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REVIEW OF RECENT EXPERIMENTAL RESULTS FROM THE STANFORD 3pm FREE 

ELECTRON LASER* 

+ ++ 
S. Benson, D.A.G. Deacon . J . N . E c k s t e i n , J . M . J . Madey, K. Robinson, 
T . I . Smith and R. Tabe r + + + 

High Energy Physios Laboratory, Stanford University, Stanford,. 
California 94305, U.S.A. 

Résumé - De nouvelles mesures ont été faites sur le Laser à Electrons Libres 
de Stanford en utilisant un faisceau d'électrons de meilleure qualité. Pour la 
première fois, nous avons étudié la structure temporelle des impulsions opti
ques en employant une technique d'autocorrélation optique. Les nouvelles 
mesures sont comparées avec les mesures précédentes. Certains aspects énigma-
tiques des mesures précédentes semblent être corrélés avec les caractéristiques 
du faisceau d'électrons. Les résultats d'expériences d'autocorrélation indi
quent que la longueur des impulsions optiques est voisine de celle donnée par 
la simple transformée de Fourier du spectre. Les impulsions sont plus courtes 
que prévues lorsque la longueur de la cavité est plus courte que la longueur 
de synchronisme. Nous relatons aussi des expériences faites sur le deuxième 
harmonique et sur les effets du champ magnétique solénoïdal sur le fonction
nement du laser. 

Abstract - New data has been taken on the Stanford Free Electron Laser (FEL) 
with improved electron beam characteristics. For the first time we have 
studied the temporal structure of the optical pulses using optical auto
correlation techniques. The new data is compared and contrasted with earlier 
data. Several puzzling aspects of the previous data appear correlated with 
drifts in the spectrum and current of the electron beam. Autocorrelation 
results indicate nearly transform limited' pulses which are shorter than ex
pected at large values of the cavity length detuning. We also report here 
experiments carried out to study the intrinsic second harmonic radiation and 
the effects of the superimposed solenoidal magnetic field on laser operation. 

1.- INTRODUCTION 

In March of 1981, the Stanford Free Electron Laser was operated with comprehensive 
diagnostics for the first time allowing us to study the time dependence of the opti
cal and electron beam properties. The results of these experiments were not only 
inconsistent with those of numerical simulations but also displayed very puzzling 
behavior which was impossible to explain by any simple model. These included ano
malously long turn-on times and extended development of the optical and electron beam 
spectra during the full millisecond the laser was on.{l]. In an effort to explain 
these strange effects and to shed some light on the lack of agreement between theory 
and experiment, the laser was operated again in August of the same year. In addition, 
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an appara tus  was i n s t a l l e d  t o  measure t h e  t ime dependent a u t o c o r r e l a t i o n  func t ion  of 
t h e  o p t i c a l  pulses .  Thfs provided t h e  f i r s t  evidence of t h e  t i m e  domain s t r u c t u r e  o f  
t h e  o p t i c a l  pu l ses  [ 2 ] .  I n  t h i s  paper we compare t h e  r e s u l t s  of t h e  Karch and August 
runs ,  and review t h e  new measurements of t h e  a u t o c o r r e l a t i o n  func t ions ,  t h e  harmonic 
spectrums. a rd  t h e  e f f e c t s  of t h e  so leno ida l  f i e l d .  

Both t h e o r e t i c a l  models of sideband i n s t a b i l i t i e s  and numerical s imula t ions  p r e d i c t  
an a u t o c o r r e l a t i o n  func t ion  wi th  s t r o n g  i n t e n s i t y  modulation [3].  Desp i t e  ade- 
quate  r e s a l u t i o n ,  we could d e t e c t  no such s u b s t r u c t u r e  on t h e  pulse .  I n  a d d i t i o n ,  
t h e  t ime bandwidth product  i n d i c a t e s  t h a t  t h e  pu l ses  a r e  n e a r l y  Four ie r  t ransform 
l imi ted .  This f a c t ,  coupled wi th  t h e  s imple  form of t h e  o p t i c a l  s p e c t r a ,  i n d i c a t e s  
t h a t  pu l ses  a r e  s t r u c t u r e l e s s  and have ve ry  l i t t l e  frequency v a r i a t i o n  wi th in  t h e  
p u l s e  ( ch i rp ) .  

