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Abstract

As a high-power and high-efficiency coherent radiation source, the free-electron laser extends
to two unique spectra: the region in the ultra-violet, x- and ~y-rays, and the range in the
millimeter- and terahertz-waves. Based on credible simulations, it is shown that the nonlinear
power of a Raman free-electron laser in a millimeter wave range goes up and gets an increase

of at least 9% when an ion-channel is applied to the beam-wave interaction chamber. A
physical explanation is that the ion-channel weakens the velocities spread over the electron
beam and, therefore, improves the electron-beam transportation quality and the beam-wave

interaction.
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1. Introduction

In recent years, free-electron lasers (FELs) have been dem-
onstrated to be high-power and high-efficiency coherent
radiation sources, and have found applications in two unique
spectra: one is in the ultra-violet, x-ray and y-ray regions
[1-9], and the other is in the millimeter- and terahertz-wave
ranges [10-18].

As a free-electron laser in the millimeter- and terahertz-
wave ranges operates in a Raman-type regime, a high cur-
rent of the electron beam with mildly relativistic energy is
always employed to achieve an output power that is as high
as possible. Because the electron beam is formed by indi-
vidual, free electrons; the repulsion force among them must
be produced by their self-field, and hence has an effect to
diverge the beam itself. Divergence of the electron beam
becomes serious when it has a large current density. In
practice, therefore, an axial magnetic field is always used
to guide the electron motion to be confined on approximate
Larmor orbits [19-22]. An alternative way to prevent the
electron beam from divergence is the application of an ion-
channel guiding, which compromises the repulsion among

the free electrons [23-25]. Compared to other plasma-
loaded radio frequency devices, where external magnets are
used, the advantage of ion-channel guiding, instead of the
guide magnetic field, is that it cuts off the facility manu-
facture and operation expenses. Since the proof-of-princi-
ple experiments of the so-called ion-channel guiding FELs
were made [26, 27], a lot of papers have been devoted to this
aspect, discussing the ion-hose instability, harmonic gen-
eration, saturation mechanism, two-beam radiation, focus-
ing peculiarity, electron’s equilibrium orbits, motion chaos,
beam temperature effect, etc [28—41].

For this paper, we concentrated our attention on the power
enhancement in a Raman free-electron laser in millimeter-
and terahertz-wave ranges by making use of an adjusted ion-
channel parameter. We present a physical explanation for the
mechanism. In the following section, a general consideration
is described for the beam-wave interaction in a Raman free-
electron laser with the application of an ion-channel. Then
nonlinear simulations are carried out in sections 3 and 4 to
show the enhancement of the nonlinear power by an adjusted
ion-channel, and a physical explanation to the mechanism is
presented. Finally, conclusions are drawn in section 5.
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2. Nonlinear consideration

Previously, nonlinear models of a Raman free-electron laser
had various considerations (for example, see [16, 19]). Before
describing the model of a Raman FEL with an ion-channel, it
should be mentioned that the situation discussed in this paper is
somewhat different from that in an ion-channel laser [25]. In an
ion-channel laser, the ion hose is employed to replace the guide
magnetic field, so as to confine the relativistic electron beam.
Therefore, the ion-channel density in an ion-channel laser
must be quite large to keep the ion-hose field strong enough
to focus the relativistic electron beam. As was pointed out in
[25], this requires the ion-channel density n;,,/n, > 1/ ~2. In
an ion-channel laser, the ion-hose instability should be taken
into account, since the ion-hose field is so strong. In the situa-
tion considered in this paper, however, the guide magnetic field
is still presented to confine the relativistic electron beam, while
the ion-channel is mild and just plays a role of an adjusted
parameter to enhance the laser power. Therefore, the condition
Rion /1y > 1/ ~?isno longer necessary. Because of this reason,
in our model, the ion-hose instability as well as the plasma
oscillation could be negligible, and we ignore these effects.
Now, consider the configuration in a cylindrical waveguide
with a 3D helical wiggler and an axial guide magnetic field:

