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Preface 

T h e N i n e t e e n t h I n t e r n a t i o n a l F r e e E l e c t r o n L a s e r C o n f e r e n c e a n d t h e F o u r t h F E L U s e r s ' 
W o r k s h o p w e r e he ld o n 1 8 - 2 1 A u g u s t 1997 in Beij ing, C h i n a . T h e confe rence a n d t h e w o r k s h o p 
were o r g a n i z e d j o i n t l y by: I n s t i t u t e of A p p l i e d E l e c t r o n i c s ( C A E P ) , I n s t i t u t e of H i g h E n e r g y 
Phys i c s (CAS), C h i n a I n s t i t u t e of A t o m i c E n e r g y , U n i v e r s i t y of E l e c t r o n i c Science a n d T e c h n o ­
logy of C h i n a , P e k i n g Un ive r s i t y , a n d I n s t i t u t e of A p p l i e d P h y s i c s a n d C o m p u t a t i o n a l M a t h e ­
m a t i c s ( I A P C M ) . T h e y w e r e a t t e n d e d b y a b o u t 150 sc ient is ts f rom 13 c o u n t r i e s : F r a n c e (4), 
G e r m a n y (6), I n d i a (1), I s rae l (3), I t a ly (3), J a p a n (24), S o u t h K o r e a (5), P .R . C h i n a (40), P o l a n d (1), 
R u s s i a (6), T h e N e t h e r l a n d s (11), U n i t e d K i n g d o m (9), U S A (37). O f t h e m o r e t h a n 200 p a p e r s t h a t 
were p r e sen t ed , e i the r in o r a l sess ions o r in p o s t e r sess ions , 164 p a p e r s a r e p u b l i s h e d in th i s 
v o l u m e , c o v e r i n g t h e fo l lowing subjec ts : N e w las ings (4), T h e o r y a n d m o d e l i n g (35), E x p e r i m e n t s 
in p r o g r e s s (23), A c c e l e r a t o r s for F E L s (29), O p t i c s a n d u n d u l a t o r s for F E L s (23), S t o r a g e - r i n g 
F E L s (12), S A S E a n d s h o r t - w a v e l e n g t h , h i g h - g a i n F E L s (17), N e w c o n c e p t s a n d p r o p o s a l s (14), 
F E L a p p l i c a t i o n s (6). Bes ides these c o n t r i b u t i o n s , C h a r l e s B r a u g a v e t h e F E L p r i ze t a l k d i scuss ­
ing b r i g h t b e a m s a n d sma l l F E L s . T h i s w a s rece ived w i t h g r e a t in te res t . 

T e c h n i c a l visi ts w e r e a r r a n g e d o n W e d n e s d a y a f t e r n o o n t o t h e I n s t i t u t e of H i g h E n e r g y 
P h y s i c s (CAS), w h e r e t h e Beij ing E l e c t r o n - P o s i t r o n C o l l i d e r w i t h t h e p a r a s i t i c S y n c h r o t r o n 
R a d i a t i o n Fac i l i t y a n d t h e Beij ing F E L Fac i l i t y a r e l oca t ed . 

Because of t h e l imi ted a m o u n t of j o u r n a l p a g e s a l l o t t e d t o t h e P r o c e e d i n g s a n d o u r wish t o 
i nc lude a s m a n y s ignif icant c o n t r i b u t i o n s a s poss ib le , it w a s d e c i d e d t h a t t h e P r o c e e d i n g s s h o u l d 
cons i s t of t w o p a r t s : P a r t I, c o m p r i s i n g t h e o r a l t a lk s , a p p e a r s a s b o t h a specia l i ssue of Nuclear 
Instruments and Methods in Physics Research A a n d in t h e b o o k e d i t i o n Free Electron Lasers 
1997; P a r t I I , cons i s t i ng of c a m e r a - r e a d y c o p y c o n t r i b u t i o n s , o n l y a p p e a r s in t h e b o o k ed i t i on . 

T h e F E L P r o c e e d i n g s t h a t a p p e a r e d a s specia l i ssues of N u c l e a r I n s t r u m e n t s a n d M e t h o d s 
give a c o m p r e h e n s i v e a c c o u n t of t h e d e v e l o p m e n t s of F E L s . A b o u t 20 y e a r s h a v e p a s s e d s ince 
F E L osc i l l a t ion w a s first rea l ized . D u r i n g t he se 20 y e a r s w e h a v e w i t n e s s e d different s t ages of 
F E L d e v e l o p m e n t . T h e p e n d u l u m s w u n g b e t w e e n t h e e x t r e m e s of o v e r e x c i t e m e n t a n d i m p a ­
t ience . T h a n k s t o t h e e n d u r a n c e a n d e n t h u s i a s m of t h e r e s e a r c h e r s in th i s field, w e u n d e r s t a n d 
m o r e a n d m o r e a b o u t t h e phys ic s as well a s t h e t e c h n o l o g y of t h e a r t a n d sc ience of F E L s . H e n c e , 
s t eady , impress ive p r o g r e s s h a s b e e n m a d e in eve ry respec t . W e a r e s u r e t h a t in these P r o c e e d i n g s 
y o u will find m a n y n e w facilities, n e w e x p e r i m e n t a l resu l t s , n e w a p p l i c a t i o n s , n e w t h e o r e t i c a l 
d e v e l o p m e n t s a n d n e w s i m u l a t i o n resu l t s . 

T h e recen t p r o g r e s s in S A S E is w o r t h specia l m e n t i o n . T h e S A S E m o d e of o p e r a t i o n d o e s n o t 
r e q u i r e a n op t i ca l r e s o n a t o r a n d h e n c e l a cks a h i g h d a m a g e t h r e s h o l d ; h i g h ref lec tance m i r r o r s d o 
n o t res t r ic t the i r o p e r a t i o n a t very s h o r t w a v e l e n g t h s . T h e o r e t i c a l w o r k s o n S A S E w e r e in i t i a t ed 
m o r e t h a n 10 yea r s a g o . B e c a u s e t h e r e q u i r e m e n t s o n t h e q u a l i t y of t h e e l e c t r o n b e a m a n d t h e 
u n d u l a t o r a r e ve ry s t r i n g e n t for S A S E o p e r a t i o n , e x p e r i m e n t a l o b s e r v a t i o n s a t s h o r t w a v e l e n g t h s 
a re very scarce . I n these P r o c e e d i n g s y o u will find c lea r i n d i c a t i o n s of t h e p r o g r e s s in expe r i ­
m e n t a l o b s e r v a t i o n s of S A S E . T h e o p e r a t i n g w a v e l e n g t h h a s b e e n r e d u c e d f rom a b o u t 10 p m in 
p r e v i o u s e x p e r i m e n t s t o a b o u t 1 p m . 

T h e a p p l i c a t i o n of F E L s t o scientific i n v e s t i g a t i o n s a n d i n d u s t r i a l p r o c e s s i n g is of cr i t ical 
i m p o r t a n c e t o w in t h e s u p p o r t of socie ty . F o r t h e fo rmer , s o m e l a b o r a t o r i e s h a v e a l r e a d y se rved 
as re l iable use r facilities, a n d t h e n u m b e r is g r o w i n g . F o r t h e l a t t e r , t h e d e v e l o p m e n t b y Jefferson 
L a b o r a t o r y (USA) of a n I R d e m o F E L will b e a s ignif icant m i l e s t o n e . 
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viii Editorial 

T h e F E L h a s a l r e a d y e s t ab l i shed itself a s t h e f o u r t h - g e n e r a t i o n l ight s o u r c e b e c a u s e of i ts 
u n i q u e fea tures , such a s h igh b r i g h t n e s s , c o h e r e n c e a n d s h o r t pu l se . J u s t l ike a h u m a n be ing , it h a s 
g r o w n f rom a n e w b o r n chi ld t o m a t u r e m a n h o o d . W e h a v e l e a r n e d of i ts cha rac t e r i s t i c s , w h i c h 
offer n e w o p p o r t u n i t i e s t o t h e users , a n d of i ts t e chn ica l l i m i t a t i o n s . 

T h i s is t h e first t i m e t h a t t h e F E L C o n f e r e n c e a n d F E L U s e r s ' W o r k s h o p w e r e he ld in C h i n a . 
W e a p p r e c i a t e t h e o p p o r t u n i t y t h a t th i s g a t h e r i n g b r o u g h t t o us . U n d o u b t e d l y , it will s t i m u l a t e 
a n d e n c o u r a g e F E L d e v e l o p m e n t s in C h i n a . 

W e w o u l d l ike t o express o u r t hank fu lne s s for t h e t echn ica l s u p p o r t f rom different s o u r c e s t h a t 
m a d e th is m e e t i n g poss ib le . T h e s p o n s o r s a r e : N a t i o n a l L a s e r T e c h n o l o g y C o m m i t t e e (Ch ina ) , 
Office of N a v a l R e s e a r c h (USA) , I n t e r n a t i o n a l C e n t e r for T h e o r e t i c a l P h y s i c s ( I C T P ) , a n d 
Elsevier Science B.V. 

W e a l so w a n t t o t h a n k t h e m e m b e r s of o u r loca l o r g a n i z i n g c o m m i t t e e , especia l ly t h e 
confe rence sec re t a ry Z h i W e i D o n g , for the i r h a r d w o r k a n d w o n d e r f u l a c c o m p l i s h m e n t s . F ina l ly , 
t h e e d i t o r s grateful ly a c k n o w l e d g e t h e h e l p f rom Elsevier Science B.V. t h a t m a k e s t h e P r o c e e d ­
ings a beaut i fu l ye l low v o l u m e in y o u r h a n d s . 

