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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 
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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 



xiii 



xiv 



XV 



xvi 



ELSEVIER Nuclear Instruments and Methods in Physics Research A 407 (1998) xvii-xxvi 

NUCLEAR 
INSTRUMENTS 

& METHODS 
IN PHYSICS 
RESEARCH 

Section A 

Contents 

Preface vii 

Committees ix 

Sponsors χ 

1997 International Free-Electron Laser Prize xi 

Par t I 

Section I. F E L prize talk and New lasings 

High-brightness electron beams - small free-electron lasers 
C A . Brau 1 

First UV/visible lasing with the OK-4 /Duke storage ring F E L 
V.N. Litvinenko, B. Burnham, S.H. Park, Y. Wu, R. Cataldo, M. Emamian, J. Faircloth, S. Goetz, 
N. Hower, J.M.J. Madey, J. Meyer, P. Morcombe, O. Oakeley, J. Patterson, G. Swift, P. Wang, I.V. 
Pinayev, M.G. Fedotov, N .G. Gavrilov, V.M. Popik, V.N. Repkov, L.G. Isaeva, G.N. Kulipanov, 
G.Ya. Kurkin, S.F. Mikhailov, A.N. Skrinsky, N.A. Vinokurov, P.D. Vobly, A. Lumpkin and 
B. Yang 8 

First operation of Israeli Tandem Electrostatic Accelerator Free-Electron Laser 
A. Abramovich, A. Arensburg, D. Chairman, A. Eichenbaum, M. Draznin, A. Gover, H. Kleinman, 
I. Merhasin, Y. Pinhasi, J.S. Sokolowski, Y.M. Yakover, M. Cohen, L.A. Levin, O. Shahal, A. 
Rosenberg, I. Schnitzer and J. Shiloh 16 

First lasings at IR and FIR range using the F E L I F E L facility 4 
T. Takii, E. Oshita, S. Okuma, K. Wakita, A. Zako , Y. Kanazawa, A. Koga, K. Ohasi and 
T. Tomimasu 21 

Short-wavelength free-electron lasers in 1997 
W.B. Colson 26 

Long-wavelength free-electron lasers in 1997 
H.P. Freund and V.L. Granatstein 30 

Section II. Theory and modeling of F E L s 

Ginzburg-Landau model for a free-electron laser: from single mode to spikes 
C.S. N g and A. Bhattacharjee 34 

Simulations of the build-up of transverse and longitudinal structures of the microwave field in the 
Fusion F E M 

V.L. Bratman, G.G. Denisov, A.V. Savilov, M. Yu. Shmelyov, A.G.A. Verhoeven, W.H. Urbanus 40 

0168-9002/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved 



xviii Contents 

Prediction of the F O M F E M experimental results using multi-mode time-dependent simulations 
M. Caplan, W.A. Bongers, A.G.A. Verhoeven, C.A.J, van der Geer, M. Valentini and W.H. 
Urbanus 45 

Simulation of radiation build-up in an F E L oscillator: effect of electron energy spread and micro pulse 
width 

S.-i. Kuruma, K. Mima, M. G o t o and C. Yamanaka 50 

Theoretical study on the transient process in a microwave gun with a thermionic cathode 
Z. Xu, X. Liu and K. H u 53 

Study of electron beam with modulated energy distribution for optical klystron FELs 
K. Ohkubo , M. Fujita, K. Imasaki, H. Furukawa, S. Kuruma, N . Nakao , A. Moon, P.K. Roy, 
H. Tanaka, N . Ohigashi, Y. Tsunawaki, K. Mima, S. Naka i and C. Yamanaka 57 

Enhanced harmonic radiation from a dual-harmonic wiggler 
Y. Yang and W. Ding 60 

Theory of group synchronism regime in waveguide F E L driven by short electron bunches 
N.S. Ginzburg, E.R. Kocharovskaya and A.S. Sergeev 64 

Electron beam simulations of a multi-stage depressed collector, including secondary and scattered 
electrons 

C.A.J. van der Geer, M. Caplan, N. Dionne, S.B. van der Geer, M.J. de Loos, A.G.A. Verhoeven, 
M. Valentini, M.J. van der Wiel and W.H. Urbanus 70 

