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1. Introduction 

Undulators in next-generation low-emittance electron storage 
ringsl.2,’ are sources of extremely bright radiation in wide range of spec- 
tral region covering photon energies between several eV to several tens of 
kcV. The expected brightness is several times lOI photons per second 
per (mm-mrad)2 per 0.1% bandwidth. Furthermore, the undulator radia- 
t’on from storage rings of moderate energies, between 1 to 2 GeV, will 
have substantial coherence properties in the vacuum ultraviolet and the 
soft x-ray regions, generating tens of miliwatts of time-averaged coherent 
power of I-m’cron coherence length.4 4t the same time, free-electron 
lasers’ (FELs), which have been so far limited to the infrared and vmble 
wavelengths. will eventually be developed to generate even more intense 
and coherent radiation for the vacuum ultraviolet and shorter 
wavelengths. Among different FEL schemes,” the so-called high-gam 
FEl.s’~* are conceptually the most straightforward extension of the undu- 
lator techniques, the transition to high-gain FELs occurring simply with 
better electron beam quahties and longer undulators. High-gain FELs can 
produce tens of megawatts of peak coherent power at wavelengths shorter 
than 1000 X With these in mind, the pm-pose of this paper is to review 
the radiation characteristics of undulators and high-gain FELs. 

The angular d’stribution and the intensity characteristics of synchro- 
tron radiation are well understood and extensively reviewed in the litera- 
ture.‘.” In order to properly discuss brightness and coherence, however, 
it is necessary to utilize the phase-space description”,” which is perhaps 
less w’dely understood. In this paper, we give a rigorous foundation of 
phase-space description in terms of the Wigner distribution function.‘3 
The phase-space description allows us to describe systematically how the 
rad’ation propagates through optical medium and how it forms images 
and interference pattern. Also, it provides a convenient basis to discuss 
the effects of electron beam emittance on radiation characteristics. The 
flux density in phase-space is called the brightness, which is invariant 
under optical transformation and therefore is a true characterization of 
the source strength. The photon flux contained in a phase space area 
given by X/2, where X is the wavelength, is transversely coherent. 

For synchrotron radiation, the brightness can be explicitly calcu- 
lated. Taking mto account the effects of electron-beam em’ttance, it is 
found that the brightness is g’ven by a convolution of the single-electron 
brightness and the probability distribution function of electrons in the 
em’ttance phase space.“,” This remarkable result is referred to as the 
brightness convolution theorem. The final expression for the undulator 
brightness is rather complicated, but the important features can be undrr- 
stood with suitable approx’mation. 

The evolution of radiation character’stics and the electron correla- 
tlon from sample undulators to high-ga’n FELs can be determined by 
solving the Maxwell-Klimontovich equations.” The solution of these 
equat’ons make it clear how electron correlation dev-elops with concorn’- 
tant build-up of radiation intensity. The radiation in the h’gh-gain 
reg’mc cxhib’ts exponential growth and gl;iding, and is fully coherent 
transversely 

Section 2 ‘s an mtroduction to the phase-space method in wave 
optics and synchrotron radiation. In Section 3. coherence is discussed 
from the phase-space point of view. The method is applied to ‘he undu- 
iator radiat’on in Section 4. Section 5 contains discussions of undulator 
performances in next-generat’on synchrotron radiation facility. Finally 
we d’scuss In Srct’on 6 the characteristics of the high-gain FE1 s and their 
performances. 

2. Phase Space and Br’ghtness 

In discuss’ng the propagation properties of radiation, the density of 
the photon tluv rn phase-space plays a fundamental role and is generally 
rrfcrrcd to in opt’cs as the brightness.” (It should be noted that this 
quantity IS sometimes called br’lliance.) The br’ghtness 5’ is the phase- 
space density of the photon flux 5. as follows: 

(1) 

Here x = (x,~). where x and y are respectively the horizontal and verti- 
cal coordinates in a plane transverse to the optical ax’s and #I = (b,$), 
where Q and + are respectively the horizontal and vertical angles with 
respect to the optical axis. In the above, r is the coordinate along the 
optical axis. 

