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SUMMARY 

The continued interest for building tunable 
lasers using an electron accelerator as the source 
of primary energy has resulted in the design of a 
new accelerator.] Earlier work by other members 
of the Los Alamos team has demonstrated that thi s 
design does work in an amplifier mode! The accel
erator is to be upgraded f or use in an osc ill ator 
experiment and the new rf power amplifier system 
must meet some of the very stringent demands for 
power and stability placed on the electron beam for 
the free-electron laser (FEL) interaction to be 
observed. These demands are particularly stringent 
because the electron beam energy ultimately wi 11 
be circulated back through the accelerator so that 
the electron beam energy not used in the FEL inter
action is not wasted. These considerations have to 
some measure been incorporated into the design of 
the s~cond FEL system at Los Alamos and are dis
cussed in this paper. 

INTRODUCTION 

The primary needs of thi s accelerator are to 
provide the "make-up" power that must be replaced 
during the intrapulse interval to get the power 
back to the operating level required for satisfac
tory FEL interaction. The basic schematic for one 
of the possible accelerator configurations is shown 
in Fig. 1. System requirements call for a 100-l1s 
pulse length and more than 7 MW peak power for some 
of the experiments. These are already severe 
requirements that exceed rated performance of 
existing klystrons. Additional performance cri
teri a ari se from the uni que demands caused by the 
FEL interact i on experi ment. These demand s re 1 ate 
particularly to the stability requirements of the 
phase and amplitude controls needed for the experi
ment. These stability requirements can be cate
gorized as long-term stability (days), short-term 
stability (seconds), and phase stability (submicro
second). These requirements must be met to have 
synchronization in the FEL interaction region. The 
output electron-beam energy must be held constant 
from pulse to pulse to have the correct electron 
momentum for resonance (and energy extraction) with 
the laser field. The condition for this resonance 
is given by the expression (in mks units)3 

( 1) 

where AW is the wiggler period, AL the laser 
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Schematic diagram of the rf racetrack 
energy recovery system. To decelerate the 
electrons emerging from the free-electron 
laser, they are reinserted into the accel
erator 180· out of phase from the accel
erating electrons, so that the rf fields 
have reversed. High power and high over
all efficiency can be achieved thi sway 
(Fig. 4 from ref. 3). 

wavelength, e the electron charge, B the rms mag
netic induction of the wiggler, m the electron rest 
mass, and c the velocity of 1 ight. The term in 
parentheses represent s a correct i on (genera lly of 
the order of unity) for the change in path length 
caused by the electron excursions in large mag
netic fields. The allowable detuning of the laser 
from the resonance condition, the gain bandwidth 
of the FEL amplifier, is given by the approximate 
expression 

( 2) 

where N is the number of magnet periods along the 
length of the wiggler. 

The requirement on rf amplitude stability then 
becomes related to the frequency-gain characteris
tic of the particular wiggler used in the experi
ment. For example, the initial system has effec
tively 20 magnetic periods, so that from Eq. (2) 
the allowable frequency change is approximately 

t.f t.A 
f = A 

so that 

Long-term and short-term frequency stabi 1 i ty 
of the rf is important in the experiment to avoi d 
constant retuning of the optical cavity length. 
The frequency changes of the accelerator are 
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caused by thermal drifts and by aging. The opti
cal cavity length is to be held to five parts in 

103 . These changes can result ina phase shift 

of S.2 x 10-2 radians/pass that accumulates 
during the 100-\.IS accelerator pulse length. To 
maintain less change in the accelerator, then 

,.,~ < 2.0 x 10-4 

Retuning the accelerator center frequency may be a 
conven i ent way to opt imi ze (over sma 11 ranges) the 
optical cavity. 

The laser cavity also is a resonant structure 
that sets requirements on the phase stability 
during shorter intervals. To allow the laser reso
nance to adjust, the phase of the electron-beam 
bunches entering the laser cavity should not change 
too rapidly. The response time is set by the laser 
cavity Q, which is greater than 50. During this 
i nterv a 1, the frequency of the acce 1 erator shou 1 d 
not change enough that the photon packet and" the 
electron bunch fail to overlap within 1-1/2 of 
phase, so that 

~ < 5.5 x 10-6 
f 

in a period of a few microseconds. 
Another phase-stability requirement in a 

cyclic device is to have the electrons re-enter the 
accelerator at the proper phase (1 S0 ° out, with 
respect to acceleration) to give up their energy 
to the accelerating structure. This requirement 
is also dependent on the accelerator emittance and 
longitudinal velocity spread, the beam bending mag
nets, and the amount of beam fluctuation introduced 
by the FEL interaction region. For this FEL with 
100-MeV electrons, a 60-m-path length, and an 
allowable phase shift of about 5', the allowable 
single-pass frequency shift is 

,.,f 5.3 x 10-5 
f= 
in a period of 200 ns. 