Numerical simulations of a waveguide F E L oscillator using hole coupling 
X. Shu, Y. Wang, Y. Jiang, Z. Zhang and W. Ding 76 

Simulation of predicted performance and interpretation of radiation measurements on the Israeli 
tandem free-electron laser 

A. Abramovich, Y. Pinhasi, Y.M. Yakover, J.S. Sokolowski and A. Gover 81 

Experimental investigation of mode build-up and mode competition process in a prebunched 
free-electron maser oscillator 

A. Abramovich, Y. Pinhasi, M. Arbel, L. Gilutin, H. Kleinman, A. Eichenbaum, Y.M. Yakover and 
A. Gover 87 

Free electron maser oscillations near waveguide cutoff 
L. Gilutin, A. Abramovich, M. Arbel, A. Eichenbaum, A. Gover, H. Kleinman, Y. Pinhasi and Y.M. 
Yakover 95 

LF-mode excitation in F E L caused by stimulated scattering of operating HF-mode 
V.L. Bratman and A.V. Savilov 102 

Comparative analysis of electron beam quality on the operation of a F E M with axial guide magnetic 
field and a C A R M 

N.Yu. Peskov, S.V. Samsonov, N.S. Ginzburg and V.L. Bratman 107 

Analytical treatment of the radiative interaction of electrons in a bunch passing a bending magnet 
E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 112 

Measurement of the coherent radiation from the electron beams used for the F E L experiments at 
Osaka University 

S. Okuda, K. Yokoyama, Y. Miyauchi, R. Ka to and T. Takahashi 116 

Numerical study on improvements of Beijing F E L lasing performances through modifications of the 
beam-duct geometry 

M. Sobajima, Y. Li, J. Xie, K. Yoshikawa, M. Ohnishi, Y. Yamamoto , H. Toku, K. Masuda, J. 
Kitagaki and T. Nakamura 121 

Undulator interruption in high-gain free-electron lasers 
K.-J. Kim 126 



Contents xix 

A simple theory of gain and saturation in F E L oscillators 
V. Kumar and S. Krishnagopal 130 

A comparison of the F E L and C R M operating simultaneously at two resonant frequencies 
P. Aitken, B .WJ. McNeil, G.R.M. Robb and A.D.R. Phelps 136 

Collective bunching of uncharged macroscopic particles via an FEL-like instability 
B.W.J. McNeil, G.R.M. Robb, P. Aitken and A.D.R. Phelps 141 

Section III. Experiments in progress 

Upgrade of Beijing IR-FEL project 
J. Xie, J. Zhuang, Y. Li, X. Chang, Y. Wang, F . Li, S. Lin, X. Zhao , M. Wang, Y. Zhong, B. Wang, X. 
Yang, G. Ye, G. Wu, Y. Wu, J. Zhu, Y. Zhang, Y. Fan , L. Zhang, Z. Wang, R. Tian, J. Xu, C. Li, H. 
Lu, Y. Li, L. Zhang, X. Xie, X. Huang, J. Wang and W. Chen 146 

Multi-color, multi-user operations at the Stanford free electron laser center 
T.I. Smith, E.R. Crosson, G.E. James, H.A. Schwettman and R.L. Swent 151 

Oscillation at wavelengths from 21 to 126 μπι on the ISIR F E L at Osaka University 
R. Kato , S. Okuda , Y. Nakajima, G. Kondo , Y. Iwase, H. Kobayashi , S. Suemine and G. Isoyama 157 

Design and construction of a far-infrared free-electron laser driven by a microtron 
J. Lee, B.C. Lee, Y.U. Jeong, S.O. Cho, S.K. Kim, B.H. Cha, G. Kazakevich, P. Vovly and G. 
Kulipanov 161 

Experimental observation of mode competition and single-mode operation in J I N R - I A P millimeter-
wave F E M oscillator 

N.S. Ginzburg, A.K. Kaminsky, A.A. Kaminsky, N.Yu. Peskov, S.N. Sedykh, A.P. Sergeev and A.S. 
Sergeev 167 

Free-electron maser based on the Smith-Purcell effect 
J. Chen, Y. Zhang, Y. Duan , Z. Yang, D. Li and Z. Liang 172 