Bwiggler - BWL + sz (1)
Bguide = B()éz (2)
with
B, = 2B,al|(k,R)cos(0 — kyz)ér
2B, " (k R) sin(6 — kyz)eg, 3)
B, = 2Bl (k,R)sin(6 — kyz)e, 4)

where B, is the amplitude of the guide magnetic field,
ky, = 27/ A, is the wiggler wave-number, \,, and B4 are the
wiggler period and amplitude, /; and I] are the first kind of
modified Bessel function and its derivative with respect to the
whole argument, ég, ¢y and e, are the unit vectors in the radial,
azimuthal and axial directions in a cylindrical coordinate sys-
tem (R,0,z), respectively. Suppose that pre-ionized plasma
has been filled in the chamber. When the relativistic electron
beam is injected in and passes through the chamber, it expels
the electrons of the plasma to move outwardly, which leaves
an ion core with a radius R;,,, an average volume density 7,
and the ion-core electric field [24]

Eion = 27ren,-0,,ReR .

)
Meanwhile, the relativistic electron beam produces its electric
field Epeq, and magnetic field By,

—2men, Rég, R <Ry
E, = 2 (6)
e —2meny, %é[g, R >R,
—27ren;,@Ré<p, R <R,
Boean = (7
o —2men, ™2 I;” €,, R=>R,

where R, and n;, are the electron-beam radius and volume
density, respectively. Suppose that the input laser wave is a
transverse-electric mode TE,,, with its electric field E,, and
magnetic field By,,.,. Then, each individual electron in the
relativistic electron beam is driven by all the electromagnetic
forces, and can be described in terms of the equation of rela-
tivistic motion

d’YmOV - (Eion + Ebeam + Elaser)

dt - +v X (Bwiggler + Bguide + Blaser) ’ (8)

where v =1/4/1 —v?/c? is the relativistic energy factor,
e, mp and v are the electron’s charge, rest mass and veloc-

ity, and c is the light speed in vacuum. The moving electron
beam driven by the electromagnetic force has a current den-
Sity Jpeam = enpVvy. In turn, this current contributes to the laser
field through the equation of wave

2 . 1 0® Asser (R0t
v Alaser(R’ 9’ 25 t) -2 %

_%Jbeam(R7 0: 25 l), (9)

where  Ayer(R,0,z;1)is the laser-wave vector potential
which is defined by Ej, = —- a,Alawr(R 0,z;1) and
Biuser =V X Alaser(R7 0,z t)'

In nonlinear simulations, the equation of wave (9) is cou-
pled with the equation of motion (8) by discretizing the elec-
tron beam into test electrons. In this way the differential vector
equation of order two, equation (9), can be rewritten into the
following four differential scalar equations of order one:

dA(z
@ _ A(2)G(2), (10)
dz
dp(z
) _ o) an
4
dG(z) 112 2 S(z) 2
= [k, — R+ 2 G(),
& k: +¢'(2)]” — kZ + A) G(z), (12)
de'(z)  T(2) /
= ——= —2G(z2) |k. + )
& e (2) [k: + ¢'(2)] (13)
where G(z) is the gain of the laser wave, which is defined as
1 dA(z)
GRz) = —— —,
=30 « (1
and
S(z) = N_Ifl”c Z [vejk J),(ker;)cos®;
+Vr/Rj m(kcr/)Sin‘bjL (15)
N
T(Z) = N?({:,,c Z V%[VojkcJ;(kcrj)sm@J
j:1 3
—v,jrﬂijm(kcrj)cosfﬁj], (16)
®j = k.z — wit; + mb; + ¢;(2), a7
Kon = K2R2J2 (keR),). (18)
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Table 1. Output power versus the ion-channel parameter.
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Figure 1. Output power versus the ion-channel parameter ¢ in a
Raman FEL with an ion-channel, where the design parameters in
the MTT experiment [20] are used.

In the above equations, N is the total number of individual test
electrons; R, is the radius of the cylindrical waveguide; m, n,
w, ke, k;, and (z) denote, respectively, the azimuthal mode-
index, radial mode-index, angular frequency, cutoff wave-
number, axial wave-number, and phase of the TE, ,-mode
wave; J,, and J ;L are the first kind of Bessel function of order
m and their derivatives with respect to the whole argument.
In the above wave equations, the independent variable, time
t, has been transferred to z by the relationship d/dt = v,d/dz.