J i a l in Xie 
X i a n g w a n D u 
Guest Editors 
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T h e I n t e r n a t i o n a l F r e e - E l e c t r o n L a s e r P r i z e is a w a r d e d a n n u a l l y t o r ecogn ize s ignif icant 
c o n t r i b u t i o n s t o t h e field of f ree-e lect ron lasers . A t t h e 19th I n t e r n a t i o n a l F r e e - E l e c t r o n L a s e r 
Confe rence he ld in Beijing, P .R. C h i n a , t h e 1997 p r ize w a s a w a r d e d t o D o c t o r K w a n g - J e K i m of 
t he L a w r e n c e Berke ley L a b o r a t o r y . D r . K i m rece ived t h e p r i ze in h o n o r of t h e i m p a c t his 
r e sea rch h a s h a d in t h e a d v a n c e m e n t of F E L science a n d t e c h n o l o g y , a n d in r e c o g n i t i o n of his 
s u p p o r t of F E L p ro jec t s a n d facilities w o r l d w i d e . 

F o r m o r e t h a n fifteen yea r s D r . K i m ' s c a r e e r h a s b e e n d e d i c a t e d t o w a r d s e x p l o r i n g 
t h e f ront iers of F E L science a n d t e c h n o l o g y . H e h a s w o r k e d o n F E L ga in ana lys i s a n d 
s i m u l a t i o n , o n t h e u n d e r s t a n d i n g of F E L s u s i n g h o l e o u t c o u p l i n g , o n a n ana lys i s of laser 
d r i ven R F p h o t o c a t h o d e g u n s , a n d o n p r o b l e m s r e l a t e d t o s e l f - amp l i f i ed - spon t aneous -emi s s ion 
(SASE). 

H i s p i o n e e r i n g ana lys i s of t h e e l ec t ron b e a m d y n a m i c s in l a se r -d r iven R F p h o t o c a t h o d e g u n s 
led t o a n u n d e r s t a n d i n g w h i c h h a s p l a y e d a n i m p o r t a n t ro le in t h e d e v e l o p m e n t of these g u n s as 

PII S 0 1 6 8 - 9 0 0 2 ( 9 8 ) 0 0 3 2 5 - 8 

Doctor Kwang-Je Kim wins the 1997 International 
Free-Electron Laser Prize 
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sou rces of h igh b r i g h t n e s s e l ec t ron b e a m s . E v e r y g r o u p i nvo lved in r e s e a r c h o n R F p h o t o c a t h o d e 
R F g u n s h a s a c o p y of his p a p e r c lose a t h a n d . 

K w a n g e - J e w a s t h e first t o s h o w explici t ly h o w t h e r a d i a t i o n - e l e c t r o n b e a m sys t em evolves 
f rom a n ini t ia l i n c o h e r e n t r eg ime t o a n e x p o n e n t i a l g a i n r e g i m e in a l o n g u n d u l a t o r . H e w a s o n e 
of t h e ea r ly i nves t i ga to r s t o s t u d y 3 - D effects in S A S E sys tems . F u r t h e r , h e led t h e effort t o 
d i s s e m i n a t e c o m p l e x resu l t s in simplif ied fo rms su i t ab l e for q u i c k c a l c u l a t i o n s of ba s i c p a r a m e t e r s 
in S A S E des igns . 

H e h a s been a c o n s t a n t s u p p o r t e r of F E L p ro jec t s a n d p r o p o s a l s w o r l d w i d e , a n d as a r ecog ­
n ized expe r t in b o t h F E L a n d s y n c h r o t r o n r a d i a t i o n h e h a s b e e n a n ac t ive p a r t i c i p a n t in m a n y 
facility des igns . H i s ins igh ts a r e a l w a y s helpful a n d his e n t h u s i a s m is a l w a y s infect ious . 

T o d d I. S m i t h 
Chairman FEL-Prize Committee 
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High-brightness electron beams - small free-electron lasers1 

CA. Brau* 

Department of Physics, Vanderbilt University, Nashville, TN 37235, USA 

Abstract 

At the present time, the normalized brightness of electron beams available for use in free-electron lasers is of the order 
of 1 0

11
 A/m

2
-steradian. Needle cathodes emitting by field emission have demonstrated high current density, low electron 

temperature, small emittance, and peak currents exceeding 1A in microsecond pulses. Photoelectric field emission can be 
used to control the pulse length. Measurements are underway to measure the emittance and electron energy spread of 
beams produced by field emission. Using beams with very high brightness, as much as five orders of magnitude beyond 
those in use now, it is possible to construct compact free-electron lasers at wavelengths from the far infrared to the 
ultraviolet. Cherenkov and Thomson lasers are discussed in detail. © 1998 Published by Elsevier Science B.V. All rights 
reserved. 

1. Introduction 

T h e d e v e l o p m e n t of newer , s h o r t e r - w a v e l e n g t h 
a n d m o r e power fu l f ree-e lect ron lasers h a s b e e n 
p a c e d b y t h e d e v e l o p m e n t of b e t t e r e l e c t ron b e a m s , 
i.e., e l ec t ron b e a m s w i t h h i g h e r c u r r e n t a n d sma l l e r 
e m i t t a n c e . T h e n e e d for sma l l e r e m i t t a n c e fol lows 
f rom t h e fact t h a t t h e e l ec t ron b e a m m u s t b e fo­
cused ins ide t h e laser b e a m for t h e i n t e r a c t i o n t o 
t a k e p lace . F o r t h e p u r p o s e s of th is d i scuss ion , we 
define t h e effective e m i t t a n c e ε b y t h e f o r m u l a [1] 

ε = 4ττ7<χ2><χ'2> " <**'>2> (1) 

•Corresponding author. Tel.: + 1 615 322 2559; fax: + 1 615 
343 1103; e-mail: c.a.brau@vanderbilt.edu. 

1
 This work was supported by Office of Naval Research under 

Contract N00014-94-1-1023. 

w h e r e χ is t h e t r a n s v e r s e p o s i t i o n of a n e l ec t ron a t 
t h e p o i n t ζ a l o n g t h e b e a m l i n e , x' = dx/dz, a n d t h e 
b r a c k e t s < > i n d i c a t e a n a v e r a g e o v e r all t h e elec­
t r o n s in t h e b e a m . T o focus t h e e l e c t r o n b e a m 
ins ide t h e laser b e a m , in t h e a b s e n c e of g a i n g u i d i n g 
of t h e l ase r b e a m b y t h e e l e c t r o n b e a m , it is neces ­
s a ry t h a t [ 2 ] 

ε < AL. (2) 

F o r b e a m s in a t i m e - i n d e p e n d e n t field, t h e emi t ­
t a n c e dec r ea se s w i t h i n c r e a s i n g e l e c t r o n energy . 
T h u s , it is useful t o def ine t h e n o r m a l i z e d effective 
e m i t t a n c e a n d t h e n o r m a l i z e d b r i g h t n e s s [ 3 ] 

£N = fiys, (3) 

n 2 2 d
2
J e 2 / e 

^ - ^ 5 δ ά * ^ · ( 4 ) 
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w h e r e β = v/c is t h e veloci ty of t h e e l ec t rons n o r ­
m a l i z e d t o t h a t of l ight , y = l / ^ / l — β

2
 is t h e elec­

t r o n ene rgy n o r m a l i z e d t o its res t ene rgy , It is t h e 
t o t a l c u r r e n t , a n d t h e a p p r o x i m a t e f o r m u l a is va l id 
for a t o p - h a t b e a m [ 4 ] . T h e n o r m a l i z e d q u a n t i t i e s 
a r e genera l ly d e p e n d e n t on ly w e a k l y o n t h e elec­
t r o n energy . I n a d d i t i o n , t h e b r i g h t n e s s is genera l ly 
a w e a k func t ion of t h e t o t a l c u r r e n t . 

I n t h e pas t , d c t h e r m i o n i c emi t t e r s , rf l inacs , a n d 
s t o r a g e r ings h a v e b e e n used t o p r o v i d e t h e elec­
t r o n b e a m s for f ree-electron lasers . T h e s t a t u s of 
these t h r ee t e chno log i e s is s u m m a r i z e d in F ig . 1. 
W e see t he r e t h a t t h e h ighes t b r i g h t n e s s a m o n g 
c o n v e n t i o n a l sou rces is still a ch i eved b y d c t h e r m i ­
on ic t e c h n o l o g y , a lbe i t a t l ow c u r r e n t . S t o r a g e r ings 
offer t h e m o s t graceful m e a n s of o b t a i n i n g h i g h 
energy , b u t rf l inacs n o w p r o v i d e h i g h e r n o r m a l i z e d 
b r igh tnes s . As d i scussed be low, it a p p e a r s poss ib le 
us ing field emis s ion t o i m p r o v e o n t h e b r i g h t n e s s 
b y m o r e t h a n five o r d e r s of m a g n i t u d e . 

1.E+13 

1.E+08 
1.E-04 1.E-02 1.E+00 1.E+02 1.E+04 

Total current 

Fig. 1. Normalized brightness of various electron-beam sources 
used for free-electron lasers: diamonds - rf linacs; squares - stor­
age rings; triangles - thermionic emitters. 