A pseudospark cathode Cherenkov maser: theory and experiment 
H. Yin, A.D.R. Phelps, W. He, G.R.M. Robb, K. Ronald, P . Aitken, B.W.J. McNeil, A.W. Cross and 
C.G. Whyte 175 

A 32 G H z Bragg free-electron maser (FEM) oscillator with axial guide magnetic field 
A.W. Cross, N.S. Ginzburg, W. He, D.A. Jaroszynski, N.Yu. Perkov, A.D.R. Phelps and C.G. 
Whyte 181 

Characteristics of the NIJI-IV F E L at the electron-beam energy of 263 MeV 
N. Sei, T. Yamazaki, K. Yamada, S. Sugiyama, T. Mikado and H. Ohgaki 187 

Observation of higher harmonics in the NIJI- IV F E L 
K. Yamada, T. Yamazaki, N . Sei, H. Ohgaki , T. Mikado, S. Sugiyama, M. Kawai and M. 
Yokoyama 193 

A corrugated waveguide driven by the linac as a prebuncher and seed-power generator of mm-wave 
F E L 

X.D. Zheng, M. Shiho, S. Maebara , E. Nakamura , A. Watanabe , T. Koarai , K. Takayama, . J. 
Kishiro, K. Miniami, K. Horioka, M. Ogawa and S. Kawasaki 198 

Study of squeezed state on free electron lasers 
T. Chen and J.M.J. Madey 203 

Status of the Advanced Pho ton Source low-energy undulator test line 
S.V. Milton, E. Gluskin, N .D. Arnold, S. Berg, W. Berg, Y.-C. Chae, E.A. Crosbie, R.J. Dejus, P. Den 
Hartog, H. Friedsam, J.N. Galayda, A. Grelick, J. Jones, Y. Kang, S. Kim, J.W. Lewellen, A.H. 
Lumpkin, J.R. Maines, G.M. Markovich, E.R. Moog, A. Nassiri, E. Trakhtenberg, I. Vasserman, N . 
Vinokurov, D.R. Walters, J. Wang and B. Yang 210 



XX Contents 

Section IV. Storage-ring FELs 

The Super-ACO F E L operation with shorter positron bunches 
M.E. Couprie, D. Nutarelli, R. Roux, L. Nahon , B. Visentin, A. Delboulbe, G. Flynn and M. 
Billardon 215 

Storage-ring free electron laser interaction and longitudinal phase-space dynamics 
G Dattoli , L. Mezi, P.L. Ottaviani, A. Renieri and M. Migliorati 221 

O K - 4 / D u k e monochromatic γ-ray source: performance and prediction 
S.H. Park, V.N. Litvinenko, B. Burnham, Y. Wu, J.M.J. Madey, R.S. Canon, C.R. Howell, N.R. 
Roberson, E.C. Schreiber, M. Spraker, W. Tornow, H.R. Weller and I.V. Pinayev 224 

Numerical simulation of UV coherent harmonic radiation on Hefei storage-ring F E L 
Z. Yang and Z. Dong 229 

Study of beam property on a storage ring operated with negative momentum compaction factor 
M. Hosaka, H. Hama, J. Yamazaki and T. Kinoshita 234 

Asymmetric optical klystrons for the high-gain FELs 
S J . Hahn and K.H. Pae 241 

Optimization of optical klystron for coherent harmonic generation F E L 
Q.-k. Jia 246 

Section V. SASE and high-gain short-wavelength FELs 

Photon statistics of various radiation sources 
T. Tanabe 251 

Measurements of high gain and noise fluctuations in a SASE free electron laser 
M. Hogan, S. Anderson, K. Bishofberger, P. Frigola, A. Murokh , N . Osmanov, C. Pellegrini, S. 
Reiche, J. Rosenzweig, G. Travish, A. Tremaine and A. Varfolomeev 257 

Analytical theory of intensity fluctuations in SASE 
L.H. Yu and S. Krinsky 261 

First observation of self-amplified spontaneous emission at 1.064 pm 
M. Babzien, I. Ben-Zvi, P. Catravas, J-M. Fang, T.C. Marshall , X.J. Wang, J.S. Wurtele, V. 
Yakimenko and L.H. Yu 267 

Simulation of the short-pulse effects in high-gain FELs starting from noise 
S.J. Hahn 271 