The brightness has an unambiguous physical meaning in geometric 
optics as phase-space density of rays. The two-dimensional vectors Y and 
6 can be interpreted as the position and angle of a ray passing through 
the transverse plane. Propagation through optical medium composed of 
free space and lenses is described by the following linear coordinate 
transformation: 

,a(X,c$,Z~) = 3(X’.@‘.l,). I ‘I g, = .A4 -’ (1 ; (2) 

Here M is a 2 X 7 matrix given by a product of matrices - one for each 
lens and free space. These matrices are given by 

MC = [A y] for a free space of length f , (3) 

'M,,, = [- :/,/ y ) for a lens of focal length/ 

These transformations are familiar from particle optics in accelerator phy- 
sits.” The simplicity of the transformation. Eq. (2), is the reason why 
the brightness is useful. In addition, the brightness at the phase-space 
origin, x = 0 and + = 0, is invariant. That is, independent of z. Thus 
the brightness (evaluated at the phase-space origin) is a true character’ra- 
tion of the intrinsic source strength. 

Integrating the brightness over the angles or position, we obtain the 
spatial or the angular density of flux: 

.4 (c&z) - g = J .o (S,~,~) d’x , (4) 

S (x,2) = 2 = j- a(~.+.:) d'& (5) 

For synchrotron rad’at’on, the angular density of flux Eq. (4)] has tradi- 
tionally been the most familiar quantity, as it can be calculated from 
standard textbook formulas, and it is sometimes mistakenly called bright- 
ness. However, it is not an invariant measure of the source strength. 
Fmally. one obtains the flux by integration. as follows: 

The flux is another mv-ariant that characterizes the source strength. 

It is generally conven’ent to consider the various differential fluxes 
introduced above ‘n a small bandwidth around a given energy. In this 
case, we use the adject’ve .ri%~tral. Thus, we speak of the spectral bright- 
ness, spectral flux. the angular density of spectral flux. and so on. 

(al Brightness in Wave Optics 

In wave optics. the bnghtncss cannot be calculated as the dens’ty of 
rays, and a more fundamental approach is necessary. We start from the 
electric field E(x.2, I) and its Fourier transforms: 

E, (x,z) = r&; /” E(x,z.I)E~~~ di (7) 

Fy (6.:) = $ j- E:.,(.U.:)<‘-‘~m~ d*x , (8) 

where k = ~TT;X = u;/c. The spectral brightnrss is then introduced as 
the follow’ng Wigner distribut’on function,” 
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LB(~,,$,z) = 2 -$f J d*e ( g’,*(++8/2,r) iif’, (4-O/2,2)) e-“” , 

=- “,z $$ s d*t (E,*(x+E/Z,z) E, (x-t/2,2)) eikkc (9) 

The units throughout this paper are in MKS, and cc = vacuum dielectric 
constant. h = the Planck’s constant/‘r, c = velocity of light, and T is the 
duration of the electric field. The coefftcient in Eq. (9) is such that 9 T is 
the total number of photons per unit time per unit phase-space area in 
the spectral bandwidth dw. The angular brackets represent a statistical 
average in case the field is random as is the case for undulator radiation 
by electron beams. 

The brightness as defined by Eq. (9) is not positive definite and thus 
cannot by itself be interpreted as a flux density in physical phase space. 
However, one can show that the quantities A and S, obtained by integra- 
tion through Eqs. (4) and (5), are positive definite and do indeed 
correspond to the genuine angular and spatial density of flux, respec- 
tively. Furthermore, the phase-space transformation property, Eq. (2), 
can also be shown to apply in the present case.” Thus we are justified in 
calling the quantity defined by Eq. (9) as the brightness. 

