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HIGH-EFFICIENCY FREE-ELECTRON LASER RESULTS 

K. Boyer, C.A. Brau, B.E. Newnam, W.E. Stein, R.W. Warren, J.G. Winston and 
L.M. Young 

University of California, Los AZamos National Laboratory, Chemistry Division, 
P. 0. Box 1663, Los AZamos, New Mexico 87545, U.S.A. 

Rdsumd -Les rdsultats obtenus avec un laser B dlectrons libres utilisant un "tapered 
wiggler" montrent que la dGc616ration des Glectrons atteignait 7% et que l'on pou- 
vait extraire sous forme d'bnergie laser plus de 3% de 1'6nergie du faisceau d' dlec- 
trons . 
Abstract - Results obtained with a tapered-wiggler free-electron laser show deceler- 
ation of electrons by as much as 7%, and extraction of more than 3% of the total 
electron-beam energy as laser energy. 

Theoretical predictions have indicated that by properly varying (tapering) the 
period and strength of the wiggler field in a free-electron laser, the energy ex- 
tracted from the electron beam as laser radiation can be increased from a few tenths 
of one per cent to several percent or more [I]. According to these predictions, at 
sufficiently high incident laser power (of the order of a gigawatt) some of the 
electrons become trapped in stable-phase regions ("buckets") of the ponderomotive 
potential created by the incident laser and wiggler fields. Since the "buckets" can 
be decelerated by properly tapering the wiggler field, the trapped electrons can be 
decelerated as well to extract of the order of 10% of their energy as laser radia- 
tion. The untrapped electrons remain near their original energy and contribute 
little to the radiation field. 

To test this theory, an experiment has been carried out with a 20-MeV electron 
beam, as shown in Fig. 1. The electron beam had an average current of about 250 mA, 
an energy spread of 0.5%, an emittance of 0.5 rr mm-mrad, and a pulse length of 5 ns. 
The Cog laser had a peak power of 1 GW, operating on a single longitudinal and 
transverse mode, with a pulse length variable from 1 to 10 ns. The wiggler was 1 m 
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Fig. 1. Schematic diagram of the Los Alamos free-electron laser experiment 
(AP-1-VG-8148B-1). 
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long and used SmCog permanent magnets t o  c r e a t e  a 0.3-T f i e l d  with a period tapered 
from 2.7 cm a t  t h e  entrance to  2.4 cm a t  t h e  e x i t .  Under design operat ing condi- 
t i o n s ,  about ha l f  of t h e  e l e c t r o n s  a r e  p red ic ted  t o  become trapped i n  t h e  "pondero- 
motive po ten t ia l "  and be decelerated about 7% [2] .  The average dece le ra t ion  under 
these  condit ions i s  predicted t o  be more than 3%. A s  shown i n  Fig. 1, t h e  experi- 
mental diagnost ics  included an e lec t ron  spectrometer t o  measure t h e  energy spectrum 
of t h e  e lec t rons  leaving the  wiggler and an o p t i c a l  de tec tor  t o  measure t h e  amplifi- 
ca t ion  of t h e  COz l a s e r  beam [ 3 ] .  Only t h e  r e s u l t s  of t h e  e lec t ron  spectrometer a r e  
discussed here. 

A t y p i c a l  e lec t ron  spectrum is shown i n  Fig. 2. The spectrum displays t h e  
double-peaked electron-energy d i s t r i b u t i o n  funct ion predicted by theory. The high- 
energy peak near t h e  o r i g i n a l  energy contains  those e lec t rons  not trapped i n  t h e  
ponderornotive p o t e n t i a l ,  while t h e  low-energy peak contains  those e lec t rons  trapped 
i n  t h e  ponderomotive p o t e n t i a l  and decelerated with t h e  t a p e r  i n  t h e  wiggler per iod.  
For t h e  condit ions of t h i s  measurement, t h e  trapped e lec t rons  represented about 60% 
of t h e  t o t a l  and were decelerated about 6.5%. The t o t a l  ex t rac t ion  (corresponding 
t o  t h e  average dece le ra t ion  of t h e  e lec t rons)  was about 3.5% of t h e  i n i t i a l  e l e c t r o n  
energy. This i s  about an order  of magnitude l a r g e r  than has been obtained i n  exper- 
iments using uniform (untapered) wigglers. 

AS shown i n  Fig. 3 ,  the  average energy ex t rac ted  from t h e  e lec t ron  beam de- 
pended on t h e  i n i t i a l  energy of t h e  e lec t rons .  Maximum ext rac t ion  occurred when t h e  
e lec t rons  entered a t  t h e  resonant energy, corresponding t o  t h e  ve loc i ty  of t h e  
p o t e n t i a l  energy wells  a t  the  wiggler entrance. I n  f a c t ,  by i n j e c t i n g  t h e  e lec t rons  
a t  too  low an energy, they could be accelerated ins tead  of decelerated,  correspond- 
ing t o  l a s e r  absorpt ion ins tead  of gain. 

Figure 4 shows t h e  s a t u r a t i o n  behavior of t h e  ampl i f ie r  a s  t h e  input  l a s e r  
power was increased. Since t h e  s lope of a l i n e  connecting t h e  o r i g i n  with a given 
data  po in t  is proport ional  t o  t h e  amplif ier  gain,  it i s  c l e a r  t h a t  t h e  small s igna l  
gain (below about 0.2 GW) was smaller  than t h e  sa tura ted  gain (from about 0.2 t o  1.0 
GW). This is  i n  good agreement with t h e o r e t i c a l  p red ic t ions .  The i n f l e c t i o n  po in t  
near 0.2 GW is  due t o  the  threshold (around 0.1 GW) f o r  t h e  formation of s tab le -  
phase regions ("buckets"). 
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Fig. 2. Electron d i s t r i b u t i o n  funct ion a t  an input  o p t i c a l  power of 0.75 GW 
(AP-1-VG-9231). 
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Fig. 3. Average energy extraction at an input optical power of 0.75 GW 
(AP-1-VG-9548). 
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Fig. 4. Saturation of the free-electron-laser amplifier at an incident electron- 
beam energy of 20.9 MeV (AP-1-VG-9226). 

References 

[ 11 Kroll(N.M. 1, Morton(P.L. ) , and Rosenbluth(M.N. ) , "Variable Parameter Free- 
Electron ~aser, " physics of Quantum Electronics Volume 7 : Free-Electron Gen- 
erators of Coherent Radiation (Addison-~esley, Reading, MA, 1980), p. 89. 

[2 ]  Brau(C .A. ) and Cooper(R.K. ) , "Variable Wiggler Optimization," x. , p .. 647. 
131 Newnam(B.E.), Hohla(K.L.), Warren(R.W.), and ~oldstein(~.C.), IEEE J. Quant. 

Electron., 1981, QE-17, 1480. 