Calculation of coherent synchroton radiation in the T T F - F E L bunch compressor magnet chicanes 
M. Dohlus and T. Limberg 278 

Influence of nonlinear effects on statistical properties of the radiation from SASE F E L 
E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 285 

Statistical properties of the radiation from SASE F E L operating in the linear regime 
E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 291 

Possible enhancement of SASE F E L output field intensity induced by local phase j u m p 
A.A. Varfolomeev, T.V. Yarovoi and P.V. Bousine 296 

Parameter optimization of X-ray free-electron lasers at a linear collider 
B. Faatz, J. Pfluger, J. Rossbach, E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 302 

Section VI. Accelerator technology for FELs 

Initial experimental results of C A E P photoinjector 
M.-r. Yang, X.-s. Du, Z.-h. Li, M. Li, K.-s. Hu, M.-q. Qian, Q. Pan, G.-h. Chai, Z. Xu, R.-p. Deng 
a n d Z . - f W u 307 



Contents xxi 

C s - K - T e photo cathodes: a promising electron source for free-electron lasers 
D. Bisero, B.M. vanOerle, G J . Ernst, J .WJ . Verschuur and W J . Wit teman 311 

The physics experiment for a laser-driven electron accelerator 
Y . C Huang, T. Plettner, R.L. Byer, R.H. Pantell, R.L. Swent, T.I. Smith, J.E. Spencer, R.H. Siemann 
and H. Wiedemann 316 

The high-brightness ultra-short pulsed electron beam source at Peking University 
K. Zhao , Y.-E. Sun, B.C. Zhang, L. Wang, R. Geng, J. Hao , Y. Tang, X. Yang, Y. Zhang, Y. Chen, Z. 
Yang and J. Chen 322 

Demonstrat ion of low-loss electron beam transport and mm-wave experiments of the fusion-
F E M 

W.H. Urbanus , W.A. Bongers, G. van Dijk, C.A.J, van der Geer, R. de Kruif, P. Manintveld, J. 
Pluygers, A.J. Poelman, F.C. Schuller, P.H.M. Smeets, A.B. Sterk, A.G.A. Verhoeven, M. Valentini, 
and M.J. van der Wiel 327 

Practical realization of a self-adaptive feed-forward control system for R F gun beam-loading compen
sation 

F . L i and J .X ie 332 

Initial dual-sweep streak camera measurements on the Duke storage ring O K - 4 UV/visible F E L 
A.H. Lumpkin, B.X. Yang, V. Litvinenko, B. Burnham, S. Park, P. Wang and Y. W u 338 

Real-time transverse-emittance and phase-space moni tor 
J. Song, P. Piot, R. Legg, D. Kehne, R. Li, E. Feldl, K. Jordan, J.-C. Denard, G A . Krafft, G R . Neil 
and C.L. Bohn 343 

Optimization of the electron-beam transport in the Israeli tandem F E L 
I. Merhasin, A. Abramovich, Y. Pinhasi, A. Gover and J.S. Sokolowski 350 

Calculationof two-screen emittance measurement 
L. Zhang and J. Zhuang 356 

Time-resolved measurement of electron beam emittance and energy spread with optical transition 
radiation 

S.O. Cho, S.K. Kim, Y.U. Jeong, B.C. Lee, B.H. Cha, J. Lee, G. Kazakevitch and I. Spassovsky 359 

Study of the performance characteristics of a travelling-wave RF-gun 
K. Yoshikawa, D. Tsukahara , T. Inamasu, K. Masuda, M. Sobajima, J. Kitagaki, Y. Yamamoto , H. 
Toku and M. Ohnishi 364 

Strong focusing system of F E L I 6-MeV electron injector used for ultraviolet range F E L oscillation 
T. Tomimasu, Y. Morii , E. Oshita, S. Okuma, S. Nishihara and T. Takii 370 

Sections VII. Optics and undulator technology 

F E L experiment of the 5th harmonic generation with a modified wiggler 
N . Nakao , M. Kokubo , K. Imasaki, M. Fujita, K. Ohkubo , A. Moon , P.K. Roy, H. Tanaka , N . 
Ohigashi, Y. Tsunawaki, K. Mima, S. Naka i and C. Yamanaka 374 

