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Abstract 
A 3-D, time-dependent code is used to simulate an array of 

standing-wave free-electron lasers (SWFELs) in the two-beam 
accelerator. It is shown that for an array of SWFELs with 9 
cavities and a 100.6-ns, OS-kA, 7.98-MeV electron beam 
prebunched at 17.1 GIIz, an averaged energy output of 14.7J/m 
can be obtained with a fluctuation of less than 11%. 

I. INTRODUCTION 

In the standing-wave free-electron laser (SWFEL) two-beam 
accelerator (TBA), 1 a low energy, high current drive beam 
alternatively loses its energy for generation of microwave 
power in standing-wave cavities and has its energy replenished 
in induction cells. The microwave power is coupled into high- 
gradient rf structures to accelerate an extremely relativistic 
electron beam of low average current. Hence the drive beam 
behaves as an energy converter, which converts the energy from 
the induction cells into rf energy. In the TBA configuration, the 
extraction of microwave power from each free-electron laser 
(FEL) cavity is small (usually only a few percent) compared to 
the electron beam power so that the phase-space distribution of 
the electrons is not severely distorted by the rf fields. 
Therefore, if the FEL cavities are periodically set in such a way 
that the energy-phase phase space of the beam before each 
cavity has the same distribution, then the fluctuation of the rf 
ouput powers from these FEL cavities will be small and the 
output energy per unit length of the array of SWFELs in the TBA 
becomes relatively stable. 

Many studies have been made on the SWFELs in the TBA 
using the continuum-cavity modelle3 and the discrete-cavity 
mode1455 and the impedance-based analysis method.6 These 
treatments are all based on a one-dimensional assumption. 
Recently, a three-dimensional, time-dependent code, RKFEL, 
written based on the code RKTW2D,7 has been used to 
investigate a multi-cavity FEL.8 However, no reacceleration 
structures were taken into account. In this paper, we use the 
code RKFEL, to study the first sections of a SWFEL/TBA, 
through which a well-prebunchcd electron beam is passing. Tbe 
beam after each cavity is reaccelerated by induction cells so that 
its average energy remains constant from cavity to cavity. It is 
shown that for an array of SWFELs with 9 cavities and a 100.6- 
ns. O.S-kA, 7.98-MeV electron beam prebunched at 17.1 Cl-Iz, 
an averaged energy output of 14.7J/m can be obtained with a 
fluctuation of less thanll%. 

II. DESCRIPTION OF THE ARRAY OF SWFJZLS 

So as to be specific, and because of computer cost, for the 
array of SWFELs we have only used nine identical FEL sections, 
as shown in figure 1. Each FEL section is 102 cm (6 wiggler 
periods) long. A beam source provides a O.S-kA, 7.98-MeV 
electron beam with a radius of 3.17 mm. The beam is assumed to 
have passed through a prebuncher and be well bunched at a 
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frequency of 17.1 GHz and have a peak rf current of 984A. Then 
the prebunched beam goes into the FEL sections after it passes a 
119-cm drift pipe with a 7-period tapered linear wiggler. In each 
FEL section (figure 2), there is a cavity with a width of 5 cm, a 
height of 3 cm, and a length of 86.88 cm, a reacceleration cell 6 
cm long, and a drift pipe 9.12 cm long. The linear wiggler is 
uniform and its period is 17 cm. The cavity has a resonance 
frequency of 17.3 GHz and a wall-dissipation quality factor of 
10,000 and an external quality factor of 16, operating at 
TEO, 1.96 mode. The width and height for all the drift pipes are, 
respectively, 4 cm and 0.8 cm. 
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Figure 1. Block diagram of an array of 
the standing-wave free-electron lasers. 

Figure 2. A FEL section. 

It should be noted that the length of the FEL section is 
taken as an integer multiple of the wiggler period to ensure that 
the beam before each cavity has the same equilibrium 
distribution in the phase space and thus to reduce variations of 
output power. In fact, however, the phase-space distributions 
before the FEL sections can not be made to be exactly the same 
because of the spread in velocities and the three-dimensional 
effects of the wiggler magnetic field such as betatron motion. 