Largely due t o  d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  of t h e  e l e c t r o n  beam, t h e  d a t a  
obta ined i n  August d i f f e r e d  q u i t e  remarkably from t h e  d a t a  taken i n  March. These 
d i f f e r e n c e s  have l e d  u s  t o  a p o s s i b l e  explanat ion f o r  some of t h e  more puzzl ing as-  
p e c t s  of t h e  e a r l i e r  da ta .  The anomalous turn-on times and extended evo lu t ion  of t h e  
o p t i c a l  and e l e c t r o n  momentum s p e c t r a  appear c o r r e l a t e d  wi th  smal l  d r i f t  i n  t h e  
s p e c t r a  and c u r r e n t  of t h e  e l e c t r o n  beam. The s e n s i t i v i t y  of t h e s e  parameters t o  
t h e  e l e c t r o n  beam q u a l i t i e s  is ,  i n  i t s e l f ,  an  i n t r i g u i n g  r e s u l t .  

I n  a d d i t i o n  t o  t h e s e  observat ions ,  we r e p o r t  t h e  r e s u l t s  of two new experiments 
t o  s tudy  t h e  e f f e c t  of t h e  superimposed so leno ida l  f i e l d  and t h e  c h a r a c t e r i s t i c s  of 
t h e  i n t r i n s i c  second harmonic r a d i a t i o n  generated i n  t h e  l a s e r .  

2. - EXPERIMENTAL SETUP 

The l a s e r  conf igura t ion  i n  t h e  August run was s i m i l a r  t o  t h a t  of previous  runs .  The 
e l e c t r o n  beam was provided by t h e  Stanford Superconducting Acce le ra to r  (SCA) whichwas 
operated a t  43 MeV and provided 5.6 pC bunches of l e n g t h  2.5 psec (FWHM) separa ted  
by 84.6 nsec  i n t e r v a l s .  The peak c u r r e n t  dens i ty  was 2x10" ~ m - ~ .  Th i s  energy provides  
l a s e r  o p e r a t i o n  at  3.2 pm. The c a v i t y  c o n s i s t s  of two d i e l e c t r i c  q u a r t e r  wave s t a c k  
mi r ro r s  wi th  7 .5  m r a d i i  of cu rva tu re  sepa ra ted  by 12.68 m. Cavi ty  l o s s e s  were 
measured a t  1.5% per  pass.  The r a t i o  of power r a d i a t e d  by t h e  e l e c t r o n  beam t o  t h a t  
emerging a t  t h e  ou tpu t  coupler  was 3 t o  1. On t h e  b a s i s  of t h e  measured o p t i c a l  
p u l s e  l eng th ,  t h e  ins tantaneous peak o p t i c a l  power r a d i a t e d  by t h e  e l e c t r o n  beam was 
400 kW. The o p t i c a l  and e l e c t r o n  momentum s p e c t r a  were measured us ing  s tandard 
a p p a r a t i  descr ibed elsewhere [1 ,4] .  The o p t i c a l  power measurements were c a r r i e d  o u t  
by r e l a y i n g  t h e  l a s e r  beam through a 50 meter o p t i c a l  t r a n s p o r t  system i n t o  t h e  
apparatus  shown i n  f i g u r e  1. The a u t o c o r r e l a t i o n  func t ion ,  t h e  o p t i c a l  power, and 
t h e  second harmonic generated i n  a non l inea r  c r y s t a l  could b e  measured using t h i s  
se tup.  The a u t o c o r r e l a t i o n  appara tus  is  a s tandard Michelson in te r fe romete r  used 
i n  conjunct ion wi th  a l i t h i u m  n i o b a t e  second harmonic generat ion c r y s t a l  151. The 
generated second harmonic power is given by, 