F E L options for power beaming 
K.-J. Kim, A.A. Zholents, M.S. Zolotorev and N.A. Vinokurov 380 

Magnetic measurements on the undulator prototype for the V U V - F E L at the TESLA Test Facility 
J. Pfliiger, H. Lu, D. Koster and T. Teichmann 386 

The short-period wiggler for C A E P F I R - F E L 
Q.X. Liu, W. Xie, H. Yu, K.S. H u and Y.T. Chen 392 

Short-period equipotential-bus electromagnetic undulator for a far infrared free-electron laser 
Y.U. Jeong, B.C. Lee, S.K. Kim, S.O. Cho, B.H. Cha, J. Lee, P .D. Vobly, Y.M. Kolokolnikov, S.F. 
Mihaylov and G.N. Kulipanov 396 



xxii Contents 

Optical modeling of the Jefferson laboratory IR demo F E L 
S.V. Benson, P.S. Davidson, R. Jain, P.K. Kloeppel, G.R. Neil and M.D. Shinn 401 

The response of the short pulse free-electron laser oscillator to periodic perturbat ion of the cavity 
synchronism 

D.A. Jaroszynski, D. Oepts, A.F.G. van der Meer and P. Chaix 407 

The effect of a Bragg reflector on the spectral stability of the Twente Raman free-electron laser 
P. Zambon, W.J. Wit teman and P.J.M. van der Slot 413 

A. 2.7 mm period hybrid P M undulator 
V.A. Papadichev and G.V. Rybalchenko 419 

UCLA-KIAE focusing permanent magnet undulator for SASE experiment 
N . Osmanov, S. Tolmachev, A. Varfolomeev, A.A. Varfolomeev Jr., P. Frigola, M. Hogan, C. 
Pellegrini, R. Carr and S. Lidia 423 

Field parameters in multichannel electrostatic undulators with circular cross-section conductors 
V.A. Papadichev and G.V. Rybalchenko 428 

Improvements of a staggered-array undulator by tapered iron disks 
M. Ohnishi, S. Shimada, J. Kitagaki, K. Okada , M. Sobajima, K. Masuda, Y. Yamamoto , H. Toku, 
K. Yoshikawa 434 

Magnetic flux loss of the permanent magnets used for the wigglers of FELs by the irradiation with 
high-energy electrons of X-rays 

T. Ikeda and S. Okuda 439 

Further development of the pulsed wire technique for magnetic field and focusing strength measure
ments in long undulators 

N.S. Osmanov, S.V. Tolmachev and A.A. Varfolomeev 443 

Design of hybrid waveguide resonators for the E N E A compact far-infrared F E L 
A. Doria, M. Faraone, G.P. Gallerano, E. Giovenale and S. Letardi 448 

Field design studies of a planar hybr id /permanent magnet undulator with strong planar permanent 
magnet focusing 

R. Tatchyn 454 

Section VIII. New concepts and trends 

G a m m a rays production by intra-cavity Compton Back Scattering with Super-ACO Storage Ring 
Free Electron Laser 

D. Nutarelli, M.E. Couprie, L. Nahon , R. Bakker, A. Delboulbe, R. Roux, B. Visentin and M. 
Billardon 459 

Two-colour operation and applications of the C L I O F E L in the mid-infrared range 
R. Prazeres, F . Glotin, C. Insa, D.A. Jaroszynski and J.M. Ortega 464 

Quan tum based overall frequency dependence of induced Bremsstrahlung amplification 
S.M. Kim 470 

Observation of coherent and self-amplified spontaneous emission with the C L I O free-electron laser 
R. Prazeres, J.M. Ortega, F . Glotin and D.A. Jaroszynski 474 

New opportunity of efficiency enhancement for FEL-oscillators 
A.V. Savilov, V.L. Bratman, A.D.R. Phelps and S.V. Samsonov 480 

Studies on compact F E M as a broad band oscillator 
N . Ohigashi, A. Ohta , K. Naokawa, M. Kiyochi, Y. Tsunawaki, M. Fujita, K. Imasaki and K. M i m a 485 

Three-dimensional nonlinear analysis of an Ε χ Β drifting electron laser 
Y. Xu, W. Ding and X.W. D u 490 



Contents xxiii 

Section IX. Applications 

F E L facilities and application researches at the F E L I 
T. Tomimasu, T. Takii, T. Suzuki, E. Nishimura, S. Ogino, A. Nagai and M. Yasumoto 494 

Introduction of genes into living cells 
E. Nishimura, A. Nagai , T. Tomimasu, T. Kina, S. Fujimoto and Y. Katsura 500 

Picosecond IR dynamics: lessons learned 
R. Austin and A. Xie 504 

Par t I I (The text of these papers is to be found in the book edition of the Proceedings, 
ISBN 0-444-82978-4.) 