2. F ie ld emiss ion 

N e a r t h e t ips of s h a r p need les t h e e lect r ic field 
c a n t a k e o n very h i g h va lues even for m o d e s t vo l t ­
ages . F o r e x a m p l e , for a t ip r a d i u s Rtip ~ 1 p m , 
a need le l eng th a ~ 1 c m p r o t r u d i n g f rom t h e su r ­
face of t h e c a t h o d e , a n d a n a n o d e - c a t h o d e s e p a r ­
a t i o n of 2 cm, a t 50 k V , t h e e lectr ic field a t t h e t i p of 
t h e need le is £ t ip ~ 5 χ 1 0

9
 V / m . 

A r o u n d t h e t u r n of t h e c e n t u r y , a n o m a l o u s emis ­
s ion of e l ec t rons w a s o b s e r v e d u n d e r such c o n ­
d i t ions . A sa t i s fac tory e x p l a n a t i o n w a s finally 
d e v e l o p e d w h e n t h e c o n c e p t of q u a n t u m m e c h a n ­
ical t u n n e l i n g w a s i n t r o d u c e d [ 5 ] . W h e n t h e elec­
t r ic field is very s t r o n g , t h e p o t e n t i a l b a r r i e r a t t h e 
surface of t h e m e t a l b e c o m e s t h i n e n o u g h for t h e 
e l ec t rons n e a r t h e F e r m i level t o p e n e t r a t e t h r o u g h 
t h e classical ly f o r b i d d e n reg ion . T h e q u a n t u m 
m e c h a n i c a l t h e o r y w a s first de r ived b y F o w l e r 
a n d N o r d h e i m , w h o s h o w e d t h a t t h e emi s s ion a t 
l o w t e m p e r a t u r e s ( r o o m t e m p e r a t u r e a n d be low) 
is g iven b y t h e f o r m u l a w h i c h n o w b e a r s the i r 
n a m e s [ 6 ] : 

Je = 1.54 x l 0 ~
6 
^ e x p | ^ - 6 . 8 3 x l 0

9
^ ( y ) ] (5) 

1.E+01 

— 1.E+00 

5 1.E-01 
ο 1 

H
 1.E-02 

1.E-03 

Gain 
guiding 
limit 

Quantum 
limit 

Emittance 
limit 

1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 
Interaction length (m) 

Fig. 2. Window in parameter space where a Thomson free-
electron laser can be operated. The intersection labeled (1) cor­
responds to the maximum length and minimum current before 
quantum effects become important. The intersection labeled (2) 
corresponds to the minimum length and minimum current be­
fore emittance effects become important. 

w h e r e J e is t h e c u r r e n t d e n s i t y (in A / m
2
) , Ε 

t h e e lec t r ic field a t t h e surface (in V / m ) , φ t h e 
w o r k func t ion of t h e m e t a l (in eV), a n d 

y = 3.79 χ 10~
5
^/Ε/φ. T h e func t ion f(y) is a d i m e n -

s ionless e l l ipt ical func t ion i n t r o d u c e d t o a c c o u n t 
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for i m a g e forces n e a r t h e surface. I t va r ies f rom 1 a t 
j ; = 0 t o 0 a t y = 1, a n d is a c tua l l y c losely a p p r o x i ­
m a t e d b y cos(7ry/2). C u r r e n t is typ ica l ly e m i t t e d 
ove r t h e t i p of t h e need le o u t t o a b o u t 30° [ 7 ] . 
U s i n g a s a n e x a m p l e t h e need le i n t r o d u c e d a b o v e , 
we find t h a t for a w o r k func t ion φ ~ 4.5 eV, w h i c h 
is cha rac t e r i s t i c of t u n g s t e n , t h e c u r r e n t dens i t y is 
J e ~ 1 0

9
 A / m

2
, a n d t h e t o t a l c u r r e n t is Ie ~ 1 m A . 

At sufficiently l a rge c u r r e n t dens i ty , s p a c e c h a r g e 
b e c o m e s i m p o r t a n t . F o r a spher i ca l g e o m e t r y , t h e 
s p a c e - c h a r g e l imi t is [ 8 ] 

/ 4£o Fe V312
 (6) 

ya \j mrcathode 

w h e r e ε0 is t h e p e r m e a b i l i t y of free space (SI un i t s 
a r e u sed t h r o u g h o u t ) , m t h e e l ec t ron m a s s , e t h e 
e lec t ron c h a r g e , V is t h e vo l t age , a n d a

2
 is a s lowly 

va ry ing func t ion of t h e r a t i o of t h e a n o d e a n d 
c a t h o d e rad i i . F o r 1 0

3
 < r a n o d e/ r c a t h o de < 1 0

4
, it is 

f ound t h a t 5 < a
2
 < 10. I n t h e case d i scussed 

a b o v e , t h e s p a c e - c h a r g e l imi ted c u r r e n t d e n s i t y is 
Je ~ 3 χ 1 0

13
 A / m

2
. T h e e n e r g y s p r e a d of t h e elec­

t r o n s is p r e d i c t e d t o b e of t h e o r d e r of a vo l t in t h e 
l o n g i t u d i n a l d i r ec t ion , a n d sma l l e r in t h e t r a n s v e r s e 
d i r ec t i on [ 9 ] . A t h i g h e r need le t e m p e r a t u r e s t h e 
emiss ion inc reases d u e t o faster t u n n e l i n g b y elec­
t r o n s t h e r m a l l y exc i ted t o h i g h e r e n e r g y [ 1 0 ] . 

T h e e x p e r i m e n t a l resu l t s conf i rm t h e t h e o r e t i c a l 
p r e d i c t i o n s in r e m a r k a b l e de ta i l . T h e c u r r e n t 
dens i ty h a s b e e n o b s e r v e d t o fol low t h e 
F o w l e r - N o r d h e i m r e l a t i o n o v e r m o r e t h a n six 
o r d e r s of m a g n i t u d e , u p t o a c u r r e n t dens i t y 
J e ~ 1 0

11
 A / m

2
 [ 1 1 ] . A b o v e th is va lue , s p a c e -

c h a r g e effects r e d u c e t h e field a t t h e surface. N e v e r ­
theless , a c u r r e n t dens i ty J e ~ 3 χ 1 0

11
 A / m

2
 h a s 

b e e n o b s e r v e d in m i c r o s e c o n d pulses . T h e l o n g i t u ­
d ina l en e rg y d i s t r i b u t i o n h a s b e e n carefully m e a ­
sured , a n d conf i rms b o t h t h e p r e d i c t e d s h a p e a n d 
t h e p r e d i c t e d w i d t h of a b o u t 1 eV [ 1 2 ] . T h e l a rges t 
t o t a l c u r r e n t w h i c h h a s b e e n o b s e r v e d is 6.5 A, 
o b t a i n e d in m i c r o s e c o n d pu l ses f rom a c a t h o d e 
w i th a t ip r a d i u s of 3 p m [ 1 3 ] . T h e e m i t t a n c e h a s 
n o t b e e n m e a s u r e d di rec t ly . H o w e v e r , t h e r e so lv ing 
p o w e r of field-emission m i c r o s c o p e s , a b o u t 3 n m , 
s u p p o r t s t h e p r e d i c t e d t r a n s v e r s e e l ec t ron t e m p e r ­
a t u r e of less t h a n l e V a t l o w c u r r e n t s [ 1 4 , 1 5 ] . If 
th is pers is ts t o h i g h e r c u r r e n t s , t h e c o r r e s p o n d i n g 

n o r m a l i z e d b r i g h t n e s s will exceed 1 0
1 7

A / m
2
-

s t e r a d i a n . 
Recen t ly , it h a s b e e n o b s e r v e d t h a t sh in ing 

a l ase r o n t h e t i p of a need le t u r n s o n field emis s ion 
a t surface e lec t r ic fields well b e l o w t h o s e o t h e r w i s e 
r e q u i r e d for s ignif icant e m i s s i o n [ 1 6 , 1 7 ] . T h i s p h e ­
n o m e n o n is a t t r i b u t e d t o a p h o t o e l e c t r i c effect, in 
w h i c h t h e e l e c t r o n s a r e exc i t ed t o levels a b o v e t h e 
F e r m i level w h e r e t h e e l e c t r o n s c a n t u n n e l t h r o u g h 
a t h i n n e r p a r t of t h e ba r r i e r . T h e l a rges t t o t a l cu r ­
r e n t t h a t h a s b e e n o b s e r v e d so far is J e ~ 2 A, ex­
t r a c t e d in n a n o s e c o n d pu l se s f rom need les w i th 
# t i P ~ 50 n m [ 1 8 ] . T h e c o r r e s p o n d i n g c u r r e n t d e n ­
sity is J e ~ 1 0

1 4
A / m

2
, w h i c h is n e a r t h e space -

c h a r g e l imi t for a need l e of th i s size. T h e c u r r e n t 
pu l s e w a s o b s e r v e d t o fol low t h e l ase r pu l se . 

T o d e t e r m i n e t h e e l e c t r o n t e m p e r a t u r e a n d emi t ­
t a n c e of b e a m s p r o d u c e d b y field emis s ion , exper i ­
m e n t s a r e b e i n g u n d e r t a k e n . T o m e a s u r e t h e ene rgy 
s p r e a d , t h e e l e c t r o n s a r e co l lec ted in a F a r a d a y c u p 
c o n n e c t e d t o t h e c a t h o d e t h r o u g h a v a r i a b l e b i a s of 
t h e o r d e r of a few vo l t s . As t h e b i a s is i nc reased , 
e l e c t r o n s w i t h i n c r e a s i n g e n e r g y a r e reflected f rom 
t h e c u p . By d i f ferent ia t ing t h e c u r r e n t co l lec ted as 
a func t ion of t h e b i a s vo l t age , t h e e l ec t ron ene rgy 
d i s t r i b u t i o n func t ion is o b t a i n e d . T h e r e s o l u t i o n of 
t h e m e a s u r e m e n t is l im i t ed b y t h e focus ing of t h e 
e l e c t r o n s i n t o t h e F a r a d a y c u p . T o ach ieve a n en­
e rgy r e s o l u t i o n b e t t e r t h a n 100 m e V , w h i c h c o r r e s ­
p o n d s t o a b o u t t en p a r t s p e r mi l l i on a t a t o t a l 
e n e r g y of 10 k e V , t h e d i a m e t e r of t h e a p e r t u r e a t t h e 
focus ing lens (1 m f rom t h e focus) m u s t b e less t h a n 
6 m m . T h e t o t a l c u r r e n t t r a n s m i t t e d b y t h e a p e r t u r e 
a t t h e lens is e x p e c t e d t o b e a b o u t 100 n A o u t of 
a t o t a l e m i t t e d c u r r e n t of 30 μΑ. 