where 7, is t h e  convers ion e f f i c i e n c y ,  T is  t h e  t ime l a g  between t h e  two 
pu l ses  i n  t h e  in te r fe romete r ,  and I ( t )  is t h e  i n t e n s i t y  vs .  t ime of each of t h e  
two pulses .  This  express ion h a s  been averaged over  t h e  f i n e  s c a l e  f r i n n e  s t r u c t u r e  
p resen t  i n  any in te r fe romete r .  As one mi r ro r  is moved t h e  second harmonic power w i l l  
change from t h e  b a s e l i n e  va lue  due t o  t h e  two s e p a r a t e  pu l ses  t o  a peak which is  a 
f a c t o r  of t h r e e  h igher , the reby  de f in ing  t h e  a u t o c o r r e l a t i o n  func t ion .  The fundamen- 
t a l  power was blocked from e n t e r i n g  t h e  Ge:Au d e t e c t o r s  by a p a i r  of bandpass o p t i c a l  
f i l t e r s .  These provided a r e j e c t i o n  r a t i o  of lo6  t o  1 f o r  t h e  fundamental. Time 
dependent a u t o c o r r e l a t i o n  records  were taken by sampling t h e  d e t e c t o r  a t  128 sequent- 
i a l  p o i n t s  i n  t ime on success ive  beam pulses .  Thirty-two measurements were recorded 
and averaged at each p o s i t i o n  of t h e  moving mi r ro r .  Th i s  l a r g e  a number of samples 
was needed t o  average o u t  t h e  f r i n g e  s t r u c t u r e  a s  noted below. Time averaged records  
were computed by sunning a l l  d a t a  taken a t  a g iven mi r ro r  pos i t ion .  

The time dependence of t h e  generated second harmonic could be measured by blocking 
the  moving arm of t h e  in te r fe romete r ,  t y p i c a l l y  sampling t h e  d e t e c t o r  1024 times each 
macropulse and averaging over up t o  128 pu l ses .  When measuring t h e  power a t  t h e  
fundamental, t h e  l i t h i u m  n ioba te  c r y s t a l  was detuned and t h e  bandpass f i l t e r s  were 
r ep laced  wi th  a low-pass black m lass f i l t e r .  



A s  noted above,measurement of t h e  au tocor re la t ion  funct ion requi res  averaging 
over t h e  f i n e  s c a l e  f r i n g e  s t r u c t u r e  present  due t o  t h e  na ture  of t h e  interferometer .  
This averaging was accomplished by shaking t h e  mirror s tage  with a  PZT pusher driven 
by a  Gaussian no ise  source. The major source of no ise  i n  t h e  au tocor re la t ion  measure- 
ment was these  f r inges .  The no ise  was reduced by averaging over many beam pulses ,  
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Figure 1. - Optical  au toros re la t ion  apparatus. The l a s e r  l i g h t ' s  
po la r iza t ion  is  changed from c i r c u l a r  t o  hor izon ta l  using t h e  quar te r  
wave p la te .  It i s  then s p l i t  i n  a  Michelson interferometer  and re- 
combined i n  a  LiNbO frequency doubling c r y s t a l .  Bandpass f i l t e r s  
block out l a s e r  l iggt  a t  t h e  fundamental. 

but  time cons t ra in t s  l imi ted  t h e  amount of averaging possible. One a l s o  needs 
per fec t  l a t e r a l  overlap of t h e  two pulses a t  t h e  focus of t h e  l e n s  t o  ge t  t h e  expec- 
t ed  3 t o  1 r a t i o  of s i g n a l  t o  background. We only achieved a  r a t i o  of 2.5 t o  1, 
ind ica t ing  a  s l i g h t  misalignment of t h e  op t ics .  

The longi tud ina l  charge d i s t r i b u t i o n  of t h e  individual  bunches was measured by 
placing an r f  cav i ty  i n  t h e  beam l i n e  with t h e  f i e l d  t ransverse  t o  t h e  beam, and 
ad jus t ing  t h e  phase of t h e  f i e l d  so t h a t  e lec t rons  a t  t h e  cen te r  of t h e  bunch were 
undeflected. The angular d i s t r i b u t i o n  of t h e  e lec t rons  emerging from t h e  cav i ty  
can be expressed a s  a  convolution of t h e  e lec t rons  longi tud ina l  and t ransverse d i s t r i -  
bution. The a c t u a l  longi tud ina l  charge d i s t r i b u t i o n  can be constructed by analyzing 
t h e  angular d i s t r ibu t5ons  taken with t h e  cav i ty  turned on and o f f .  

