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Three-Dimensional Simulation Analysis .of a 3-cm Wavelength 

Free-Electron Laser Afterburner 

Changbiao Wang (a) 

Center for Beam Physics, Lawrence Berkeley Laboratory 

University of Cal ifomi a, Berkeley, California 94720 

Abstract---We have simulated a 3-cm wavelength free-electron laser afterburner (PEL 

Afterburner) using two sets of parameters: one is for a 3-cm period wiggler and the other is 

for a 5A-cm period wiggler. For the 3-cm period wiggler, the input beam energy is 112.5 

ke V, and for the 5A-cm period wiggler the beam energy is increased to 290 ke V to make 

the PEL Afterburner operate at the same frequency. It is found, from the simulations, that 

the PEL Mterbumer with a long~r period wiggler has a higher power conversion 

efficiency: larger than 16% for the 5A-cm wiggler while only about 9% for the 3-cm 

wiggler. It is also shown that to enhance the interaction efficiency in the slow wave cavity, 

the slow wave number should be a little larger than the sum of the fast wave number and 

the wiggler wave number. 

(a) Permanent address: High Energy Electronics Research Institute, University of 

. Electronic Science and Technology of China, Chengdu, Sichuan 610054, China. 
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I. Introduction 

The free-electron· laser afterburner is a new kind of microwave power device, which 

consists of a FEL buncher and a slow wave structure. The FEL buncher makes an electron 

beam bunched in the longitudinal direction while high power microwaves are generated in 

the slow wave structure by the interaction of the beam with the longitudinal component of 

the slow wave electric field. A FEL Afterburner with a 20-cm period wiggler was 

investigated and it was shown that an efficiency of up to 28% could be obtained, at 17.12 

GHz, from a l-kA, 5-MeV electron beam [1]. In that FEL Afterburner the wiggler period 

was quite long compared with the operating wavelength and so the device was relatively 

long. If a low energy beam (a few hundred keY, for example) is used, the wiggler period 

can be greatly shortened and the FEL Afterburner will be much more compact . 

. In this paper, we present three-dimensional simulation results for a 3-cm wavelength 

FEL Afterburner with an electron beam energy of the order of a few hundred keY. The 3-

cm wavelength FEL Afterburner, as shown in Fig. 1, has three cavities, and it is simulated 

using two sets of parameters. In the three cavities, two are fast wave cavities and one is a 

slow wave cavity operating in the standing-wave state. It is assumed that only a simplified 

form of longitudinal slow wave field exists in the slow wave cavity [1]. The main 

difference between the first and the second sets of parameters is that the wiggler period is 

different, one being 3 cm and the other being 5.4 cm, and each with its corresponding 

appropriate beam energy. For the 3-cm period wiggler, the input beam energy is only 

112.5 ke V, and for the 5.4-cm period wiggler, the beam energy is increased to 290 ke V to 

make the FEL Afterburner operate at the same frequency. It is found from the simulations 

that the FEL Afterburner with a longer period wiggler has a higher power conversion 

efficiency: larger than 16% for the 5.4-cm wiggler while only about 9% for the 3-cm 

wiggler. It is also found that to enhance the interaction efficiency in the slow wave cavity, 

the slow wave number should be a little larger than the sum of the fast wave number and 

the wiggler wave number. 
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II. Simulation Parameters 

The wiggler used in the simulation is the combination of a helical wiggler and a uniform 

guided magnetic field and they are given by 

Bx = T(z)Bwo [10 (kwr)cos(kwz) + h(kwr)co~kwz-28)J 

By = T(z)Bwo[Io (kwr) sin(kwz) - h(kwr)sin(kwz-28)] 

(1) 

(2) 

(3) 

where Bwo is the wiggler amplitude on the axis, Bo is the axial uniform magnetic field, the 

wiggler wave number is given by kw=2ir1 Aw with Aw the wiggler period, and the tapedng 

factor is given by T(z)=z17 Aw when z~7 Aw and T(z) = 1 when z> 7 Aw. 

Here we use seven tapered wiggler periods to make the electrons move in helical orbits. 

Although the wiggler is helical, the fast wave cavities are rectangular and they operate on . 
/ . 

theTE1,o,24 mode. The ~slow wave cavity is cylindricaL The two sets of simulation' 

parameters, in which one is for the 3-cm period wiggler and the other is for· the 5.4-em 

period wiggler, are given in table 1 and table 2, respectively. 