T o m e a s u r e t h e e m i t t a n c e , t h e s o l e n o i d a l lens is 
u s e d t o focus t h e b e a m a t a p o i n t 1 m b e y o n d t h e 
lens . T h e e m i t t a n c e - l i m i t e d s p o t r a d i u s he r e is 

vve ~ 0.2 p m , w h i c h is t o o sma l l t o m e a s u r e c o n v e ­
n ien t ly . T h e b e a m is the re fo re magn i f i ed b y a sec­
o n d s o l e n o i d a l lens t o a s p o t r a d i u s w e ~ 10 p m a t 
a p o i n t 1 m a w a y . T h i s b e a m is l a rge e n o u g h t o b e 
s c a n n e d a c r o s s a knife edge a n d t h e c u r r e n t m e a ­
s u r e d b y t h e F a r a d a y c u p . T h e e m i t t a n c e is t h e n 
d e t e r m i n e d in t h e u s u a l w a y , b y v a r y i n g t h e c u r r e n t 
in t h e s e c o n d lens a n d o b s e r v i n g t h e s p o t size. T h e 
p r i nc ip l e s o u r c e of e r r o r is sphe r i ca l a b e r r a t i o n in 
t h e first lens [ 1 9 ] . T o a v o i d th is , t h e r a d i u s of t h e 
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a p e r t u r e a t t h e first lens m u s t b e r e d u c e d t o 
w e ~ 1 m m . T h e t o t a l c u r r e n t a t t h e F a r a d a y c u p is 
c o r r e s p o n d i n g l y r e d u c e d t o a b o u t 10 n A . 

T h e ini t ia l e x p e r i m e n t s a r e b e i n g c o n d u c t e d us ­
ing a 2 - W cw a r g o n laser t o g e n e r a t e t o t a l c u r r e n t s 
u p t o 30 μΑ. T h i s a v o i d s p r o b l e m s d u e t o space 
c h a r g e . L a t e r m e a s u r e m e n t s will use a Q - s w i t c h e d 
N d : Y a g laser t o g e n e r a t e h i g h e r p e a k c u r r e n t s . 
T h e effect of space c h a r g e a t t h e c a t h o d e is d i s ­
cussed a b o v e , a n d m a y a l t e r t h e a c t u a l b r i g h t n e s s 
a n d ene rgy s p r e a d of t h e e l ec t ron b e a m . E lec ­
t r o n - e l e c t r o n col l i s ions (Boer sch effect) m a y a l so 
b e i m p o r t a n t [ 2 0 ] . 

3. L a s e r appl ica t ions 

W i t h a 5 - o r d e r - o f - m a g n i t u d e i m p r o v e m e n t in 
e l e c t r o n - b e a m b r igh tnes s , severa l n e w types of 
f ree-electron lasers b e c o m e poss ib le . W e d i scuss 
h e r e C h e r e n k o v a n d T h o m s o n f ree-e lect ron lasers . 

A C h e r e n k o v free-electron laser cons i s t s of a d i ­
electr ic w a v e g u i d e o n a c o n d u c t i n g s u b s t r a t e . 
A w a v e p r o p a g a t i n g t h r o u g h t h e d ie lec t r ic e x t e n d s 
i n t o t h e v a c u u m a b o v e t h e w a v e g u i d e , ca l led t h e 
evanescen t r eg ion . Since it is n o t a n infinite p l a n e 
w a v e , t h e e v a n e s c e n t w a v e h a s a l o n g i t u d i n a l c o m ­
p o n e n t of t h e electr ic field. W h e n a n e l ec t ron b e a m 
t rave l s n e a r t h e surface of t h e w a v e g u i d e pa ra l l e l t o 
a n d s y n c h r o n o u s w i t h t h e w a v e , it i n t e r a c t s w i t h 
t h e l o n g i t u d i n a l field, w h i c h causes t h e b e a m t o 
b u n c h a t t h e op t i ca l w a v e l e n g t h in t h e d ie lec t r ic 
a n d amplify t h e wave . 

T h e l o n g i t u d i n a l e lectr ic field in t h e e v a n e s c e n t 
r eg ion h a s t h e fo rm 

Ex = E0exp( — y/2s)sin(kz — cot), (7) 

w h e r e E0 is t h e field a t t h e surface of t h e die lect r ic , 
y t h e d i s t a n c e a b o v e t h e d i e l e c t r i c - v a c u u m in te r ­
face, ζ t h e d i s t ance in t h e d i r ec t i on of p r o p a g a t i o n , 
a n d t t h e t ime . T h e w a v e v e c t o r in t h e w a v e g u i d e is 
r e l a t ed t o t h a t in free space b y k = k^/β, ω = k^c is 
t h e f requency, a n d t h e scale he igh t of t h e e v a n ­
escent w a v e is 

s = 
βκ 7R (8) 

By m a t c h i n g th is t o t h e s o l u t i o n ins ide t h e d ie lec­
tr ic , we find t h a t t h e ve loc i ty of p r o p a g a t i o n of t h e 
g u i d e d w a v e is 

krrst 
fit 

η
2
βΙ - 1 

a r c t a n η 
η

2
 β ΐ - \ ; 

(9) 

w h e r e t is t h e t h i c k n e s s of t h e die lect r ic , a n d η t h e 
d ie lec t r ic c o n s t a n t , a n d t h e r a t i o of t h e p o w e r flow­
ing t h r o u g h t h e d ie lec t r ic t o t h a t flowing t h r o u g h 
t h e e v a n e s c e n t r e g i o n is 

X = 
t a n Θ2Θ + s in20 

η
4
 1 + cos(20) ' 

w h e r e 

θ = a r c t am ( t 

(10) 

(11) 

T h e e l ec t ron d y n a m i c s a r e d e s c r i b e d b y t h e s a m e 
p e n d u l u m e q u a t i o n a s in c o n v e n t i o n a l f ree-e lec t ron 
lasers , w i t h t w o differences. I n t h e first p l ace , t h e 
e l ec t ron ve loc i ty is s y n c h r o n o u s w i t h t h e w a v e ve­
loci ty , so h e r e is n o s l i ppage a s ide f rom s y n c h r o t r o n 
m o t i o n s . I n t h e s e c o n d p lace , t h e e l e c t r o n ve loc i ty 
is typ ica l ly less t h a n t h e ve loc i ty of l ight , so it is n o t 
va l id t o m a k e t h e a s s u m p t i o n β « 1. N e v e r t h e l e s s , 
we m a y cas t t h e p e n d u l u m e q u a t i o n s in t h e s a m e 
d i m e n s i o n l e s s f o rm as for a c o n v e n t i o n a l free-elec­
t r o n laser: 

d μ / d τ = — ε sin φ, 

άφ/άτ = μ, 

a n d 

— = 7 e< s i n i A > , 

w h e r e 

PR 

is t h e d i m e n s i o n l e s s energy , 

τ = j8 Rc i /L 

(12) 

(13) 

(14) 

(15) 

(16) 

t h e d i m e n s i o n l e s s t ime , in w h i c h L is t h e l e n g t h of 
t h e g r a t i n g , a n d φ t h e p h a s e . T h e d i m e n s i o n l e s s 
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electr ic field is 

ε = • βΜ mc
2 

e x
P - τ ; (17) 

w h e r e E0 is t h e l o n g i t u d i n a l e lec t r ic field a t t h e 
surface of t h e die lect r ic , a n d h is t h e he igh t of t h e 
e l ec t ron b e a m a b o v e t h e surface, a n d t h e d i m e n -
s ionless c u r r e n t dens i t y is 

2 I. kJL
3 

e x p - - (18) 

w h e r e σΧ is t h e t r a n s v e r s e w i d t h ove r w h i c h t h e 
e l e c t r o n - b e a m c u r r e n t 7e m u s t b e a v e r a g e d a n d 
I0 = s0mc

3
/e = 1356 A is a c h a r a c t e r i s t i c c u r r e n t 

[ 2 7 ] . S ince t h e d i m e n s i o n l e s s e q u a t i o n s a r e t h e 
s a m e as for a c o n v e n t i o n a l f ree-e lect ron laser , w e 
m a y t a k e a d v a n t a g e of t h e s o l u t i o n s w h i c h h a v e 
been w o r k e d o u t for t h e c o n v e n t i o n a l case . 