The i n i t i a l  par t  of t h e  SCA e lec t ron  beam pulse contains r e l a t i v e l y  l a r g e  
f luc tua t ions  i n  t h e  beam posi t ion,  bunch length,  and energy. I n  t h e  previous run, 
t h i s  unstable  p a r t  of t h e  beam was deflected out  of t h e  system using t h e  t ransverse 
def lec t ion  cav i ty .  The cav i ty  was turned off  a f t e r  t h e  i n i t i a l  sec t ions  of t h e  
acce le ra tor  had come i n t o  regulat ion.  This reduced t h e  current  and energy f luc tu-  
a t i o n s  s u b s t a n t i a l l y  but  did not e l iminate  them a l l - toge ther  s ince  t h e  f i n a l  sec t ions  
of t h e  acce le ra tor  s t i l l  suffered t r a n s i e n t  beam loading. The i n i t i a l  turn-on 
t r a n s i e n t s  were eliminated completely i n  t h e  August run by placing a  s e t  of e lectro-  
s t a t i c  def lec t ion  p l a t e s  a f t e r  t h e  l a s t  acce le ra tor  sec t ion .  The p l a t e s  were used 
t o  d e f l e c t  t h e  e lec t rons  out  of t h e  beamline u n t i l  t h e  acce le ra tor  came i n t o  regu- 
l a t i o n .  The r e s u l t i n g  current  and energy waveforms were very nearly i d e a l  s t e p  
funct ions with neg l ig ib le  d r i f t  following turn-on. Figure 2 shows t h e  time develop- 
ment of t h e  electron momentum with t h e  def lec t ion  cav i ty  and with t h e  e l e c t r o s t a t i c  
def lec t ion  p la tes .  The r i s e  time f o r  t h e  beam cur ren t  t o  reach 90% of f u l l  current  
was measured t o  be  6 vsec. 

3. - RESULTS 

Turn-on-Time: turn-on-time observer' i n  August using t b e  two new de+lect ion 
p l a t e s  d i f fe red  s u b s t a n t i a l l y  from those seen i n  t h e  March run. The new da ta ,  
including t h e  l / e  r i s e  time; gain, and t h e  delay time needed t o  reach 50% of t h e  
f i n a l  power, a r e  l i s t e d  i n  t a b l e  1 a s  a  funct ion of t h e  cav i ty  length detuning 6L . 
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Fig. 2. - Electron momentum spec t ra  
a s  a funct ion of time during acce le ra tor  
pulse. The s e t  of curves on t h e  l e f t  was 
taken using a t ransverse  def lec t ion  cav- 
i t y  a f t e r  t h e  f i r s t  acce le ra tor  sect ion.  
The s e t  on t h e  r i g h t  was taken using a 
p a i r  of def lec t ion  p l a t e s  a t  t h e  e x i t  of 
t h e  acce le ra tor .  The momentum range 
f o r  each scan is 0.5%. 

This parameter is defined a s  t h e  change 
i n  t h e  o p t i c a l  round-trip length i n  t h e  
l a s e r  cav i ty  a s  t h e  output mirror  is 
moved. It is  reported i n  thousandths 
of an inch and i s  measured with respect  
t o  t h e  peak i n  t h e  power vs .  cav i ty  
length detuning curve. 

A s  i n  t h e  previous da ta ,  maximum gain 
occurs a t  6L -0.3. But i n  con t ras t  t o  
t h e  e a r l i e r  da ta ,  t h e  turn-on times a r e  
q u i t e  reasonable. The r a t i o  of t h e  
delay time t o  t h e  l / e  r i s e  time is l e s s  
than 30 i n  a l l  cases. This r a t i o  was a s  
l a r g e  a s  60 i n  t h e  fifarch da ta .  

Time-Dependent Frequency Shi f t s :  One 
o ther  curious f e a t u r e  present  i n  t h e  
Itarch data  is  t h e  long term d r i f t  of t h e  
o p t i c a l  wavelength. This was not seen 
i n  t h e  da ta  taken i n  August. Figure 3 
shows time dependent records of t h e  
o p t i c a l  spec t ra  taken a t  6L = 0 f o r  t h e  
two runs. The new da ta  is  e s s e n t i a l l y  
time independent. In  an e f f o r t  t o  de- 
termine t h e  source of t h i s  discrepancy, 
we reviewed the  March da ta  taken on t h e  
time-dependent o p t i c a l  spec t ra  and the  
zeroth,  f i r s t ,  and second moments of the  
e lec t ron  momentum d i s t r i b u t i o n .  I n  the 
i n i t i a l  p a r t  of t h e  pulse t h e  wavelength 
s h i f t  was almost d i r e c t l y  proportional 
t o  the  f i r s t  moment of t h e  energy 
d i s t r i b u t i o n .  Such a case i s  shown i n  
f i g u r e  4. The r a t i o  of the change i n  
wavelength t o  mean energy is two, matching 
the  change i n  the  resonant wavelength. 
Later  i n  the  pulses  however, the l a s e r  
wavelength sh i f ted  while t h e  e lec t ron  
energy remained constant.  I n  these cases  
the  s h i f t  appears cor re la ted  with changes 
i n  the  zeroth and second moments (beam 
current  and energy spread) of the elec- 
t r o n  momentum spectrum. I n  t h e  August 
da ta ,  a l l  th ree  moments of the  e lec t ron  
spectrum were e s s e n t i a l l y  constant and 
no wavelength s h i f t  was seen. 