The vector potential of the linear wiggler magnetic field, 
provided by parabolically curved magnet pole faces, is given by 
the following analytic expression9 

A,= T(zpch(ks) ch(k,y) sin(k,z), 
w 

(1) 

A,=-T(zpfsh(k,l) sh(k,y) sin(&)> 
w Y 

(2) 

where Bd is the wiggler magnetic field amplitude on the axis. 
the wiggler wave number is given by k,=2rcl&, with a,,, the 

wiggler period, kZ+k;=kz and the tapering factor is given by 

T(z)=z/7& when z<7&,, , and T(z)=1 when .Q7&. When k~0, 
not only the rf field but also the wiggler field is independent of 
X, and the transverse canonical momentum P, is a constant, 
which is used to check the computational precision. 
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III. SIMULATION RESULTS 

We ran the code RKFEL to simulate the array of the SWFELs 
with 200 computational particles. The wiggler amplitude &a is 
taken as 0.455 T with kx=ky, corresponding to a detuning 
frequency of 1.28%. Figure 3 shows the input beam energy and 
current versus time before the prebuncher. The 100.6-ns pulse 
has a 4.7-ns rise time, 91.2-ns flat top, and 4.7-ns fall time. 
We assume that through the prebuncher, a distribution with an 
initial energy spread Ay/<p=l% and an initial phase spread Awt 
=0.2x is loaded, where y is the electron relativistic factor and w 
is the drive wave frequency. The 200 particles are randomly 
distributed within this phase-space rectangle. Figure 4 shows 
the phase-space distribution for the 50th bucket (about the 60th 
ns) of the beam right after the prebuncher and before each FEL 
section. In the tapered wiggler region, the energy spread and 
the wiggler three-dimensional effect cause increase in the phase 
spread, and the phase-space rectangle before the tapered wiggler 
region is changed into a parallelogram before the first FEL 
section. From the fifth section on, the distributions are quite 
similar, and the fluctuation of output energy becomes much 
smaller. The phase spread does not change very much compared 
with the initial spread. However, simulations indicate that in a 
state without rf fields, the phase spread can become very large 
with increase in cavity number beacause of the spread in 
longitudinal velocities. So, the FEL interaction has the effect 
of constraining the phase spread at the expense of increasing 
the energy spread. 

%z 10 I - I - 1 ’ I ’ I 

E8 8’ \ - 

I . I , I . I I 

0 0 20 40 60 80 20 40 60 80 100 
t (ns) 

Figure 3. Input beam energy and current versus time. Figure 3. Input beam energy and current versus time. 
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Figure 4. Beam distributions in the ot-yspace. 

Figure 5 shows the dependence of representative cavity 
output power on time. The output power pulse is a little 
shortened with increase in the cavity number. However, the 
power difference between the maximum and minimum is less 
than 15 MW for the flat part of the pulse. Simulations also 
indicate that for a too small detuning frequency, the FEL 
interaction can not lock the phase spread effectively and, 
further, greatly increase the energy spread so that the output 
power is rapidly decreased with cavities. For a too large 
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Figure 5. Output power versus time. 

detuning frequency, however, the output power for the cavities 
becomes too small. 

Figure 6 shows the electron efficiency and power efficiency 
versus cavity number for the 50th bucket. The electron 
efficiency is defined as qe=(<ri,>-<y,>)ICri,>, where <rin’ 

and <y,> are the averaged y before, and after, a cavity. The 

power efficiency is defined as rIp=PoU&Pb, where Pout is the 
output power of a cavity and Pb is the input beam power. The 
electron efficiency is a little greater than the power efficiency 
because some power is lost on the cavity walls. 

Figure 7 shows the output energy and fluctuation versus 
cavity number (solid circles) during the whole output pulse. The 
maximum is 16.6 J and the minimum is 14.4 J. The averaged 
energy output over the array of FEL sections is 14.7 J/m. The 
fluctuation of the output energy is caused by the non-exact 
periodicity of the electron beam distribution in the phase space. 
Many factors may influence the periodicity of a beam 
distribution. The wiggler three-dimensional effect, energy 
spread, and action of rf fields can all deteriorate the periodicity. 
To find out how much different the single-particle model and the 
multi-particle model1 are, we ran the code with an initial phase 
spread of 0.002~ and a beam radius of 0.0317 mm (1% of the 
original ones). As shown in figure 7 (hollow circles), they are 
in reasonable agreement. The averaged output energy is 
different only by less than 3.5% of the original one. Therefore, 
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Figure 6. Electron efficiency qe and power 

efficiency qp versus cavity number N. 

Figure 7. Output energy Wout and fluctuation 
versus cavity number N. 

for a well-bunched beam the single-particle model is a very good 
approximation. 

IV. CONCLUSION 

In conclusion, for an array of SWFELs with many cavities 
in the TBA structure, the phase-space distribution before each 
cavity becomes quite simalar after the beam passes through only 
a few cavities, and a stable energy output can be obtained. 
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