W h e n t h e g a i n is very l a rge , it m a y be exp re s sed 
by the f o r m u l a [ 2 1 ] 

Go=iexp[( i7 e)
1 / 3V3] . (19) 

T o r e a c h s a t u r a t i o n in a s ingle pa s s , b e g i n n i n g f rom 
noise , t h e overa l l g a i n m u s t b e ve ry l a rge . F o r 
c o n v e n t i o n a l f ree-e lect ron lasers , K i m finds t h a t 
s a t u r a t i o n o c c u r s w h e n je ~ 2 ( 4 π )

3
 « 4000 , w h i c h 

c o r r e s p o n d s t o G « e
2 0

 [ 2 2 ] . I n t h e h i g h - g a i n r e ­
g ime, diffract ion s p r e a d i n g of t h e laser b e a m in t h e 
t r a n s v e r s e d i r e c t i o n is c o n t r o l l e d b y g a i n g u i d i n g 
[ 2 3 ] . I n th is case , t h e effective w i d t h of t h e o p t i c a l 
b e a m c o r r e s p o n d s t o a R a y l e i g h r a n g e of t h e o r d e r 
of t h e ga in l eng th , L g a in = L / l n G 0, so t h a t 
σχ ~ ^/zjSL/fcooln G 0. I t is, h o w e v e r , i m p o r t a n t t o 
focus t h e e l ec t ron b e a m ins ide t h e e v a n e s c e n t p a r t 
of t h e laser b e a m . I n t h e a b s e n c e of s p a c e c h a r g e , 
t he r a d i u s of t h e e l ec t ron b e a m a t t h e focal p o i n t is 
w e = ^/εΖ/2π, w h i c h m u s t b e sma l l e r t h a n t h e scale 
he igh t [ 2 4 ] . F o r th is r e a s o n , C h e r e n k o v free-elec­
t r o n lasers a r e m o s t useful a t l o n g w a v e l e n g t h s , 
typical ly in t h e far in f ra red a n d b e y o n d . 

T o i l lus t ra te these i dea s w i t h a n e x a m p l e , w e 
e x a m i n e a laser L ~ 5 c m in l eng th , o p e r a t i n g a t 
a w a v e l e n g t h XL ~ 250 p m w i t h a n e l ec t ron e n e r g y 
of 5 0 k e V . T h e scale h e i g h t of t h e e v a n e s c e n t w a v e 
is s ~ 10 p m . U s i n g a n e - b e a m w i t h a t o t a l c u r r e n t 
of J e ~ 10 m A a n d a n o r m a l i z e d b r i g h t n e s s 
BN ~ 1 0

15
 A / m

2
- s t e r a d i a n , t h e focused s p o t r a d i u s 

of t h e e l e c t r o n b e a m is w e ~ 10 p m , w h i c h sat isfac­
to r i ly m a t c h e s t h e scale he igh t . T h e ene rgy b a n d ­
w i d t h of t h e l ase r is mc

2
6y ~ 500 eV, w h i c h is m u c h 

l a r g e r t h a n t h e e x p e c t e d e n e r g y s p r e a d . T h e d i m e n ­
s ionless c u r r e n t d e n s i t y is t h e n je > 4 χ 1 0

3
, w h i c h 

satisfies t h e r e q u i r e m e n t for r e a c h i n g s a t u r a t i o n in 
a s ingle p a s s . 

A s a n o t h e r a p p l i c a t i o n , w e c o n s i d e r t h e poss ib i l i ­
ty of o p e r a t i n g in t h e u l t r av io l e t r eg ime . If we use 
a laser a s t h e wiggler , in w h i c h case t h e F E L is 
rea l ly s t i m u l a t e d T h o m s o n b a c k s c a t t e r , t h e n t h e 
l ase r w a v e l e n g t h is g iven b y t h e d o u b l e D o p p l e r 
shift [ 2 5 ] 

1 + β ρ' (20) 

w h e r e λΡ is t h e p u m p w a v e l e n g t h . T h e ana lys i s is 
s imi la r t o t h a t of a c o n v e n t i o n a l f ree-e lec t ron laser , 
excep t t h a t s ince γ is n o t l a rge , t h e sl ip l e n g t h is n o t 
sma l l a n d w e c a n n o t s e p a r a t e d i s t a n c e s ins ide t h e 
b u n c h f rom t h e ove ra l l l e n g t h of t h e laser . N e v e r ­
the less , in t h e t i m e i n d e p e n d e n t case w e a g a i n o b ­
t a i n t h e p e n d u l u m e q u a t i o n s . T h e d i m e n s i o n l e s s 
c u r r e n t d e n s i t y in t h e m o d e r a t e - β case is [ 2 6 ] 

h =
 4

* 
e A p L

3
J e (21) 

in w h i c h L is t h e l e n g t h of t h e i n t e r a c t i o n reg ion , 
a n d 

dp = 
4π e0m c 

π λρΐρ (22) 

t h e d i m e n s i o n l e s s wiggler v e c t o r p o t e n t i a l , w h e r e 
IP is t h e p u m p laser in tens i ty . 

A l t h o u g h the se e x p r e s s i o n s a r e de r ived u s i n g t h e 
o n e - d i m e n s i o n a l a p p r o x i m a t i o n , t h e y s h o u l d b e 
sa t i s fac to ry for t h e case of in t e res t he re . T h e diffrac­
t i on - l im i t ed s p o t size of t h e U V b e a m in t h e h igh -
g a i n r e g i m e is c o n t r o l l e d , a g a i n , b y g a i n gu id ing . I n 
th i s case , t h e d i f f rac t ion- l imi ted s p o t r a d i u s c o r r e s ­
p o n d s t o a R a y l e i g h r a n g e of t h e o r d e r of t h e g a i n 
l eng th , i.e., t o a r a d i u s w 0 ~ y/XxL/nln G 0. B u t in 
a s p a c e - c h a r g e d o m i n a t e d b e a m t h e r a d i u s of t h e 
b e a m a t t h e focus is w e ~ Ly/K/2 w h e r e t h e d i ­
m e n s i o n l e s s p e r v e a n c e is Κ = Ι6/2πβ

3
γ

3
Ι0. S o l o n g 

as t h e g a i n - g u i d e d r a d i u s is n o l a r g e r t h a n t h e 
e l e c t r o n - b e a m r a d i u s , t h e a c t u a l l aser s p o t size 
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a p p r o x i m a t e s t h a t of t h e e l ec t ron b e a m , a n d t h e 
c u r r e n t dens i ty is Je = IJnw

2
 ~ 8 / J

3
y

3
J 0/ L

2
. Since 

th is c u r r e n t dens i ty is i n d e p e n d e n t of t h e t o t a l 
c u r r e n t , we a r e free t o c h o o s e t h e lowes t c u r r e n t for 
w h i c h ga in g u i d i n g is sufficient t o m a k e t h e g u i d e d 
laser r a d i u s e q u a l t o t h e e l e c t r o n - b e a m r a d i u s . 
W h e n th is is s u b s t i t u t e d i n t o t h e d i m e n s i o n l e s s 
c u r r e n t dens i ty , we see t h a t j e is p r o p o r t i o n a l t o t h e 
i n t e r a c t i o n l eng th L . U n f o r t u n a t e l y , t h e l eng th of 
t h e i n t e r a c t i o n r eg ion c a n n o t b e m a d e a r b i t r a r i l y 
l o n g b e c a u s e q u a n t u m effects ( C o m p t o n recoil) re ­
d u c e t h e ga in [ 2 8 ] . E l e c t r o n b u n c h i n g o c c u r s o n 
a d imens ion l e s s l eng th scale [ 2 9 ] 

xB = y/3/]n(9G0). (23) 

If we a r g u e t h a t t h e e l ec t ron p h a s e shift in o n e 
b u n c h i n g l eng th c a u s e d b y t h e e l ec t ron recoi l m u s t 
be less t h a n un i ty , t h e n we o b t a i n t h e r e s t r i c t ion 

4 7 r y 3 1 + β lQL 

l n ( 9 G 0) βγ V L 
^ 1 . (24) 

7e 

C o m b i n i n g these ideas , w e a r r ive a t t h e f o r m u l a 

16α» (25) 

for t h e o p t i m i z e d p e r f o r m a n c e of a T h o m s o n free-
e l ec t ron laser . T o r e a c h s a t u r a t i o n , we a g a i n re ­
q u i r e t h a t 7 e ~ 2 (4π)

3
. F o r a n e l ec t ron e n e r g y of 

1 5 0 k e V (β ~ 0.6), a n d a p u m p w a v e l e n g t h λΡ = 
353 n m ( t r ip led N d : Y A G ) , t h e laser w a v e l e n g t h is 
XL ~ 80 n m , w h i c h is in t h e u l t rav io le t . T h e elec­
t r o n - b e a m c u r r e n t is on ly Ie ~ 5 m A . T h e difficulty 
is t h a t t h e p u m p laser in tens i ty m u s t b e c o n s t a n t in 
t ime a n d space . A l t h o u g h t h e d i m e n s i o n l e s s wiggler 
in tens i ty is on ly a\ ~ 3 χ 1 0 "

3
, t h e wiggler is q u i t e 

l o n g ( N w ~ 3 χ 1 0
4
 wiggler pe r iods ) , so t h e laser 

in tens i ty m u s t be c o n s t a n t t o a b o u t o n e pe r cen t , 
even a l l owing for t h e e x p a n s i o n of t h e laser b a n d ­
w i d t h b y t h e h i g h ga in . T h e r e q u i r e d p u m p u n i ­
fo rmi ty c a n b e ach ieved b y m a k i n g t h e laser pu l se 
l o n g e r t h a n t h e m i n i m u m necessa ry t o fill t h e laser 
v o l u m e d u r i n g t h e e l ec t ron t r ans i t , a n d b y m a k i n g 
t h e p u m p laser Ray le igh r a n g e l o n g e r t h a n t h e 
i n t e r a c t i o n reg ion . T o k e e p t h e p h a s e shift in o n e 

b u n c h i n g l e n g t h less t h a n un i ty , we r e q u i r e t h a t 

2π-
1 + / E L ^ 3 

β
2
 V n ( 9 G 0) 

Aa\ < 1. (26) 

If w e e s t i m a t e t h e effects of diffract ion a n d pu l se 
l e n g t h b y t h e f o r m u l a s 