III. Simulation Results 

In the simulation, an electron beam with no initial energy spread and zero emittance is 

employed. The input beam energy and current pulse.is 40 ns long, including a 2-ns rise 
( . 

time, 36-ns flat top, and 2-ns fall time. For the two sets of parameters, the simulation 

results follow. 

1. First set of parameters (3-cm period wiggler) 

Figure 2 shows the longitudinal rf current amplitude and the' rms-normalized 

longitudinal velocity spread versus axial distance for the 35th bucket of the beam. The first 

cavity is located from 0.21 m to 0.686 m, the second one from 0.72 m to 1.196 m, and the 

third one from 1.23 m to 1.657 m. The velocity spread reachesits maximum, 1.3%, 
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almost when the rf current reaches its maximum, 4.9 A, within the slow wave cavity. The 

averaged current over the slow wave cavity is 3.9 A. 

Figures 3 and 4 show the rf output power of the second and the third cavities 

respectively. The power from the second cavity is about 400 W and is very small, only 

about 1.4% of that from the third cavity, of which the output power on the flat part is 29.2 

kW, corresponding to an efficiency of 8.7%. So the averaged longitudinal velocity of the 

beam is little changed by the interaction in the second cavity. In such a situation, the slow 

wave number of the third cavity is almost the same as the sum of the fast wave number and 

the wiggler wave number. 

2: Second set of parameters (5.4-cm period wiggler) 

Figure 5 shows the longitudinal rf current amplitude and the rms-normalized 

longitudinal velocity spread versus axial distance for the 35th bucket of the beam. The first 

cavity is located from 0.378 m to 0.854 m, the second one from 0.918 m to 1.394 m, and 

the third one from 1.458 m to 1.902 m. The maximum rf current is 4.7 A and the 

maximum velocity spread is 2.1 %. In contrast to the above case, these maxima are located 

at different positions within the slow wave cavity. The averaged current over the slow 

wave cavity is 4.1 A, a little larger than in the first case because the current has a wider 

peak. 

Figures 6 and 7 show the rf output power of the second and the third cavities 

respectively. The power from the second cavity is 16.9 kW for the flat part, more than 

10% of that from the third cavity, of which the output power on the stable part is above 141 

kW, and the efficiency is greater than 16.2%. So the averaged longitudinal velocity of the 

beam is a little decreased by the interaction in the second cavity. The slow wave number of 

the third cavity is equal to 103% of the sum of the fast wave number and the wiggler wave 

number, a little larger than the sum. 

4 



In free space, the dependence of the rf current of a bunched beam on the axial distance 

z, along which the beam is moving, can be described by 

/(z)=/(zo) sin;(z-zo) 
;(z-zo) 

(4) 

where Zo the initial longitudinal coordinate of the bunched beam, and the debunching 

parameter ; =2Y'J1t(Lif3z)rmsA -1(Pz)-2 with (Lif3z)rms the rms-spread in longitudinal 

normalized velocities, (pz) the averaged longitudinal normalized velocity, and A the free

space wavelength of the drive wave 'of the bunched beam. When a beam interacts 

coherently with an rf field, the interaction cause~ the beam to bunch. However,the spread 

in longitudinal velocities is increased at the same time and the debunching parameter 

becomes larger so that the beam has a tendency to be debunched. Before the rf current 

reaches its maximum the bunching effect is dominant, and after that, the debunching effect 

is dominatnt From Figs. 2 and 5, we see that the rf currents reach their maxima within the 

slow wave cavities, and rapidly decrease with the axial distance which is due to the 

debunchingeffect Figure 8 shows the comparison between the debunching effects in the 

slow wave cavity and in free space, respectively, for the 3-cm and the 5.4-cm period 

wigglers. From it we. see that the decrease of rf current indeed results from the debunching 

effect although it is not so fast as in free space because the cavity field has an effect of 

constraining phase [2]. 

It should be noted that the debuncliing parameter is directly proportional to the rms

velocity spread and inversely proportional to the square of the averaged longitudinal ' 

velocity. So the beam with a larger velocity spread may have a smaller debunching 

parameter if its energy is higher. From Fig. 9, we can see that the debunching parameter 

for the 5.4-cm period wiggler is smaller than that for the 3-cm period wiggler within the 

slow wave cavity because the beam has a higher averaged longitudinal velocity. At the 

current maximum, the debunching parameter takes a value of 15.2 m-1 for the 3-cm case 
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while only 11.2 m-1 for the 5.4-cm case. So the rf current has a wider peak for the 5.4-cm 

case. 