Table 1 

Gain and Rise Times f o r  Di f fe ren t  Cavity Lengths 

* 
Cavity Length l / e  r i s e  time Gain Per Pass Delay Time 

detuning 

* This is t h e  net  gain added t o  t h e  l o s s  of t h e  cav i ty  and represents  t h e  ac tua l  gain 
of t h e  e lec t ron  beam. It i s  measured a t  approximately 1/100 of t h e  f i n a l  power. 



Note t h a t  t h e  c o r r e l a t i o n  of mean frequency and energy spread observed i n  March 
implies a high s e n s i t i v i t y  t o  energy spread. I n  one case, a change i n  t h e  width 
of t h e  e lec t ron  beam spectrum, from 0.03% t o  0.035% produced a 0.15% change i n  t h e  
o p t i c a l  wavelength. 

t-0.513 msec A A 0.43 A 
0.313 /h 

A 0.213 
A 0.188 /h 

0.163 

0.138 

TIME FROM START OF e- BEAM (rnseel 

Figure 4.- F i r s t  moments of t h e  (a)  
e lec t ron  moment and (b) o p t j c a l  spec t ra  
f o r  da ta  taken i n  March without t h e  i n i t i a l  
t r a n s i e n t  knocked out  of t h e  beam. One 
expects t h e  r e l a t i v e  s h i f t  i n  t h e  wavelength 
t o  be  twice t h a t  of t h e  e lec t ron  momentum. 

Time-Dependent Optical  Pulse Shape: A s  
noted above, t h e  mean o p t i c a l  wavelength i n  t h e  
August experiments remained e s s e n t i a l l y  con- 
s t a n t  a f t e r  t h e  i n i t i a l  l a s e r  turn-on. Unfor- 
tunately,  t h e  signal-to-noise r a t i o  i n  t h e  
autocorrelat ion records was not  good enough t o  
show t h a t  t h i s  was a l s o  t r u e  i n  t h e  time domain. 

Figure 3.- Optical  spec t ra  a s  a It was possible ,  however, t o  lbok a t  t h e  evol- 
funct ion of time f o r  t h e  March run u t ion  of t h e  r a t i o  of t h e  generated second 
( l e f t )  and t h e  August run ( r i g h t ) .  harmonic power t o  t h e  fundamental power squared. 
Note t h e  frequency s h i f t s  present  This r a t i o  should be inversely proport ional  to  
i n  t h e  March data .  The wavelength t h e  o p t i c a l  pulse length. The o p t i c a l  power 
range f o r  each scan is 29 nm. and generated second harmonic power f o r  

6L = 0.0, -0.3, -0.5, and -0.7 a r e  p lo t ted  i n  
f i g u r e  5. The r a t i o  P 2 

sh/P fund f o r  these  

records is constant  t o  a few percent a f t e r  t h e  i n i t i a l  turn-on. It i s  a l s o  i n t e r -  
e s t i n g  t o  no te  t h a t  t h e  l a s e r  power is  increasingly s e n s i t i v e  t o  e lec t ron  beam 
v a r i a t i o n s  a s  t h e  cav i ty  i s  shortened. This i s  dimilar  t o  t h e  s e n s i t i v i t y  t o  per- 
tu rba t ions  t h a t  any l a s e r  e x ~ e r i e n c e s  near threshold. 