Aa\ = L
2
/Szl (27) 

w h e r e z P is t h e R a y l e i g h r a n g e of t h e p u m p pu l se , 
a n d 

ΔαΙ = x 2

m J 2 x l , (28) 

respect ively , w h e r e T m in = (1 + j?)L/j?c is t h e m i n ­
i m u m l e n g t h a n d τ Ρ t h e a c t u a l l e n g t h of t h e p u m p 
pu lse , w e find t h a t t h e p u m p laser pu l se ene rgy 
r e q u i r e d t o r e a c h s a t u r a t i o n is 

Ι /Ρ = 2n
4
I0V0-

(1 + β)
2
 L

2 

β
3
 XPc 

(29) 

w h e r e V0 = mc
2
/e ~ 0 .511 M e V . I n t h e case d i s ­

cussed a b o v e , th is c o r r e s p o n d s t o ( 7 p ~ 4 0 0 J in 
τ Ρ ~ 100 ps . C lea r ly , w e c a n r e d u c e t h e p u m p en ­
e rgy b y d e c r e a s i n g t h e i n t e r a c t i o n l eng th , a t t h e 
p r i ce of i nc r ea s ing t h e e l e c t r o n - b e a m c u r r e n t . 
T h e r e is a l imi t t o th is , h o w e v e r , w h e n t h e focal 
r eg ion b e c o m e s so s h o r t t h a t t h e e m i t t a n c e b e ­
c o m e s i m p o r t a n t in d e t e r m i n i n g t h e b e a m wais t . 
T h i s o c c u r s w h e n 

L
2
 = 32βΥ-° (30) 

As t h e focal r a d i u s b e c o m e s s h o r t e r , t h e r e q u i r e d 
c u r r e n t inc reases t o m a i n t a i n g a i n gu id ing . T h e 
s u m of all t hese r e s t r i c t i ons leaves a w i n d o w in 
p a r a m e t e r s p a c e as s h o w n in F ig . 2. T h e o p e r a t i n g 
p o i n t d i scussed p r ev ious ly c o r r e s p o n d s t o t h e m i n ­
i m u m t o t a l c u r r e n t a t t h e l e n g t h l imi t i m p o s e d b y 
q u a n t u m effects. If we dec rea se t h e i n t e r a c t i o n 
l eng th t o t h e p o i n t w h e r e e m i t t a n c e b e c o m e s im­
p o r t a n t , t h e p u m p laser e n e r g y is o n l y UP ~ 10 J in 
τ Ρ ~ 3 ps , b u t t h e r e q u i r e d e l e c t r o n b e a m c u r r e n t is 
i n c r e a s e d t o 200 m A . 
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4. Conclus ion 

D u e t o t h e e n o r m o u s c u r r e n t dens i ty poss ib le b y 

us ing field emi s s ion f rom need le c a t h o d e s , it a p ­

p e a r s poss ib le t o e x t e n d t h e b r i g h t n e s s of e l e c t ron 

sou rces for f ree-e lect ron lasers b y five o r d e r s of 

m a g n i t u d e o r m o r e . P h o t o e l e c t r i c field emi s s ion 

h a s d e m o n s t r a t e d n a n o s e c o n d c o n t r o l of e l ec t ron -

b e a m c u r r e n t s in excess of 1 A , b u t t h e de t a i l ed 

p r o p e r t i e s of field-emission sou rces (energy s p r e a d 

a n d em i t t a nc e ) h a v e n o t b e e n m e a s u r e d a t h i g h 

c u r r e n t . E x p e r i m e n t s a r e u n d e r w a y t o d e t e r m i n e 

these p r o p e r t i e s a t t o t a l c u r r e n t s u p t o a b o u t 1 m A . 

B e y o n d th is p o i n t , s p a c e - c h a r g e m a k e s it i m p o s s ­

ible t o focus t h e b e a m s as r e q u i r e d t o reso lve t h e 

expec ted e ne rgy s p r e a d a n d e m i t t a n c e . 

U s i n g b e a m s w i t h n o r m a l i z e d b r i g h t n e s s a s h i g h 

as 1 0
1 5

- 1 0
17

 A / m
2
- s t e r a d i a n , it is poss ib le t o b u i l d 

c o m p a c t lasers a t wave leng ths from the infrared t o 

the ul t raviolet . F o r example , a C h e r e n k o v free-elec­

t r o n laser o p e r a t i n g a t a wave leng th of 250 p m can 

reach s a t u r a t i o n in a single pass a t a t o t a l e lec t ron-

b e a m cur ren t of on ly 10 m A . Similarly, a T h o m s o n 

free-electron laser o p e r a t i n g a t a wave leng th of 

80 n m can r each s a t u r a t i o n in a single p a s s a t a t o t a l 

e l ec t ron -beam cu r r en t of only 5 m A . 
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Abstract 

In this paper, we report first lasing results in the near-UV and visible spectral ranges with the OK-4 /Duke storage ring 
- the first storage ring F E L operating in the United States. The OK-4 /Duke F E L was commissioned in November 1996 
and demonstrated lasing in the 345-413 nm range with extracted power of 0.15 W. In addition to lasing, the OK-4 /Duke 
F E L generated a nearly monochromatic ( 1 % F W H M ) γ-ray beams. In this paper, we describe initial performance of the 
OK-4 /Duke storage ring F E L and γ-ray source in this demonstrat ion experiment. We briefly discuss the present status of 
the project and its future user program. © 1998 Published by Elsevier Science B.V. All rights reserved. 

1. Introduction 

T h e D u k e U n i v e r s i t y F r e e E l e c t r o n L a s e r L a ­
b o r a t o r y ( D F E L L ) a n d t h e B u d k e r I n s t i t u t e of 
N u c l e a r Phys i c s ( B I N P ) h a v e c o l l a b o r a t e d o n t h e 
O K - 4 / D u k e s t o r a g e r i ng X U V F E L pro jec t s ince 
1992 [ 1 ] . T h e O K - 4 F E L w a s bu i l t a n d o p e r a t e d in 
t h e 2 4 0 - 6 9 0 n m r a n g e u s i n g t h e V E P P - 3 s t o r a g e 
r ing a t N o v o s i b i r s k [ 2 ] . After c o m m i s s i o n i n g t h e 
1.1 G e V D u k e s t o r a g e r i ng in N o v e m b e r 1994 [ 3 ] , 
t h e O K - 4 F E L m a d e a t r i p a r o u n d t h e g l o b e a n d 
c a m e t o D u k e in M a y 1995. 

* Corresponding author. E-mail: vl@phy.duke.edu. 

T h e O K - 4 / D u k e F E L w a s p r e p a r e d for t h e first 
d e m o n s t r a t i o n e x p e r i m e n t in N o v e m b e r 1996. A n 
U V s t r e a k - c a m e r a w a s b r o u g h t t o D u k e f rom 
A r g o n n e N a t i o n a l L a b o r a t o r y ( A P S ) a n d h a s b e e n 
u s e d t o m e a s u r e e l e c t r o n b u n c h l eng th , o p t i c a l c a v ­
ity l eng th , a n d F E L pu l se l e n g t h [ 4 ] . 

After c o m m i s s i o n i n g all c r i t ica l O K - 4 / D u k e 
F E L s u b s y s t e m s , t h e ve ry first r u n o n 13 N o v e m b e r 
1996, w a s successful. T h e O K - 4 / D u k e s t o r a g e r i n g 
F E L d e m o n s t r a t e d o p e r a t i o n in t h e n e a r U V / v i s ­
ib le r a n g e w i t h a t u n a b i l i t y of ± 1 8 % a r o u n d t h e 
cen t e r w a v e l e n g t h of 380 n m . T w o d a y s l a t e r we 
d e m o n s t r a t e d t h e g e n e r a t i o n of n e a r l y m o n o c h r o ­
m a t i c 3 - 1 5 M e V γ - r a y s [ 5 ] b y t u n i n g b o t h t h e l a se r 
w a v e l e n g t h a n d t h e e n e r g y of t h e e l e c t r o n b e a m . 

0168-9002/98/519.00 © 1998 Published by Elsevier Science B.V. All rights reserved 
PII S01 6 8 - 9 0 0 2 ( 9 7 ) 0 1 3 5 7 - 0 
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T h e m a i n p r o b l e m for these e x p e r i m e n t s w a s t h e 
"b l i nd - fo lded" a l i g n m e n t d u e t o t h e a b s e n c e of e lec­
t ron i c s for b e a m p o s i t i o n m o n i t o r s ( B P M ) . T h e 
re la t ively h i g h g a i n of t h e O K - 4 F E L h e l p e d t o 
o v e r c o m e th i s p r o b l e m . E x p e r i m e n t s , d e d i c a t e d 
m o s t l y t o t h e p r o d u c t i o n a n d c h a r a c t e r i z a t i o n of 
γ - r a y b e a m , c o n t i n u e d for a b o u t a m o n t h . I n p a r a l ­
lel w i t h t h e γ - r a y p r o d u c t i o n , we h a d p e r f o r m e d 
a n u m b e r of m e a s u r e m e n t s of t h e O K - 4 / D u k e F E L 
p a r a m e t e r s . I n th i s p a p e r , w e focus o n t h e first 
las ing w i th t h e O K - 4 / D u k e s t o r a g e r i ng F E L a n d 
its m a i n p a r a m e t e r s . T h e first unsuccessful a t t e m p t s 
t o lase w i t h t h e O K - 4 / D u k e F E L in A u g u s t 1996 
w i t h o u t severa l cr i t ica l sy s t ems in p l ace w e r e p r e ­
sen ted a t t h e p r e v i o u s F E L C o n f e r e n c e a n d p u b ­
l ished e l sewhere [ 6 ] . In i t i a l p e r f o r m a n c e a n d p r e ­
d ic t ions for t h e O K - 4 / D u k e m o n o c h r o m a t i c γ - r a y 
source , a p l e a s a n t s i d e - p r o d u c t of i n t r a c a v i t y 
C o m p t o n sca t t e r ing , a r e d e s c r i b e d in Refs. [ 5 , 7 - 9 ] . 
De t a i l s of t h e O K - 4 / D u k e F E L m i c r o - t e m p o r a l 
s t r u c t u r e a r e a l so d i scussed e l sewhere [ 4 , 1 0 ] . 