Making a proper choice of the external quality factors, which are related to the operating 

parameters, is very important. Too large quality values may degrade the shape of the 

output power pulse and too small quality values, however, will result in a very low output 

power level. 

Making a proper choice of input rf power is also very important. The input power 

should be adjusted so that the rf current reaches its maximum within the slow wave cavity 

so that maximum output power can be obtained. Too small input power results in a small 

output power even though the rf current maximum appears within the slow wave cavity. 

However, too large input power will cause the rf current to reach its maximum before the 

slow wave cavity so that the output power will be greatly reduced. 

IV. Conclusions 

We have simulated a 3-cm wavelength PEL Afterburner with a 3-cm period wiggler and 

a 5.4-cm period wiggler respectively. From the simulations we find that the PEL 

Afterburner with a longer period wiggler has a higher power conversion efficiency. To 

keep the beam sychronous with the slow wave in the slow wave cavity and e~ance the 

interaction efficiency, .the slow wave number should be a little larger than the sum of the 

fast wave number and the wiggler wave number. 
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Table 1 

First set of parameters in the simulation (3-cm period wiggler) 

Wiggler period 

Wiggler amplitude on axis 

Axial magnetic field 

Beam energy 

Beam current 

Beam radius 

Fast wave cavity dimension (widthxheightxlength) 

Slow wave cavity dimension (radiusxiength) 

Wiggler wave number 

Fast wave number 

Slow wave number 

External quality factor 

Cavity 1 

Cavity 2 

Cavity 3 

Drift pipe dimension (radiusxlength) 

Pipe 1 

Pipe 2 

. Pipe 2 

Input rf power 

Drive frequency 

9 

3cm 

0.07 T 

0.8 T 

112.5 keY 

3A 

2mm 

2.29 emx1.02 emx47.65 em 

1.4 emx42.72 em 

2.09 (em-I) 

1.58 (em-I) 

3.68 (em-I) 

30 

30 

10 

4mmx21 em 

4mmx3.35 em 

4mmx3.35 em 

500W 

9.8 GHz 



Table 2 

Second set of parameters in the simulation (5.4-cm period wiggler) 

Wiggler period 

Wiggler amplitude on axis 

Axial magnetic field 

Beam energy 

Beam current 

Beam radius 

Fast wave cavity dimension (widthxheightxlength) 

Slow wave cavity dimension (radiusxlength) 

Wiggler wave number 

Fast wave number 

Slow wave number 

" External quality factor 

Cavity 1 

Cavity 2 

Cavity 3 

Drift pipe dimension (radiusxlength) 

Pipe 1 

Pipe 2 

Pipe 2 

Input rf power 

Drive frequency 

10 

5.4 em 

0.08 T 

0.8 T 

290keV 

3A 

2mm 

2.29 emx1.02 emx47.65 em 

1.2 emx44.4 em 

1.16 (em-I) 

1.58 (em-I) 

2.83 (em-I) 

350 

300 

25 

4mmx37.8 em 

4mmx6.35 em 

4mmx6.35 em 

1400W 

10.01GHz 
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Figure Captions 

Fig. 1. The three-cavity free-electron laser afterburner . 

Fig. 2. Longitudinal rf current amplitude and rms-normalized velocity spread versus axial 

distance for the 3-cm period wiggler. 

Fig: 3. Second cavity rf output power versus time for the 3-cm period wiggler. 

Fig. 4. Third cavity output power versus time for the 3-cm period wiggler. 

Fig. 5. Longitudinal rf current amplitude rms-normalized velocity spread versus axial 

distance for the 5.4-cm period wiggler. 

Fig. 6. Second cavity rf output power versus time for the 5.4-cm period wiggler. 

Fig. 7. Third cavity rf output power versus time for the 5.4-cm period wiggler. 

Fig. 8. Comparison 1;>etween the debunching effects in the slow wave cavity (solid curve) 

and free space (dashed curve) for the 3-cm and the 5.4-cm period wigglers. 

Fig. 9. Debunching parameters for the 3-cm arid 5.4-cm period wigglers versus axial 

distance. 
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