The statement that the brightness transformation, Eq. (2) is the 
same both for the geometric and wave optics needs to be qualified when 
slits are present. For geometric optics, the effect of a slit is simply to 
remove those rays which end on the opaque parts of the slit. In wave 
optics, the brightness before the slit @, and after the slit %‘/ are related 
by 

2$i(x.9) = j- G (x,&--N 9 i (JM’) d*+’ 

Here 

(10) 

G(x.$) = + j- d2E S*(x+[/2) S(x-[/2)etk*c 

The function S(x), which varies between 0 and 1, is the slit transmit- 
tance. Equation (10) gives rise to the well-known diffraction patterns. 

(b) Examples 

As a simple example in wave optics, we consider the Gaussian 
mode of an optical resonator. Choosing z = 0 to be the location of the 
waist, and inserting the well-known expression” for the electric field into 
Eq. (9), one obtains 9 r I _ 1 (x-z+)* + & .A7 (xA%z) = (h/2)2 exp 2 g; & 11 ’ (11) 
where Yis the total flux, 0, and v,, are related to the more familiar quan- 
tities ~c, (waist) and 2s (Raleigh range) by B, = wo/2 and g,, = 0,/Z,. 
These are related by ~w,u,, = X/2. 

The electron distribution in its physical phase space is an example 
of brightness in geometric optics. In the straight sections, the probability 
distribution of finding electrons with a transverse coordinate x, = (x,,JJ~) 
and angle 9, = (A-k,) is 

1 1 
.fbde3z) = (2a~2t,cy exp - 7 

[ I 

be - z A. I2 
oj (12) 

+ (Yt---%-Y + g + g 
2 

c’y &, L7j* 11 
Here tX = g’lcl’ and cY = br’~,., are known as the emittances. The quan- 
tities corresponding to the Raleigh length, 0, = n,/o,, and 6, = ov/u,,, 
arc determined from the lattice configuration. 

(c) Synchrotron Radiation and the Brightness Convolution Theorem 

For synchrotron radiation, the single-electron brightness can be cal- 
culated explicitly starting from the radiation formula” 

g”(l#l,~=o) = -A- Lb?- 
4*coc Xl/i;; 

s dt n X (nX,9) e’“‘-“.“C) (13) 

Here, 4 = electron charge, & and r are respectively the velocity and posi- 
tion three-vectors of the electron trajectory, and n = (4, I - 9*/Z) is the 
direction three-vectors. (The paraxial approximation, 

m - I - +*/2, is assumed throughout this paper.) In this paper, 
we consider only the dominant polarization component, usually in the 
horizontal direction. The RHS of Eq. (13) is therefore to be evaluated for 
the x-component. 

The brightrsss for a collection of electrons is given by a sum over 
the individual contributions. Assuming that the orbit deviation of dif- 
ferent electrons are small, and that the electrons are randomly distri- 
buted, one can show that the many-electron brightness g is related to the 
brightness .D o from a single electron on the ideal orbit as follows:] ‘.I4 

~~(x,q~) = n;, j- ,D0(x-x,,g-9~,z).~(x,.ge.z) d*x, d$, (14) 

Here the function f is the probability density of electrons in its phase 
space (x,,&). Eq. (12). Equation (14) is remarkable because the bright- 
ness in wave optics combines with the brightness in geometric optics as if 
the former is also a genuine probability distribution. 

3. Coherence 

Another important characteristic of radiation is the coherence, 
which is the degree to which the radiation can exhibit interference pat- 
terns, Two types of coherence can be distinguished:20 the transverse 
coherence refers to the coherence of the electromagnetic disturbances at 
two points on the transverse plane at a given time. The temporal coher- 
ence refers to the case of two points separated in time. 