O p e r a t i o n of t h e O K - 4 / D u k e F E L w a s i n t e r r u p ­
t ed in t h e m i d d l e of D e c e m b e r 1996 b y a n a d m i n i s ­
t r a t ive dec i s ion of t h e D F E L l a b o r a t o r y t o c o n d i ­
t i on a k l y s t r o n used t o d r ive t h e las t four sec t ions of 
t h e l inac- in jec tor . T h i s b r e a k c o n t i n u e d for seven 
m o n t h s . D u r i n g th i s p e r i o d of t ime , t h e D u k e s to r ­

a g e r i ng a n d t h e O K - 4 F E L d i a g n o s t i c sys t ems 
w e r e u n d e r g o i n g m o d i f i c a t i o n s . 

2. T h e O K - 4 / D u k e XUV s t o r a g e FEL 

S c h e m a t i c l a y o u t of t h e 1.1 G e V D u k e s t o r a g e 
r i ng a n d t h e O K - 4 X U V F E L facility is s h o w n in 
F ig . 1. T h e O K - 4 F E L is ins ta l l ed in t h e s o u t h 
s t r a i g h t sec t ion d e d i c a t e d for F E L o p e r a t i o n . T h e 
p r e s e n t l a t t i ce is o p t i m i z e d for m a x i m u m O K - 4 
F E L g a i n a n d h a s b o t h t r a n s v e r s e jS-functions of 
4 m a t t h e c e n t e r of t h e O K - 4 . T h e 1 1 m l o n g 
v a c u u m c h a m b e r for t h e O K - 4 m a g n e t i c sys tem 
h a s 8 m of c o n s t a n t c ros s - sec t ion a n d t w o 1.4 m 
l o n g s m o o t h t r a n s i t i o n s f rom t h e 2.2 c m χ 7.5 c m 
flat s h a p e t o t h e 10 c m r o u n d p ipe . T h r e e 
i o n p u m p s a r e l o c a t e d a t t h e c e n t e r a n d t w o e n d s 
of t h e O K - 4 sys tem, p r o v i d i n g v a c u u m in t h e 
1 0

_ 1 0
T o r r r a n g e . F o r i n s t a l l a t i o n o n t h e D u k e 

s t o r a g e r ing , t h e m a g n e t i c sy s t em of t h e O K - 4 
F E L w a s s l ight ly modi f i ed . T h e g a p in t h e O K - 4 
w a s i n c r e a s e d t o 2.25 c m t o a c c o m m o d a t e a 
n e w v a c u u m c h a m b e r . T h e b u n c h e r w a s shifted 
f rom t h e c e n t e r of t h e O K - 4 t o p r o v i d e a m a g n e t i c -
field-free co l l i s ion p o i n t for t h e C o m p t o n γ - r a y 
p r o d u c t i o n . 

o c A ·. e-beam RF Cavity 

Duke/OK-4 
storage ring FEL 

OK-4 FEL 

Linac 

Mill FEL 

Future 
KECK Science 

Laboratory 

Gamma 
Ray Vault I 

Fig. 1. Layout of the Duke/OK-4 storage ring FEL facility. The 1.1 GeV Duke storage ring is surrounded by 2' concrete shielding. Two 
mirrors of the 53.73 m long OK-4 optical cavity and its diagnostics are located outside of the shielding in the optical shacks. These 
shacks and a flex-lab will be used for pilot OK-4 FEL user experiments prior to the completion of the construction of the dedicated Keck 
Science Laboratory by 1999. 
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Table 1 
Duke storage ring electron beam parameters 

Operational Energy (GeV) 0.25 - 1.1 
Circumference (m) 107.46 
Impedance of the ring, Ζ/η, (Ω) 2.75 ± 0.25 
Stored current (mA)

a 

Multibunch 155 
Single bunch 2 0

b
/ 8

c 

Bunch length, os (ps)
d 

Natural (low current) 15 
With 5 mA in single bunch 60 

Relative energy spread, σΕ/Ε
ά 

Natural (low current) 2.9 x l 0 ~
4 

At 5 mA in single bunch 1.1 χ 1 0 ~
3 

Peak current (A)
d 

With 5 mA in single bunch 12 
With 20 mA in single bunch

e 
31 

Horizontal emittance (nm χ rad) 
5 mA/bunch @ 700 MeV < 10

f 

3mA/bunch @ 500 MeV < 8
f 

a
Maximum current at 1 GeV is limited to 2-3 mA before crotch-

chambers with absorbers are installed; 
b
Per bunch using standard thermionic gun; 

c
In single bunch mode with photocathode gun; 

d
At 500 MeV, K RF = 500 kV; measured by the streak-camera [4] 

and dissector; 
e
Expected from the broad band impedance model with 
Ζ/« = 2.75Ω; 
Extracted as the top limit from the OK-4 spontaneous radi­
ation spectra. 

T h e m a i n p a r a m e t e r s of t he low e m i t t a n c e D u k e 
s t o r a g e r ing a r e p u b l i s h e d e l sewhere [3 ,11] a n d 
briefly s u m m a r i z e d in T a b l e 1. F o r e x p e r i m e n t s 
r e p o r t e d in th is p a p e r we h a v e o p e r a t e d t h e D u k e 
s t o r a g e r ing in ene rgy r a n g e f rom 270 M e V (injec­
t i on energy) t o 550 M e V . W e were n o t a b l e t o 
o p e r a t e a t w a v e l e n g t h of 380 n m a b o v e 550 M e V 
d u e to t h e l im i t a t i on of wigglers p o w e r s u p p l y (see 
t he n o t e a t t a c h e d t o T a b l e 2). 

T h e exis t ing in jec t ion sys tem l imi ted t h e m a x ­
i m u m s t o r e d c u r r e n t t o 8 m A / b u n c h . I n future , w e 
p l a n t o i m p r o v e efficiency of in jec t ion a n d inc rease 
t he c u r r e n t t o 2 0 - 4 0 m A / b u n c h . 

T h e s t o r a g e r ing R F sys tem [ 1 2 ] o p e r a t e s a t 
178.5 M H z w h i c h is t h e 64 th h a r m o n i c of t h e revo l ­
u t i o n f requency. T h e R F f requency is g e n e r a t e d b y 
a S A W m a s t e r osc i l l a to r w h i c h is c o n t r o l l e d b y 
a 16-bit D A C via t h e D u k e s t o r a g e r i ng c o n t r o l 
sys tem [ 1 3 ] . T y p i c a l O K - 4 F E L o p e r a t i o n m o d e 

Table 2 
Some of the OK-4 FEL parameters 

Optical cavity 
Optical cavity length (m) 53.73 
Radius of the mirrors, measured (m) 27.27 
Rayleigh range in OK-4 center (m) 3.3 
Angular control accuracy (rad) better than 1 0 "

7 

OK-4 wiggler [1,14] 
Period (cm) 10 
Number of periods 2 χ 33.5 
Gap (cm) 2.25 
Kw/I (1/kA) 1.804 
Kw 0-5 .4

a 

a
At the time of November 1996 experiment Kw was limited to 
3.8. At present time, Kw is limited to 4.5 by the power supply. 

used R F v o l t a g e of 5 0 0 - 5 5 0 k V . A s h o r t list of 
u p - t o - d a t e O K - 4 F E L p a r a m e t e r s is s u m m a r i z e d in 
T a b l e 2. O t h e r p a r a m e t e r s a n d e x p e c t e d per for ­
m a n c e of t h e O K - 4 F E L a r e d e s c r i b e d in p r e v i o u s 
p u b l i c a t i o n s [ 2 , 1 4 ] . 

T w o T r a n s - R e x p o w e r supp l ies , d o n a t e d b y 
F e r m i L a b , h a v e b e e n r ep a i r ed , e q u i p p e d w i t h ex­
t e r n a l L C filters a n d a r e p r e s e n t l y u sed t o d r ive t h e 
O K - 4 wigglers a n d b u n c h e r . O v e r a l l p e r f o r m a n c e 
of t h e p o w e r supp l i e s is c lose t o speci f ica t ions (wi th 
a b o u t 100 p p m s tabi l i ty) a n d will b e i m p r o v e d in 
t h e n e a r fu ture b y us ing a s e c o n d s t age of r egu la ­
t i o n a n d a n ac t ive feedback f rom t h e O K - 4 F E L 
d i agnos t i c s . W e a l so p l a n t o e x t e n d t h e o p e r a t i o n 
r a n g e of t h e wiggler p o w e r s u p p l y f rom t h e p r e s e n t 
l imit of 2.5 k A t o 3 k A r e q u i r e d for full r a n g e O K - 4 
F E L tunab i l i t y . 