Coupling the laser wave equations (10)—(13) with the equa-
tion of motion (8) gives a set of self-consistent differential
equations of the wave-beam interaction, and the laser field can
be solved. Then, evolution of the laser power along the longi-
tudinal position in the chamber as well as the output power at
the exit can be understood with the following expression

w
Piaser = gKmn [kz + W/(Z)]A2<Z)'

(19)

3. Power enhancement

According to the coupling differential equations (8), (10)—
(13), a code is programmed for the nonlinear simulations.
Without loss of generality, here we take the MIT experi-
ment as an example to show how the output power may be
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Figure 2. Distribution of the normalized transverse and
longitudinal velocity of the test electrons at the exit of the chamber
(a) without an ion-channel (¢ = 0), and (b) with an ion-channel

(¢ =0.25).

enhanced by applying an ion-channel. In the MIT experiment,
the electron-beam current, energy, energy spread, and radius
were 300 A, 750keV, 1%, and 0.25 cm; the length and radius
of the cylindrical waveguide were 2 m and 0.51 cm; the bifilar
helical wiggler field had a period of 3.18 cm, and its amplitude
was slowly increased over the initial six periods up to 630 G;
an axial guide magnetic field was 4060 G; a TE;;-mode laser
wave at frequency of 33.39 GHz, with an effective incident
power of 8.5 kW was put in to participate in the FEL interac-
tion [20]. We first examined the credibility of our code and
got a simulated output power of 5.53 MW at the exit, which
was in good agreement with the reported measurement of 5.8
MW [20].

Then, we examined how the output power of the laser
wave was affected by applying an ion-cannel. For the con-
venience of comparison, we define an ion-channel parameter
S = Rjon/Np, where ¢ = 0 means no ion-channel was applied,
which corresponds to the situation of the MIT experiment
[20]. In the simulations we found the wave power approached
saturation at the distance of 70cm, and so, without loss of
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generality, we truncated the calculation at that position to save
CPU. This treatment does not deteriorate the practical signifi-
cance because the shorter beam-wave interaction length corre-
sponds to a shorter wiggler and can cut down the manufacture
cost of the facility. Table 1 lists the output power versus the
ion-channel parameter, and the corresponding data are plotted
in figure 1. It is clearly shown that the output power goes up
with application of the ion-channel, and gets an increase of
9% when the ion-channel parameter is ( = 0.25.

4. Physical examination

The effect of the ion-channel on the enhancement of the
output power may be partly explained as the improvement
of the electron-beam transportation. Since the electric field
produced by the ion hose of the ion-channel must affect the
dynamic behavior of all the individual electrons, in simula-
tions we also traced the motion of the 5000 test electrons,
and compared the situations with and without an ion-channel.
Figure 2 plots the normalized transverse and longitudinal
velocities of the test electrons at the exit of the beam-wave
interaction region for the situations without the ion-channel
(¢ = 0) and with the ion-channel ({ = 0.25). It can be seen
that the electrons in the former span a wider range than in the
latter, which means the electron beam without the ion-channel
(¢ = 0) may get a greater velocity spread than that with the
ion-channel (( = 0.25). As is well known, the velocity spread
deteriorates the quality of the electron-beam transportation
and decreases the effectiveness of the beam-wave interaction.
Therefore, application of an adjusted ion-channel leads to a
better electron-beam transportation quality and thus results in
a higher output power than that without an ion-channel.
Meanwhile, it is worthy to note that the improvement of the
output power in a Raman free-electron laser by applying an ion-
channel is finite. The reason for this is that the dynamic behav-
ior is governed not only by the ion-channel field but also by the
wiggler field, the guide magnetic field, and the laser field. This
fact explains why the curve of the power enhancement versus
the ion-channel parameter gradually becomes flat in figure 1.

5. Conclusions

In this paper, output power in a Raman free-electron laser in a
millimeter wave range with and without the application of an
ion-channel is studied by credible simulations. Results reveal
that the power enhancement may be realized by applying an
adjusted ion-channel in the beam-wave interaction chamber, and
at least a power enhancement of 9% could be expected. Results
also show that the mechanism of the power enhancement—by
applying an ion channel—lies in the fact that the ion-channel
field decreases the velocity’s spread of the electron beam, and
thus improves the electron-beam transportation quality.
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