair of nonpenetrating probes are summed
and subtracted by a magic-T waveguide junction.

modification effect on the electrostatic field profile. Yet
another reason for the quantitative difference is that we
did not take into account here the transverse scanning
of the electron beam across the WG cross section that
was implemented in the experiment, but rather calcu-
lated the profile of the fields for an axially centered
electron beam.

To achieve a better quantitative fit between the
experimental and the theoretical results, it is proposed
to use a nonpenetrating probe measurement, using a
similar setup as that shown in ref. [1]. This can be
accomplished by installing an additional (nonpenetrat-
ing) wall probe on the other waveguide wall (in the
same cross section). The outputs of both probes can be

summed and subtracted (in rf) by a magic-T waveguide
junction, as shown in schematically fig. 4. This may
provide means to distinguish between the EM and ES
wave components, taking advantage of their opposing
symmetry and anti-symmetry features. In this way one
may distinguish between the perpendicular components
of the electromagnetic waves and the electrostatic waves
on the walls. Knowing the bunching wavenumber w/7,
and assuming a relatively narrow e-beam profile one
can compute the entire profile of the transverse ES
waves from their value on the walls,
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