T h e c o n t r o l s of t h e O K - 4 F E L sys t ems a r e p a r t 
of t h e D u k e s t o r a g e r ing c o n t r o l sy s t em [ 1 3 ] . T h e 
c o n t r o l sys t em p r o v i d e s flexible o p e r a t i o n of t h e 
O K - 4 a n d t h e poss ib i l i ty t o r a m p t h e en e rg y of 
t h e s t o r a g e r i ng w i t h o u t c h a n g i n g t h e O K - 4 
w a v e l e n g t h . A n u m b e r of la t t ices ( s n a p s h o t s in c o n ­
t ro l sys t em t e r m i n o l o g y ) w e r e c r e a t e d t o o p e r a t e 
t h e O K - 4 F E L . O n c e c r ea t ed , t h e s n a p s h o t s c a n b e 
u sed t o re -es tab l i sh las ing . I n a d d i t i o n , w e h a v e 
d e m o n s t r a t e d c o n t i n u o u s l a s ing in t h e O K - 4 F E L 
d u r i n g t h e r a m p i n g f rom t h e in jec t ion e n e r g y t o 
500 M e V . 

T h e R F - s m o o t h c r o t c h c h a m b e r s p r o v i d i n g p a s ­
sage of t h e op t i ca l b e a m h a v e b e e n d e s i g n e d b u t a r e 
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still in t h e p r o c e s s of m a n u f a c t u r i n g . I n o r d e r t o 
facil i tate c o m m i s s i o n i n g of t h e O K - 4 sys tem, we 
h a v e ins ta l led t e m p o r a r y c r o t c h e s without absorb­
ers. A r a t h e r l a rge v a c u u m c h a m b e r i m p e d a n c e 
d u e t o t h e n o n - s m o o t h t r a n s i t i o n s of t he t e m p o r ­
a r y c r o t c h - c h a m b e r s cause s m i c r o w a v e b u n c h -
l e n g t h e n i n g t o beg in a t ~ 0 . 1 m A p e r b u n c h a t 
500 M e V . T h i s is t h e m a i n fac tor l imi t ing t h e O K - 4 
F E L ga in . W e h a v e used t h e A P S s t r e a k - c a m e r a 
[ 4 ] , a d i s sec to r w i th 1 5 p s r e so lu t i on , a n d s p o n t a n ­
e o u s r a d i a t i o n s p e c t r a f rom t h e O K - 4 t o d e t e r m i n e 
t h e p a r a m e t e r s of t h e e l ec t ron b e a m in t h e 
single b u n c h m o d e ( T a b l e 1). A c c o r d i n g t o t h e 
b u n c h - l e n g t h a n d t h e O K - 4 F E L ga in m e a s u r e ­
m e n t s , t h e i m p e d a n c e of t h e v a c u u m c h a m b e r is 
a b o u t 2.75 Ω. 

O n e of t h e m a i n cha l l enges for t h e O K - 4 / D u k e 
s t o r a g e r ing F E L w a s a 57 m l o n g op t i ca l cav i ty 
wh ich r e q u i r e d m i r r o r s w i t h ex t r eme ly h igh p r e ­
cis ion rad i i a n d a s o p h i s t i c a t e d m i r r o r c o n t r o l a n d 
s t ab i l i za t ion sys tem. D e s c r i p t i o n of t h e m i r r o r c o n ­
t ro l a n d feed-back sys t em as well as brief d e s c r i p ­
t i on of t h e O K - d i a g n o s t i c s c a n b e f o u n d e l sewhere 
[ 6 ] . A 3 0 - m - l o n g m i r r o r r ad i i m e a s u r e m e n t sy s t em 
s imi lar t o t h a t de sc r ibed in Ref. [ 1 5 ] h a s b e e n used 
to m e a s u r e 27.26 m rad i i of t h e c u s t o m m a d e m i r ­
r o r s (by L u m o n i c s O p t i c s G r o u p , C a n a d a ) w i t h a n 
a c c u r a c y of a few cm. W e f o u n d t h a t t h e o r ig ina l 
c l a m p i n g s c h e m e of t h e m i r r o r s h a d r e d u c e d the i r 
rad i i b e l o w s tab i l i ty l imit for t h e O K - 4 o p t i c a l 
cavi ty . A t t h e p r e s e n t t i m e we a r e u s ing a different 
c l a m p i n g t e c h n i q u e . 

3. C o m m i s s i o n i n g of OK-4 F E L 

D u r i n g t h e p r e p a r a t i o n for t h e O K - 4 o p e r a t i o n , 
we h a v e e s t ab l i shed t h r e e m a i n s t o r a g e r ing m o d e s 
a t energ ies of 270 (injection), 500, a n d 700 M e V a n d 
a n u m b e r of s u p p l e m e n t a r y m o d e s (at 3 5 0 , 4 0 0 , 5 5 0 , 
6 0 0 , 6 5 0 , a n d 750 M e V ) . In a d d i t i o n , we h a v e m e a s ­
u r e d t h e ^ - func t ions in t h e O K - 4 F E L a n d c r e a t e d 
c o m p u t e r t oo l s t o v a r y O K - 4 wiggler c u r r e n t whi le 
k e e p i n g b e t a t r o n t u n e s s tab le . T h e m a i n p r o b l e m 
w a s t h e a b s e n c e of e l ec t ron b e a m p o s i t i o n m e a s u r e ­
m e n t e lec t ron ics w h i c h c o u l d h a v e p r o v i d e d us 
wi th i n f o r m a t i o n a b o u t e l ec t ron b e a m orb i t . W e 
were forced t o use l a b o r in tens ive a n d i n a c c u r a t e 

w a y s t o find a p p r o x i m a t e p o s i t i o n of t h e e l ec t ron 
b e a m . 

F o r t u n a t e l y , t h e O K - 4 F E L h a s a r a t h e r h igh 
g a i n a n d d e m o n s t r a t i o n of l a s ing in t h e n e a r U V 
w a s a re la t ive ly easy t a sk . I t t o o k a b o u t 2 h of 
e - b e a m a n d o p t i c a l cav i ty a l i g n m e n t t o o b t a i n first 
l a s ing a t 380 n m . K n o w l e d g e of t h e op t i ca l cav i ty 
l e n g t h o b t a i n e d w i t h t h e use of t h e s t r e a k - c a m e r a 
[ 4 ] p r o v e d t o b e ve ry useful. L a s i n g a t 400 a n d 
500 M e V w a s d e m o n s t r a t e d d u r i n g t h e s a m e shift. 
L a t e r w e a c h i e v e d l a s ing a t 550 M e V u s i n g t h e 
m a x i m u m c u r r e n t a v a i l a b l e (at t h a t t i m e 2.1 kA) in 
t h e O K - 4 wigglers . 

T w o d a y s after first l as ing , t h e m o n o c h r o m a t i c 
γ - r a y s (wi th 1 % F W H M r e s o l u t i o n , m o n o -
c h r o m a t i z e d b y a l ead c o l l i m a t o r ) w e r e p r o d u c e d 
b y o p e r a t i n g t h e O K - 4 / D u k e s t o r a g e r i ng F E L 
w i t h t w o e q u a l l y s e p a r a t e d e l ec t ron b u n c h e s . T h i s 
m o d e p r o v i d e s for h e a d - o n co l l i s ions of t h e op t i ca l 
a n d e l ec t ron b e a m s a t t h e c e n t e r of t h e op t i ca l 
cav i ty , a n d t h e g e n e r a t i o n of γ - r a y s v ia C o m p t o n 
b a c k s c a t t e r i n g [ 8 , 9 ] . M o s t of o u r shifts w e r e ded i ­
c a t e d t o t h e s t u d y a n d c h a r a c t e r i z a t i o n of t h e γ - r a y 
b e a m , a n d t h e resu l t s a r e p u b l i s h e d e l sewhere [ 5 , 7 ] . 
M o s t of t h e O K - 4 F E L p a r a m e t e r s r e p o r t e d he r e 
w e r e m e a s u r e d in pa ra l l e l w i t h t h e γ - r a y exper i ­
m e n t s . T u n i n g w i t h i n t h e reflectivity b a n d w i d t h of 
t h e o p t i c a l cav i ty w a s s t r a i g h t f o r w a r d b y v a r i a t i o n 
of t h e wigglers c u r r e n t . A typ ica l t u n i n g w a v e l e n g t h 
r a n g e a n d o n e of m a n y m e a s u r e d l a s ing s p e c t r u m 
a r e s h o w n in F ig . 2. O p t i c a l cav i ty losses were 
d e t e r m i n e d b y a m e a s u r e m e n t of t h e op t i ca l cav i ty 
r i n g d o w n t ime . L a s i n g w a s r e a s o n a b l y easy b e ­
c a u s e t h e O K - 4 g a i n w a s a t leas t 1 0 - 2 0 t imes h igh ­
er t h a n losses a t 380 n m . T h e s t a r t - u p c u r r e n t for 
l a s ing w a s 0.3 m A , a n d w i t h 3 m A / b u n c h we w e r e 
a b l e t o lase in b o t h o p t i c a l k l y s t r o n ( b u n c h e r on ) 
a n d c o n v e n t i o n a l F E L m o d e ( b u n c h e r off). I n all 
cases t h e use of t h e b u n c h e r i n c r e a s e d t h e F E L ga in 
a n d a l l o w e d us t o lase w i t h o n e or , if des i red , t w o 
l a s ing l ines. 

F E L p o w e r r e a c h e s m a x i m u m e l ec t ron b e a m 
a n d o p t i c a l pu l s e w h e n t h e r o u n d - t r i p t i m e s a r e 
e q u a l , i.e. a t perfect s y n c h r o n i s m . W e m e a s u r e d 
d e p e n d e n c i e s of t h e O K - 4 F E L p o w e r o n d e t u n i n g 
δ = Co/β — 2LC (whe re C G is c i r cumfe rence of t h e 
r ing , L c is t h e o p t i c a l cav i ty l e n g t h a n d β = vjc) 
f rom exac t s y n c h r o n i s m b y v a r y i n g t h e R F 
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