Study of detuning effect in F IR F E L oscillator with Maxwell-Lorentz coupled 1-D equations 
S.K. Kim, Y.U. Jeong, S.O. Cho, B.C. Lee, B.H. Cha, J. Lee, S.-B. Song and S.J. H a h n I I - l 

Simulation of a regenerative M W F E L amplifier 
R.T. Nguyen, W.B. Colson, R.K. Wong and R.L. Sheffield II-3 

High power free-electron laser with narrow line-width generated from a Μ Ο Ρ Α 
X. Shu II-5 

The features of C A E P F I R - F E L oscillator with strip gratings resonator 
Y. Jiang II-7 

Gain of free electron laser for a combined helical wiggler with an axial guide magnetic field near 
magnetoresonance 

J. Yu 11-10 

Fa r infrared free electron laser efficiency enhancement with reverse tapering waveguide 
E. Fu and S. H u 11-12 

Free electron laser saturated regime, cavity and energy modulat ion 
G. Dattoli , L. Mezi, A. Renieri and A. Torre 11-15 

Large harmonic radiation by post-accelerating the bunched electron beam 
Y. Yang and W. Ding 11-17 

Simulation of an infrared free electron laser on Tohoku Linac 
B. Feng, M. Oyamada, S. Sato and M. Sugawara 11-19 

Michelson resonator for suppression of chaotic lasing in short-pulse F E L oscillators 
R. Hajima and S. K o n d o 11-21 

Simulations of the L A N L regenerative amplifier F E L 
M. Kesselring, W.B. Colson, R. Wong and R.L. Sheffield 11-23 

Spontaneous emission in the Twente Raman Free-Electron laser 
P. Zambon, P.J.M. van der Slot and W.J. Wit teman 11-25 

A tapered wiggler with pre-increased magnetic field 
Y. Huang, M.C. Wang and Z.J. Wang 11-27 

Profiling simulations of electron vs. X-ray beams in an F E L using a novel diffractive scanning wire 
geometry 

R. Tatchyn 11-29 

Tunable coherent radiation of ul tra-narrow bandwidth with a short-pulse F E L 
H.H. Weits and D. Oepts 11-31 

A far infrared free electron laser with wavelength of 500-1000 μπι 
K.-s. Hu, M. Li, Q.-x. Liu, X.-s. Du, G.-h. Chai, M.-r. Yang, Z.-f. Wu, Z. Xu, X.-j. Shu, S.-r. Huang 
and T.-c. Chen 11-33 



xxiv Contents 

Electron bunch phase stability and optical interpulse coherence in FELIX 
D. Oepts and H.H. Weits 11-35 

Status report on Jefferson Lab's high-power infrared free-electron laser 
C.L. Bohn 11-37 

Beating the Fourier transform limit with an F E L 
T.I. Smith 11-39 

Cavity losses and extraction efficiencies in a short-pulse infrared free-electron laser 
A.M. MacLeod, W.A. Gillespie, D.A. Jaroszynski and A.F.G. van der Meer 11-41 

Experimental study of Smith-Purcell free electron laser 
T. Mizuno, H. Mikai, T. Ohshima, S. Kuroki and H. Saito 11-43 

Recent progresses and preliminary results of the quasi-CW or long-pulse operation in the JAERI 
superconducting rf linac-based F E L 

E.J. Minehara, M. Sugimoto, M. Sawamura, R. Nagai , N . Kikuzawa and N. Nishimori . . . . 11-45 

Operations and reliability upgrades to the Vanderbilt free-electron laser 
W.E. Gabella 11-47 

Controlling cavity detuning in free-electron lasers 
S.-B. Song, D.-I. Choi, S.K. Kim, S.J. Hahn and J.S. Choi 11-49 

