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Abstract 

The LANL regenerative amplifier FEL is designed to produce an average output power of 1kW. Simulations study the 
transverse effects due to guiding by the intense electron beam and feedback. These simulations coupled with experimental 
measurements can be used to improve future high-power FEL designs. 

This paper discusses simulations of the regenerative 
amplifier FEL (RAFEL) built at Los Alamos National Lab 
(LANL). The RAFEL concept is similar to an FEL 
oscillator design except that less than 1% of the large 
signal optical power is fed back. It relies on only a few 
passes to reach saturation and uses 17 MeV electrons 
injected into a 2m long undulator which is tapered over 
the last meter. The 30% taper of the 0.7 Tesla magnetic is 
field accomplished by increasing the gap size between the 
magnets along the last meter of the undulator. The 
downstream mirror reflects a small fraction of the output 
power through a feedback loop to the upstream mirror 
where the power seeds the FEL input. The electrons and 
the majority of the output power pass through holes in the 
center of the upstream and downstream mirrors. 

Simulations were done to explore the parameters of 
the LANL experiment and develop an understanding of 
the physics behind the RAFEL design. Simulations used 
peak cunents of 300 A and 370 A. Fig. 1 shows the 
output of one of these simulations. The results are for a 
peak current of 300 A and 10-4 feedback. Since this plot 
is in dimensionless units, the undulator length is defined 
by the dimensionless time, z , which goes from zero to 
one. 

The evolution of the optical mode, la(x, r)( shown in 
the upper-left window of Fig. 1, is dominated by 

diffraction after the taper is turned on at r = 05 .  The 
intense electron beam provides guiding over the first 
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Fig. 1 RAFEL Simulation 

meter, but diffraction overcomes this focusing over the 
last meter of the undulator. The window in the top-center 
shows a cross-sectional view of the optical mode, 
la(x,y)(, at the end of the undulator. The top-right 
window lists the dimensionless parameters for this 
simulation; ag is the initial dimensionless optical 
amplitude, j is the dimensionless beam current density, 
mx and aY correspond to the radial size of the electron 
beam, and ag and oG account for beam quality. The 



graph at the right-middle shows the development of the 
optical phase along the undulator length. When the taper 
turns on at 5 = 05, the optical phase change along the 
undulator length becomes negative and enmurages the 
optical wavefront to be excluded from the electron beam 
decreasing the interaction. At the lower-right is the plot of 
the dimensionless optical power growth along the 
undulator and the plot of the natural logarithm of the 
single pass gain along the undulator. The middle-left 
window shows the bunching current in the electron beam 
development along the undulator, with the end view in the 
center. The bottom-left plot shows the electron phase 
velocity evolution along the undulator, and at the bottom- 
center is the electron phase space plot at the end of the 
undulator. 

In order to optimize gain and efficiency for an FEL 
about 50% of the electrons should be trapped [2]. In Fig. 
1 much less than half the electrons appear to be trapped as 
seen in the bottom-center photo. The taper rate in the 
RAFEL is too large causing detrapping. The 30% taper of 
the RAFEL design corresponds to a dimensionless taper 
of 1 2 8 ~ ~  but for a peak current of 300 A the optimal taper 
rate is 1 1 2 ~ .  This increased the efficiency by 2% and 
single pass gain by 10%. The same optimization was 
performed for a peak current of 370 A realizing an 
optimal taper rate of 135w. This provided a slight 
increase in efficiency and single pass gain. In the 300 A 
case decreased taper closes the hole in the center of the 
optical mode. The change in taper rate allowed for 
increased optical guiding in the second half of the 
undulator. 

As can be seen in Fig. 1 the optical mode has a drop in 
optical power in the center for the RAFEL at 300 A. The 
drop is due to a loss of guiding of the optical mode [2]. 
Since the electron beam has a small beam radius of 
0.18mm, a rather large current density is necessary for 
guiding. While guiding occurs initially, when the taper 
turns on halfway through the undulator diffraction effects 
begin to take over. The optical mode begins to grow and 
the change in the optical phase is negative, losing all 
guiding. In order to prevent this the taper rate must be 
matched to the peak current. Higher currents can handle a 
higher taper rate before diffraction effects overcome 
optical guiding. 

The design of this system appears to depend 
significantly on the amount of feedback. In order to 
explore the effect of this aspect of the RAFEL, 

simulations varied the initial dimensionless optical field, 
80, from 1 to 130. The simulation is set up as a steady 
state representation of an oscillator with the initial optical 
field determined by the amount of feedback. The inverse 
of the single pass gain is the amount of the feedback for 
high gain, or small feedback. Therefore, the variation in 
feedback during the simulations ranged from about 10-1 
to 10-5. The feedback throughout this range had almost 
no effect on efficiency and final power. The efficiency 
for the 300 A case was 7% f 0.5%. The efficiency for 
the 370 A case was again within 0.5% of the average 
value of 10%. In both instances saturation was reached 
and output power was essentially the same due to the high 
gain at the beginning of the RAFEL undulator. 

The RAFEL is proposed as a kW-class FEL. Using 
17MeV electrons, 300 A peak current, a micropulse 
frequency of IOOMHz, a micropulse length of 18 ps, a 
macropulse frequency of 60Hz, and a macropulse length 
of 30 p s gives an electron beam power of 16.5 kW. If an 
efficiency of 6% is achieved the resulting power would 
be a kilowatt. According to simulations the efficiency is 
high enough in both the 300 A and 370 A cases to reach a 
kilowatt. This observation does not take slippage into 
account [2]. 

Several interesting points have come out of these 
simulations. The simulations showed that for optimal 
performance the taper starting point should be earlier 
along the undulator, where the FEL reaches saturation. 
The amount of feedback in a RAFEL plays a small role in 
efficiency and final output power over a range of 0.001% 
to 10%. The development of a hole in the center of the 
optical mode can account for lower than expected output, 
but can be minimized when the taper rate is optimized. 
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