The temporal coherence is characterized by the coherence length e, 
over which the wave maintains a definite phase relationship. It is related 
to the bandwidth by 

e, = X(X/AA) = P/AX (15) 

The transverse coherence is characterized by the transversely 
coherent flux Ycoh,r. This quantity can be determined from a simple 
thought experiment shown in Fig. I as the flux that goes into the area 
between the interference maxima and minima, for all different angles $. 
One obtains (for this and next sections, we will be concerned with bright- 
ness and fields at the source plane z-0, and will therefore suppress the z- 
dependence.) 

9 coh,T = a$- $ J- d2& ~ (w,*(-0) zw (&a)) ~ (16) 

3 (x/2)*.s?(o,o) 

In general, we may define the effective phase space area occupied by the 
radiation as R = .P/.O (0.0). Since ,F&,r is always less or equal to .P, 
the total flux, it follows from Eq. (16) that the effective phase-space area 
R cannot be smaller than (X/2)*. This is due to the wave nature of the 
radiation, and is to be compared with the case of geometrical optics 
where there is no restriction to the minimum size of the phase space area. 
Conversely, it also follows that when the phase-space area of an arbitrary 
radiation is (h/2)2, the radiation is fully coherent transversely. Thus, the 
phase-space method provides a very convenient criteria for the transverse 
coherence. 

Under certain circumstances, for example when the source is sym- 
metric so that &(+) = gW;( -+), Eq. (I 6) becomes an equality: 

Fig. 1. A thought-experiment to drtcrminc the degree of the transverse 
coherence. 
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P = (h/2)2 .iip (0,O) 

This relation is easily checked for the case of the Gaussian mode, 
Eq. (1 I), and the fact that B = Fcoh for that case. 

(17) 

4. Phase-Space Characteristics of Undulator Radiation 

The spectrum of undulator radiation is sharply peaked around 
W- no,, at odd harmonics around the fundamental frequency 
ui = 2nc 2yz/A,(l +K*/2), where y = electron energy divided by its rest 
energy, X, = magnet period, K = eB,X,/2rmc, B, = peak value of the 
magnetic field and m = the electron mass. Near the spectral peaks, 

w/w, = n + Au , Au << I . (18) 
the electric field of an N-period undulator is approximately given by 

A” 
a,(+) = y$ x (-l)(“-““+], 

1-f 
(19) 

sinxN(Au+n~2t$2/(l +K2/2)) 
,(t.b+ny2.$t2/(l+K’/2)) 

Here n is an odd integer and 

(20) 

Inserting Eq. (21) to Eq. (9). we obtain the following expression for the 
single-electron brightness: 

1 ,30(x.+) = FL - 
(A/2)2 TTC(AF) 

I_‘, dC& 
‘- r’de 

-jr sm l 
F -e@+2&q , 

1 

where the superscript 0 refers to the single electron quantity, and we have 
used the following scaled variables: 

a=~~~,~=~x,A~=ah’av=*Rl(w/w,-n). (22) 

The single-electron flux is given by 

,po= f dwy2 
w & $[JJ? CCA? 

The function C in Eqs. (21) and (23) is 

l’ 1 

2 

C(Aq = 5 j-- y dx , C(0) = 1 (24) 

The integral in Eq. (21) is singular at x = 4 = 0, so we define 9 ‘(O,O) to 
be limitmg value of .1 O(x.6) as x and I$ vanish from non-zero value. 
After a careful analysis, we find 

.V"(O,O) = @o/(x/2y (25) 

This is to be expected from Eq. (17) since the single-electron flux is 
clearly coherent and the electric field given by Eq. (19) is symmetric in 9. 
Thus. the effective phase-space area R is (X/2)* for all AL 

Integrating Eq. (?I), one obtains 
-_ 

A~(+) = j- .B o(x.+) d:x = .@ A 
1 

sin(Lp+;62/2) ’ 

1 (A-&&z/ 2) + 
(26) 

So(x) = j’ -a”(x,+)d2+ (27) 

= .@T [z I,: $ sin (f - A$%?]] C(AYqAL T 
These results can also be obtained directly from Eq. (19). 