The status of storage-ring F E L project in N S R L 
D. He, Q. Jia, J. Liu, H. Xu, C. Diao, G. Li and Y. H u 11-52 

Numerical simulation of the harmonic generation in the optical klystron of N S R L 
C. Diao, D. He, H. Xu and Q. Jia 11-55 

A study of a storage ring free electron laser at Tohoku University 
B. Feng, M. Oyamada, S. Sato and M. Sugawara 11-57 

Novel undulator for synchrotron radiation and F E L 
G. Lee and D. He 11-59 

Efficiency increasing of SASE mode F E L induced by slippage compensation 
A.A. Varfolomeev and T.V. Yarovoi 11-61 

Application of Fourier spectroscopy in numerical simulations for precise reconstruction of the 
radiation spectrum from SASE F E L 

E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 11-63 

Two-stage SASE F E L as fully coherent X-ray laser 
J. Feldhaus, E.L. Saldin, J.R. Schneider, E.A. Schneidmiller and M.V. Yurkov 11-65 

Preliminary tests of the optical diagnostics for the APS low-energy undulator test line particle beam 
A.H. Lumpkin, W.J. Berg, B.X. Yang and M. White 11-67 

The Linac coherent light source project at SLAC 
V . K Bharadwaj 11-69 

Numerical study of performance limitations of X-ray free electron laser operation due to quan tum 
fluctuation of undulator radiation 

S. Reiche, E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 11-71 

High brightness photoinjector development at the SLAC G u n Test Facility 
J.F. Schmerge, M. Hernandez, D.D. Meyerhofer, D.A. Reis, J.N. Weaver and H. Winick . . . . 11-73 

Experimental results from a D C photocathode electron gun for an IR F E L 
D. Kehne, D. Engwall, R. Legg and M. Shinn 11-75 

Progress on the study of self-interaction of a bunch in a bend 
R. Li, C.L. Bohn and J.J. Bisognano Π-77 



Contents xxv 

A new method for ultrashort electron pulse-shape measurement using synchrotron radiation from 
a bending magnet 

J. Krzywinski, E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov 11-80 

High-yield metal materials for photocathode R F gun 
X.J. Wang, I. Ben-Zvi, I. Smedley, T. Srinivasan-Rao, M. Woodle, D.T. Palmer and R.H. Miller 11-82 

Design consequences of coherent synchrotron radiation beam dynamic effects on the T T F - F E L 
bunch compression system 

M. Dohlus, A. Kabel and T. Limberg 11-85 

Beam dynamics of the DESY F E L photoinjector simulated with M A F I A and P A R M E L A 
M. Zhang 11-89 

Current improvement of a pseudospark-produced electron beam 
M . C Wang, Y. Huang, B. Lu, J.F. Chen and Z.J. Wang 11-91 

Investigation of photocathode 
Z.-h. Li, M.-q. Quan, M.-y. Yang, Q. Pan, K.-s. Hu, R.-P. Den, L. Cui and R. Huang 11-93 

L-band, 1 + 1/2 cell microwave gun with a L a B 6 thermionic cathode 
X. Liu, S. Huang, Z. Xu, X. Du, G. Cai, X. Jin, M. Li, W. Li, P. Huang, R. Deng, K. H u and X. D u 11-95 

Design of high power model cavity for R F gun 
T. Taniuchi, H. Yoshikawa, T. Hori , S. Suzuki, K. Yanagida, A. Mizuno, H. Sakaki, T. Asaka, H. 
Abe and H. Yokomizo 11-97 

Beam transport experiments for a mm-wave F E L 
S. Maebara , J. Kishiro, X.D. Zheng, E. Nakamura , I. Mor imoto , A. Watanabe , T. Koarai , M. 
Shiho, K. Takayama, K. Horioka, M. Ogawa and S. Kawasaki 11-99 

Preliminary study on electron beam source using tungsten field emission cathode 
Y. Tokura , Y. Tsunawaki, M. Kusaba, N . Ohigashi, K. Mima, M. Fujita, K. Imasaki and 
M. Shiho 11-101 

Conditioning of the 125 MeV F E L linac at Nihon University 
T. Tanaka, K. Hayakawa, K. Sato, Y. Matsubara , I. Sato, I. Kawakami , S. Ohsawa, S. Fukuda 
and S. Anami 11-103 