Autocorrelation Function: Since t h e  August da ta  was e s s e n t i a l l y  time independent 
a f t e r  t h e  i n i t i a l  turn-on, we averaged t h e  o p t i c a l  spec t ra  and au tocor re la t ion  re- 
cords over t h e  length of t h e  beam pulses. The time averaged au tocor re la t ion  function 
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w Yigure 6.- Time averaged a u t o c o r r e l a t i o n  d a t a  as a  func- 
0 1.0 t i o n  o f  t h e  c a v i t y  l e n g t h  detuning. The base - l ine  is 
TIME (rnsec) included t o  i n d i c a t e  t h e  s i g n a l . t o  back-ground r a t i o  of 

2.5 t o  1. Note t h e  long t a i l  a t  6L =-0.7. 

F igure  5.- The time dependence 
of t h e  o p t i c a l  power ( l e f t )  and 
t h e  second harmonic power gener- 
a t e d  i n  a LiNb03 c r y s t a l  ( r i g h t ) .  

STABLE 

For cons tan t  o p t h a 1  p u l s e  width, MdXlMUM 

one expects  t h e  second harmonic 
t o  b e  p ropor t iona l  t o  t h e  square  
of t h e  f i r s t .  

A 

Figure  7.- Time averaged o p t i c a l  
s p e c t r a  a s  func t ion  of c a v i t y  l eng th  
detuning. The d i p  p resen t  i n  a l l  
curves  i s  be l i eved  t o  b e  due t o  
i n t r a c a v i t y  absorp t ion .  



f o r  t h e  four  detunings noted above a r e  shown i n  f i g u r e  6. The pulse lengthens a s  
t h e  cav i ty  is  shortened from its s t a b l e  maximum a t  6L = 0.0 and develop a long t a i l  
a t  6L = -0.7. No s t a t i s t i c a l l y  s i g n i f i c a n t  subs t ruc ture  i s  seen i n  any of t h e  rec- 
ords. Figure 7 shows t h e  o p t i c a l  spec t ra  f o r  t h e  same cav i ty  lengths.  The d ips  i n  
each spectrum a r e  due t o  i n t r a c a v i t y  absorption by gasses  desorbed from t h e  bore by 
t h e  e lec t ron  beam. A s  t h e  cav i ty  is  lengthened, t h e  s p e c t r a  become narrower a s  ex- 
pected from t h e  inverse  n a t u r e  of t h e  time and frequency domains. Note t h a t  t h e  
change i n  s p e c t r a l  width by a f a c t o r  of two between 6L = 0 and 6L = -0.3 is  only 
accompanied by a 20% change i n  t h e  pulse length. There a r e  severa l  possible  reasons 
f o r  t h i s .  The s implest  of these  is  t h a t  t h e r e  i s  a s i g n i f i c a n t  amount of frequency 
v a r i a t i o n  cor re la ted  with pos i t ion  i n  t h e  pulse (ch i rp) .  The FWHM widths of t h e  
spec t ra  and au tocor re la t ion  records i s  l i s t e d  i n  Table 2. The autocorrelat ion width 
expected assuming a Gaussian and a Lorentzian l i n e  shape and Fourier  transform l i m -  
i t e d  time-bandwidth product a r e  a l s o  l i s t e d . *  The measured widths a r e  c l o s e  t o  o r  
between t h e  two l i m i t s  i n  a l l  cases ,  ind ica t ing  near transform l imi ted  pulses. 

One expects a s i n g l e  sided exponential pulse shape a t  l a r g e  negat ive detunings and 
t h e  data  is cons i s ten t  with t h i s  shape, but  t h e  a c t u a l  length is not  what one would 
expect from a simple model. When t h e  cav i ty  length is shor te r  than t h e  synchronous 
length t h e  o p t i c a l  pulse is  pushed ahead of t h e  e lec t ron  pulse and so should develop 
a long t a i l  i n  t h e  forward d i rec t ion .  I f  one assumes t h a t  t h e  leading t a i l  ex- 
periences no i n t e r a c t i o n  then i t  w i l l  decay with a l i fe - t ime  c h a r a c t e r i s t i c  of t h e  
cav i ty  decay time and so one expects t h e  t a i l  t o  be  exponential.  It is  simple t o  
c a l c u l a t e  t h e  length expected from t h i s  model and t h e  values obtained agree well  
with those obtained i n  numerical simulations. They a r e  l a r g e r  by a f a c t o r  of t h r e e  
than those seen, however. This seems t o  i n d i c a t e  a more complicated behavior than 
one would expect from na ive  considerat ions.  