Another constrai nt on the phase stabi 1 ity is 
that the electron micropulse packets must be prop
erly spaced within the FEL interaction region. The 
typical figure for FEL design is that the intra
pulse jitter be such that the phasing between the 
optical pulse and the electron pulse be sYllchro
nized within ten per cent of their width. For the 
present case.,. thi s means that the phase shift is 
limited to 2 , so that 

llf 5 5 10-4 
f < • x 

in a period of 50 ns. 

Other rf Contraints 

Aside from the normal personnel and equipment 
safety requirements, other constraints on the rf 
system include 

1. operation of one klystron to drive three 
separate accelerating rf cavities with 
independent phas i ng and amp 1 itude contro 1 
for each; and 

2. the rf amplifiers need to be continuously 
variable in output power and pulse length 
to allow different experimental configura
tions. 

The rf Modulator Design 

The basic electrical schematic for the modu-
1 ator has been previ ous ly descri bed 4 and is shown 
in Fig. 2. The system includes single-point 
grounding at the modulator tank and substantial rf 
shielding around the capacitor bank. The large 
capacitor tank (S.75 \.IF) was needed to minimize 
voltage droop during the pulse. This system, at 
full power, results in 1500-V droop during the 
pulse. This results in a phase shift of the rf 
pulse caused by the klystron with a beam path 
length, ~, of 

,.,6 = w"'T = w~C (~- ~)= 0.22 radian, or about 12", 
Sf Si 

so that ,.,f/f = 1.7 x 10-6 in 100 \.Is. 
Also, the long pulse length puts additional 

stress on the switch tube: fortunately, the stand
ard LAMPF triodeS proved to be satisfactory for 
this application. 

The rf Power Distribution System 

The requirement to feed three tanks from one 
klystron actually was beneficial. This allowed for 
much less complex rf phase control because each 
tank was locked to a single driver, and slow phase 
control could be employed between the tanks. The 
rf distribution system shown in Fig. 3 has been 
assembled and has an insertion loss of less than a 
decibel (without the isolator). A similar distri: 
bution system has been demonstrated at X-band. o 

The use of low phase versus temperature cable and 
some thermal control was necessitated by the long 
cable runs. 

The rf Phase Control 

The requirements for phase stability described 
above resulted in design of rf controls at the 
state-of-the-art. The rf source chosen for thi s 
system has long-term stability of three parts per 
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Fig. 2. Electrical schematic of rf modulator. 
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million, and minimized phase noise; these are 
accomplished by choosing the crystal frequency to 
be as high as possible and using low noise elec
tron~cs. The phase spectral density (frequency 
domaln) and Allan Variance (time domain) for two 
oscillators are now being characterized. In eval
uat i ng the performance of the rf source, as com
pared to the system requirements, the effect of the 
acceleration cavity also must be considered. This 
is a side-coupled, standing-wave structure with an 
anticipated loaded Q of 6500. The effective Q is 
anticipated to be very similar because of little 
rf overdrive available. This means that the cavity 
will not allow for frequency changes in time scale 
less than 

- 1 - Q 
lit = 6f = f 

6.5 x 103 
-----,,-9 = 5 l.l s 
1.3 x 10 

This greatly simplifies the source design because 
both the rf source and the accelerating cavity are 
narrow band pass, high Q elements that do not allow 
fast frequency changes. Power provided to the 
tanks at the wrong frequency is dissipated in the 
~solators, circulators, and external loads designed 
lnto the system as shown in Fig. 3. 

The rf Amplitude Control 

. The need for the very long pulse length in 
thlS experlment requires active amplitude control. 
The droop in the capacitor bank voltage results in 
a corresponding droop in the accelerating fields. 
This is accomplished with absorptive active atten
uators that respond to the rf power droop duri ng 
the pulse. The complete rf drive system is shown 
in Fig. 4. 
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