In Fig. 2, we show the shape of the brightness function, Eq. (21), 
evaluated at & = 0 for the case 4 and x are parallel to each other. The 
integration was made well-behaved by transforming the integration path 
in complex plane.” The main feature of the Fig. 2 can be made plausible 
if we note that Eq. (21) is of the form 

r. 12 
2 o(x.s) = J_, :2 dz G(s-:@,@,z) (28) 

The quantity G(x.&.z)dz can be mterpretcd as the brightness due to the 
source element d; seen from the transverse plane at z. The brightness 

Fig. 2. The brightness function normalized unity at origin. x and p 
correspond respectively to the normalized variables jz and 3 in the text. 

seen from the plane at z = 0 is obtained by replacing the variable x by 
x - z@ (see Eq. (2)). This is the depth-of-field effect in wave optics and 
is apparent in Fig. (2). 

We attempt the following approximation for G: 

Gb,hz) = a &Y(i) em [-tI:;+$]]. (2% 

If we set g(z) = 6(z), the brightness function takes the form of the Gaus- 
sian mode in laser resonator, Eq. (11) evaluated at z = 0. Such a model 
is helpful in studying the main features of the phase-space characteristics 
of undulator radiation.1”22 However, the model is perhaps too crude; for 
example, it does not take into account the depth-of-field effect. For a 
better approximation, we shall determine the parameters gr and (rT’, and 
the function g(z) by requiring that Eq. (25), Eq. (26) at .$ = 0, and 
Eq. (27) at x = 0 are satisfied. and that the total flux obtained by integra- 
tion reproduces .9[ We also set AY = 0 for this approximation. With the 
choice uy = \/5j;z 1417 , 0,’ = vm, and g(z) = (1 + o~a21~f)/4L, 
all of the above requirements are exactly satisfied except the last one 
which is satisfied with 7% error. 

To take into account the emittance of the electron beam, we use the 
brightness convolution theorem, Eq. (14). Assuming that the electron dis- 
tribution is given by Eq. (12) we obtain for the peak brightness 

.Z’(O,O) = 9-s dzg(i)/ I a,(~?) R,.(z2) 3 , (30) 

where .B = iV,.@ is the NC-electron flux, 

n,(z’) = 2?r v’(L7j+cT,2, (,.$+oZ) + Al&+ ) (31) 

and similarly for Qv(z2). Here CT< (Us) and nX, (a, ) are respectively the 
rms beam size and angular divergence in the x(J’) direction. Equa- -- 
tion (30) can be wrjtten asLg (0,O) = .P/Q, Q,. where the effective 
phase-space areas R, and Q, are obtained by replacing z2 in Eq. (30) its 
average T”-. the precise meaning of the average being specified by Eq. (30). 
The phase-space area increases from the coherent phase-space area X/2 
(in each dimension) by electron-beam effects and depth-of-field effects. 
For a given value of emittance e1 = qX~x, and L,, = ~~gr’, the phase- 
space area is minimized when 

p, = (3, = v? - (L/2*)2 (32) 

Taking? to be about (L /2)2/2, this leads to 8, = 3, - 0.4 L, Storage 
rings should be designed with the optimum condition for the undulator 
brightness in mind. However, the minimum is a broad one,” and the 
brightness reduction away from the optimum 0, and pv is not severe. 
For reasonable 0, and & 1 the undulator radiation is essentially coherent 
transversely if c,, , c,. 5 X/4n. 
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5. Undulators and Wigglers for the 1-2 GeV Light Source at Berkeley 

There are several proposals for next-generation synchrotron radia- 
tion facilities.‘,2,3.‘3 These are all based on low-emittance (less than 
lo-’ m-rad), high-current (several hundred milliamperes) electron or posi- 
tron storage rings. and are optimized for undulator operation to produce 
high-brightness radiation. Of these the 5-7 GeV machines are optimum 
for hard x-rays, and the l-2 GeV machines for the VUV and the soft x- 
ray spectral regions. Here we describe the undulators and wigglers perfor- 
mances for one of the latter machines, the l-2 GeV Light Source pro- 
posed by Lawrence Berkeley Laboratory.’ The electron parameters of the 
Light Source relevant to our discussion here are electron energy = 
1.5 GeV, beam current (average) = 400 mA, t* = 4 X 10m9 m-rad, and 
cg =O.l x cx. 