Table 2 

Spectral  and Autocorrelation Function Widths 

Electron Bunch Shape: A s  noted i n  sec t ion  2, t h e  e lec t ron  bunch length can be 
found by analyzing t h e  cavity-on and cavity-off records from t h e  t ransverse  de- 
f l e c t i o n  cavi ty.  I n  p r a c t i c e  t h i s  was done by assuming Gaussian longi tud ina l  and 
t ransverse  d i s t r i b u t i o n s ,  and f i t t i n g  t h e i r  parameters t o  t h e  observed angular 
d i s t r i b u t i o n s .  The r e s u l t s  of t h i s  ca lcu la t ion  a r e  shown i n  f i g u r e  8. The bunch 
length of t h e  bes t  f i t  is 2.5 psec. This is  s h o r t e r  than t h a t  of t h e  previous run. 

Associated with t h i s  change i n  bunch lengths,  t h e  e lec t ron  momentum spec t ra  i n  
t h e  two runs were s u b s t a n t i a l l y  d i f f e r e n t .  The e lec t ron  momentum spec t ra  with t h e  
l a s e r  on and operat ing a t  t h e  s t a b l e  maximum i n  t h e  detuning curve is shown i n  
f i g u r e  9 f o r  t h e  two runs. The spectrum f o r  t h e  August run a c t u a l l y  resembles t h e  
d i s t r i b u t i o n  funct ion f o r  a simple h a n o n i c  o s c i l l a t o r .  A poss ib le  i n t e r p r e t a t i o n  
of t h i s  r e s u l t  is t h a t ,  a t  2.5 psec, t h e  e lec t ron  bunch is  shor t  enough t o  insure  
t h a t  a l l  t h e  e lec t rons  i n  t h e  bunch s e e  e s s e n t i a l l y  t h e  same o p t i c a l  f i e l d .  

* The transform l imi ted  product f o r  t h e  au tocor re la t ion  funct ion and t h e  o p t i c a l  
spectrum depends on t h e  form used f o r  each. I f  both a r e  Gaussian, t h e  product is  
4 J 2 ~ n 2 .  I f  t h e  o p t i c a l  pulse shape is a single-sided exponential,  and t h e  spectrum 
is a Lorentzian, t h e  product is  2Rn2. Note t h a t  t h e  FWHM time-bandwidth product i s  
not a minimum f o r  Gaussian pulses. 
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Harmonics: Unlike most l a s e r s  t h e  FEL emits  r a d i a t i o n  a t  harmonic f r equenc ies  
of t h e  l a s e r  r a d i a t i o n .  Harmonics were no t  expected t o  b e  seen i n  a h e l i c a l  wiggler  
though. Nevert e l e s s ,  we d e t e c t e d  o p t i c a l  power a t  t h e  second harmonic wfiich was -1: a f a c t o r  of 10  of t h e  power a t  t h e  fundamental. No power was de tec ted  a t  t h e  
t h i r d  harmonic, though our s e n s i t i v i t y  was n o t  good enough t o  d e t e c t  power a t  1 um 

8 
a t  1 0  below t h e  fundamental power. The second harmonic r a d i a t i o n  has  a n  angular  
ex ten t  and s p e c t r a l  c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  fundamental. The p o l a r i z a t i o n  
was t e s t e d  us ing a Brewster p l a t e  and t h e  r a d i a t i o n  was found no t  t o  b e  long i tud ina l -  
l y  polar ized.  The r a t i o  of t h e  r e l a t i v e  s p e c t r a l  widths  of t h e  fundamental and 
t h e  second harmonic was 0.8. 

There a r e  many ways t o  produce second harmonic r a d i a t i o n  i n  an FEL bu t  most do n o t  
produce a s  much power a s  was seen. Non-linear conversion i n  t h e  m i r r o r s  and windows 
could n o t  c o n t r i b u t e  more than a f r a c t i o n  of of t h e  fundamental. Any r a d i a t i o n  
produced i n  t h e  d i p o l e  bending magnets would b e  l i n e a r l y  polar ized.  The d i s t o r t i o n  
of t h e  h e l i c a l  o r b i t s  by t h e  o f f -ax i s  f i e l d  g r a d i e n t s  could c o n t r i b u t e  a t  most lo-'. 
We now b e l i e v e  t h a t  o f f -ax i s  r a d i a t i o n  is  respons ib le  f o r  t h e  second harmonic. The 
r a t i o  of second harmonic power €0 fundamental power n a r i e s  a s  t h e  square  of t h e  
a n g l e  between t h e  d i r e c t i o n  of obse rva t ion  and t h e  average v e l o c i t y  of t h e  elec- 
t r o n  161. Ca lcu la t ions  on a zero emit tance p e r f e c t l y  bunched beam of f i n i t e  r a d i a l  
e x t e n t  (300 urn w a i s t )  i n d i c a t e  a harmonic product ion of 0.0026 times t h e  fundamental. 
Actual  bunching w i l l  produce l e s s  than t h i s  s i n c e  t h e  bunching p resen t  a t  t h e  
fundamental i s  no t  a s  e f f e c t i v e  i n  producing coherent  second harmonic r a d i a t i o n .  