Linac-based F E L in SPring-8 
H. Yokomizo, H. Abe, T. Asaka, T. Hori , A. Mizuno, H. Sakaki, S. Suzuki, T. Taniuchi, K. 
Yanagida and H. Yoshikawa 11-105 

Preliminary observation of electron emission from ferroelectric ceramics excited by a 532 nm - 30 
picosecond laser pulse 

I. Boscolo, C. Castellano, L. Catani, F. Ciocci, A. Doria, M. Ferrario, G.P. Gallerano, L. 
Giannessi, E. Giovenale, L. Mezi, P. Patteri , A. Porcari , F. Tazzioli and J. Handerek 11-107 

Pulse shape measurements of the Stanford mid-infrared free electron laser using differential optical 
gating 

C.W. Rella, G M . H . Knippels, D.V. Palanker, T.I. Smith and H.A. Schwettman 11-109 

Single shot non-perturbative electron beam characterization with a microwiggler 
P. Catravas, M. Babzien, I. Ben-Zvi, Z. Segalov, X.-J. Wang, J.S. Wurtele, V. Yakimenko and M. 
Zolotorev 11-111 

Research on a new type of high harmonic component wiggler 
J. Zeng and J. Zhuang 11-113 

The simulation investigation of T O K spontaneous emission and phase shimming on N S R L 
H. Xu, J. Liu, C. Diao, Q. Jia, D. He and X. Wang 11-116 

An expression for phase deviation of undulator 
Q.-k. Jia Π-118 



xxvi Contents 

Nonlinear study of free-electron laser pumped by electromagnetic-wave wiggler with an axial guide 
magnetic field 

L. Wang and S.-C. Zhang 11-120 

Design of a Ka-band free electron maser oscillator with a two-dimensional Bragg cavity 
N.S. Ginzburg, N.Yu. Peskov, I.V. Konoplev, A.S. Sergeev, G.R.M. Robb, A.D.R. Phelps and 
A.W.Cross 11-122 

Hybrid planar wiggler for higher harmonic lasing 
Y. Tsunawaki, M. Noguchi, M. Kusaba, N. Ohigashi, M. Fujita, K. Imasaki, S.-i. Ku ruma and K. 
Mima 11-125 

Methods of precise measurement of magnetic field and its correction in helical undulators 
V.A. Papadichev, I.V. Sinilshchikova and O.A. Smith 11-127 

The Stanford Picosecond F E L Center: status report 
R.L. Swent, E.R. Crosson, H.A. Schwettman and T.I. Smith 11-129 

Development of γ-ray source by Compton scattering in a supercavity 
A. Moon, M. Fujita, H. Tanaka, P.K. Roy, K. Ohkubo , N . Nakao , K. Imasaki, K. Mima, N . 
Ohigashi, Y. Tsunawaki, S. Nakai and C. Yamanaka 11-131 

Laser-electron storage ring as a compact source of high-intensity X-rays 
Z. Huang and R.D. Ruth 11-133 

Two-potential scattering theory of spontaneous emission in F E L 
B. Chen, W. Ding and X. Shu 11-135 

Three-dimensional magnetic field distributions of a planar pulse microwiggler 
Y. Xu, W. Ding and X.W. D u 11-137 

Investigation of a gas-filled free-electron laser pumped by a relativistic backward-wave oscillator 
without magnetic field 

Z. Yang, Z. Liang, J. Li and S. Liu 11-139 

Study on wave beam splitting in stepped rectangular waveguide 
D. Li and Z. Liang 11-141 

Applications of free electron lasers in materials science 
G. Ling, Y. Ren, G. Jia, Y. Xu, J. Ai, Y. Jiang and X. Shou 11-143 

Activities of four F E L facilities at the F E L I 
T. Tomimasu, S. Okuma, K. Wakita, T. Takii, E. Oshita, Y. Kanazawa and A. Zako 11-145 

Author index 509 



ELSEVIER Nuclear Instruments and Methods in Physics Research A 407 (1998) 1-7 

NUCLEAR 
INSTRUMENTS 

& METHODS 
IN PHYSICS 
RESEARCH 

Section A 

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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