The spectral brightness for four posible undulators and a wiggler are 
shown in Fig. 3. For this calculation. the simple approximation based on 
the Gaussian shape’ ’ is used. The coherence will be characterized by the 
coherent power Pt.& which is defined to be the portion of the total power 
that is transversely coherent and that has a coherence length of I micron. 
In practical units, this becomes 

P<o,, [wut~s] = 7.63 X IO-*’ X.l(O,O)/t’[iiel’] , (33) 

where e is the photon energy and .Zis in units of photons per set per 
(mm)2 per (mrad)2 per 0.1% bandwidth. Figure 4 gives the coherent 
power corresponding to Fig. (3). 

6. From llndulators to High-Gain Free Electron Lasers 

In simple undulators discussed so far, electrons, which are initially 
uncorrelated, remain essentially uncorrelated as the electron bunch moves 
through the undulator. The radiatton emitted in this case, called the 
undulator radiation, is analogous to the spontaneous emission in atomic 
systems. .4s the number of the undulator periods, N, increases, the 
cumulative effects of the radiatton-electron beam interaction could lead 
to a density modulation in the electron beam and an exponential ampliti- 
cation of the undulator radiation. When this happens, the radiation 
become fully coherent transversely, and the transverse profile is given by 
a mode function independent of z. Undulators operating in this regime 
wtll be called the high-gain FELs. The radiation emitted in this case will 
be called self-amplified spontaneous emission (SASE) by analogy with 
laser terminology. 

The high-gain FELs operating in the SASE mode do not require the 
use of high-reflectivity mirrors to form optical cavities. Thus, they are 
promising alternatives to the usual FELs as generators of intense, 
coherent radiation at wavelengths shorter than 1000 A. At microwave 
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Frg. 3. The spectral brightness from the proposed l-2 GeV Light Source 
at Berkeley.’ The insertion devices are labeled by a capital letter 
(U = undulator, W = wiggler) followed by the period length in cm. For 
undulators. solid line represents the fundamental and the dashed lines the 
thnd harmomc radiation, 
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Fig. 4. The average coherent power from undulators for the l-2 GeV 
Light Source. The solid and the dashed lmes are for the fundamental and 
the third harmonic radiation, respectively. 

wavelengths, the principle of SASE has been experimentally confirmed at 
Lawrence Livermore National Laboratory.‘” 

(a) Characteristics 

The radiation characteristics of hi h-gain FELs have been studted 
B? with various degrees of sophistication.’ ,-5-‘9 Here, we summarize the 

results of the recent analysis based on the three-dimensional Maxwell- 
Klimontovich equations.15 

An important parameter characterizing high-gain FELs is the follow- 
ing dimensionless quantity? 

e j K*IJJ]* X,2 

1 

1!3 

P= 
32 (2~)~ rd mc’ ~0 

(34) 

where J is the beam current density and [JJ] is the Bessel function factor 
defined in Eq. (20). For cases considered here, p is typically of order 10m3. 