H 
5 psec 

Figure  8.- The e l e c t r o n  d e n s i t y  p r o f i l e s  recorded wi th  
a pick-off w i r e  wi th  bunch l e n g t h  measuring c a v i t y  o f f  
(a)  and on (b ) .  The dashed curve is  t h e  convolut ion of 
a 2.5 psec  long gaussian l o n g i t u d i n a l  p r o f i l e  wi th  t h e  
cavity-of f curve. 

Solenoid F ie ld :  The magnetic f i e l d  i n  t h e  wiggler  c o n s i s t s  of a h e l i c a l  f i e l d  
wi th  a superimposed solenoid f i e l d .  We v a r i e d  t h e  so leno id  c u r r e n t ,  normally a t  
100 A, from 90 A t o  120 A. The l a s e r  ou tpu t  power remained e s s e n t i a l l y  cons tan t ,  
though t h e  s t e e r i n g  had t o  b e  r ead jus ted  a t  each c u r r e n t .  The time averaged 
e l e c t r o n  momentum spectrum and o p t i c a l  spectrum were a l s o  recorded a t  each cu r ren t .  
The o p t i c a l  s p e c t r a  appear t o  b e  s i m i l a r  a t  a l l  c u r r e n t s ,  b u t  t h e  e l e c t r o n  momenta 
differ-somewhat. The e l e c t r o n  momentum s p e c t r a  f o r  so leno id  c u r r e n t s  of 90 A (a)  
and 120 A (b) a r e  shown i n  f i g u r e  10.  The two curves  a r e  s h i f t e d  wi th  r e spec t  t o  
each o t h e r  by 0.25% t o  i n d i c a t e  t h e  s c a l e .  The d i f f e r e n c e  is n o t i c e a b l e  and 
probably dese rves  s tudy.  

4 . -  SUMMARY 

The new d a t a  from t h e  FEL has  resolved s e v e r a l  perplexing quest ions .  The anomalously 
l a r g e  turn-on t imes disappear  when t h e  turn-on t r a n s i e n t s  of t h e  e l e c t r o n  beam a r e  



eliminated, and t h e  time-dependent wavelength s h i f t s  a r e  eliminated with a s t a b l e  
e lec t ron  momenta spectrum. We have a l s o  discovered a reasonable mechanism f o r  t h e  
observed second harmonic rad ia t ion .  

But t h e  d a t a  a l s o  r a i s e s  some new questions. Assuming t h e  observed c o r r e l a t i o n  
of o p t i c a l  wavelengths, cur ren ts ,  and energy spread ind ica tes  a causal  re la t ionsh ip ,  
why i s  t h e  wavelength so  s e n s i t i v e  t o  t h e  spread and current?  Why a r e  t h e  sub- 
pulses  predicted by theory not  present  i n  t h e  o p t i c a l  au tocor re la t ion  funct ion? 
And why a r e  t h e  o p t i c a l  pulses  a t  l a r g e  detuning so shor t?  While much progress has 
been made, s i g n i f i c a n t  f u r t h e r  e f f o r t  w i l l  be  required t o  reso lve  these  questions. 

Figure 9.- Electron momentum spec t ra  taken with 
t h e  l a s e r  on and operat ing a t  t h e  s t a b l e  maximum 
i n  t h e  cav i ty  length detuning curve, (a)  August 
da ta  and (b) March data. 

Figure 10. - Time averaged e lec t ron  momentum spec t ra  taken 
when t h e  solenoid current  was s e t  a t  90 A (a) and 120 A (b) .  
Two curves were taken with a 0.25% energy o f f s e t  t o  get  t h e  
energy ca l ib ra t ion .  
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