Figure 5 summarizes the evolution of radiation characteristics from 
simple undulators to SASE. For pN 5 0.1, the radiation is an incoherent 
superposition of radiation from individual electrons and is referred to as 
undulator radiation. It is partially coherent transversely due to finite 
electron beam emittances. The bandwidth AA/A is about 1 /A’. For larger 
N but with pN ‘: I, the FEL interaction causes modulation in the corre- 
lation of the electrons, resulting in enhanced radiation intensity and 
coherence. Barring certain degenerate situations, the radiation amplitude 
is dominated by a single mode which grows exponentially. and is fully 
coherent transversely. The relative bandwidth in this exponentially grow- 
ing regime is smaller than that of the undulator radiation by a factor 
m. The emitted power is given by 

&SE = P phcn!?2 & e’/ilrfc - (35) 

where Pi,,,,, is the kinetic power contained in the electron beam, g, is a 
constant of order unity, T = 8~p,pN. g, is the imaginary part of the solu- 
tion of a dispersion relation” (~1 = vq/2 for ideal case), Nf, = the 
number of electron in one coherence length fC. = h2/S. Finally, the 
exponential growth stops when pN - 1 due to the increased momentum 
spread induced by the FEL interaction. The radiation power in this 
“saturated” regime is about p Phm,,i. 

High-gain FELs can also be used in an amplifier mode if coherent 
mput radiation is available at the desired wavelengths. The cohcrcnce 
properties of the cmittcd radiation in this mode would be the same as 
those of the input. 
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ponential gain regime 7 /g& 

Full transverse coherence Full transverse coherence 
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/ , Undulator regime 

Partial transverse coherence 

Undulator periods (N) 

Fig. 5. A schematic tllustration of SASE as it grows from noise to satura- 
tion as N increases. 

(b) A High-Gain FEL in a Bypass of a Storage Ring 

Modern storage rings provide the high-density electron beams 
required for high-gain FEL operation. For efficient interaction, the undu- 
lator must be long and have a narrow gap. Such a device, if placed in a 
normal section of a storage ring, would severely limit the acceptance of 
the ring and thus reduce the beam lifetime due to scattering with the resi- 
dual gas. Moreover, the interaction of the beam with an FEL undulator 
1s disruptive to the beam itself in terms of energy loss and increased 
momentum spread. To avoid these problems, the undulator can be 
placed in a special bypass section and the high-gain FEL is operated with 
a repetition rate of the synchrotron radiation damping.’ 

.4 feasibtlity study of a optimized storage ring for a high gain FEL 
operating at 400 :i was recently carried out at Lawrence Berkeley Labora- 
tov.8,30 Important aspects of storage ring issues, such as collective insta- 
btlities and lattice optimization, bypass considerations, and operational 
requirements were studted. The storage ring for the Light Source dts- 
cussed in Sectron 5 is not optimized for high-gam FELs, but could still 
provide stgnificant performance when the beam energy is lowered to 
750-MeV. Table I gives the electron beam parameters for 750-MeV 
operatton and possible undulator parameters for 400 A radiation.3’ The 
expected amphtication factors (for the amplifier mode) and the SASE 
power is shown for different undulator lengths in Table 2. The laser 
saturates for a 45-m undulator. and generates 10 MW of SASE power. 
However, the maximum length of the undulator in a bypass that can be 
fitted inside the storage ring is 20 m. for which the SASE pou’er is only 
0.8 kW. To reach saturation in a 20-m undulator, we can install two 
low-reflectivity mirrors at each end of the undulator, and run the storage 
ring with a few electron bunches separated by twice the distance between 
mirrors. Mirrors at these wavelengths could be made from multilayer 
materials. Assuming a moderate reflectivity of 30%. saturated laser 
operation is possible with three bunches stored in the ring. 

Table I. Electron-beam and undulator parameters 
for a 400 A high-gain FEL. 

Electron energy 750 MeV 

Horizontal emittance 3.5 X 10e9 m-rad 

Vertical emittance 3.5 X 10-t’ m-rad 

Peak current 20 A 

Momentum spread 0.1% 

Undulator period 2.34 cm 

K (peak) 3.65 

Magnet gap 3.5 cm 

P 8.8 X 1O-4 

Table 2. Performance of a high-gain FEL operating in a 
storage ring with the parameters of the LBL Light Source 

Length of the Undulator Amplification SASE Power 

20 m 1300 0.8 kW 

25 m 8000 5.0 kW 

45 m 10’ 10.0 MW 
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