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Abstract 

A high-gain free electron laser (FED, placed in a special by-pass of a 

storage ring, can provide tens of megawatts of coherent power at wavelengths 

shorter than 1000 A. The requirements on beam quality, (few hundred 
—8 amperes of peak current, emittance of the order of 10 m-rad, and 

relative energy spread less than 0.002) are demanding but lie within the 

limits of modern storage ring technology. In this paper, we study various 

issues in storage ring design and FEL physics for operation of a high-gain 

FEL. Topics included are the requirements on beam parameters for FEL 

operation, coherent instabilities and intrabeam scattering effects in the 

storage ring, lattice design, and FEL performance computed by 2-D 

simulations. 

1. INTRODUCTION 

Free electron lasers (FELs) using high-density electron beams available 

from modern storage rings can potentially generate intense, tunable, 

coherent radiation at short wavelengths. For a sufficiently high-density 

beam and a long unduiator, the beam-radiation interaction can develop a 

collective instability, resulting in an exponential growth of laser 

intensity [1-7]. In such a case, which will be referred to herein as a high 

gain FEL, noise power present in the electron beam at the entrance of the 

unduiator io enough to trigger the growth of a high-power, coherent signal 



during a single passage of the electron beam through the undulator. The 

high-gain FEL is thus particularly attractive at wavelengths shorter than 

1000 A, where high-reflectivity mirrors are not available [8] and where 

FEL based on optical cavities are thus not feasible at the present time. 

For an effective interaction to occur, the undulator must be long and 

must have a very narrow gap (a few millimeters). Such a device, if placed 

in a normal section of a storage ring, will destroy the beam almost 

immediately due to gas scattering. Therefore, a high-gain FEL requires a 

special by-pass section [9],as shown schematically in Fig 1: Electron beams 

normally circulate in the storage ring without passing through the FEL. 

About once every damping time, the beam is directed into the by-pass 

section, where a long undulator is located and where the B'EL interaction 

takes place. Intense, coherent radiation is generated, and the energy 

spread of the beam is thereby increased. As the beam comes out of the 

undulator, it is routed back into the storage ring, where damping due to 

synchrotron radiation reduces the energy spread. 

In this paper, we study the problem of designing a storage ring for FEL 

operation in a high-gain mode. This involves the following steps: (1) 

develop general criteria for system parameters from FEL physics, (2) find a 

suitable storage ring lattice, (3) compute beam parameters taking into 

account various beam-dynamics effects, in particular, multiparticle 

phenomena, and (4) evaluate the corresponding FEL performance. 

For good FEL performance, the storage ring should store high-density 

(high peak current, small emittance) electron beams with small energy spread. 

Designing such a ring is complicated because the interdependence of various 

parameters leads to conflicting requirements. For example, larger current, 

needed to obtain high gain, induces larger energy spread through the 
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microwave instability. Larger current also tends to increase beam emittance 

through intrabeam scattering. In this paper, we have studied various 

trade-offs between different options and have obtained a preliminary storage 

ring design for FEL operation at 400 A. The ring has built-in wigglers 

for enhanced damping. 

The paper is organized as follows: 

In Section 2, we use one-dimensional FEL theory to find undulator 

parameters and electron-beam characteristics required to operate a high-gain 

FEL. To design a storage ring with the required beam characteristics, we 

need to take into account coherent and incoherent multiparticle phenomena in 

beam dynamics and to understand the complex interrelationships between 

different ring parameters. These are discussed in Section 3. In Section 4, 

we give specific design examples and beam parameters corresponding to 

different operating conditions. Lattice designs of two different 

circumferences, 96 meters and 150 meters, are considered. Strong-field 

wigglers are integral parts of these lattices in order to increase the 

damping rates. FEL performance corresponding to these cases is then 

evaluated in Section 5, using a two-dimensional simulation code. Tens of 

megawatts of FEL output are obtained for some operating conditions; however, 

there are some numerical uncertainties that are not yet understood. Section 

6 concludes the paper. 

2. FEL Physics and Parameter Requirements 
2 As an electron beam of energy E = mc y( m = electron mass, c = 

velocity of light) travels through a long undulator of a high gain FEL, a 

laser field of wavelength X develops from noise, where 
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2 
X = (1 + K/2) x ( 1 ) 

2 u 

2Y 

Here Xy is the undulator wavelength and 

eX B K = u = .934 X (cm) B (Tesla), (2) 
2irmc u 

where e is the electron charge, B is the peak value of the undulator 

magnetic field. An important quantity that determines FEL characteristics 

in one dimensional theory is the dimensionless density parameter p given 

by [10] 
2 2 K [JJlr-nX \l/3 (3) / K [JJ]renX \1 

V 32ITY3 / 

where r e = classical electron radius, n = electron density and 

[JJ] = {J0(5) - Ji<5)}2. 5 3 K_ _ (4) 
4(l+K2/2) 

_3 For parameters of interest in this paper, p is of the order 10 

First, we assume that all electrons have the same energy. The 

characteristics of intensity growth, which can be derived from one-

dimensional theory [11], is as follows; Near the entrance of the undulatpr, 

where small-signal theory applies, the gain G is given by 

G = 536 (pz/X ) 3 , (5) 

where z is the distance from the undulator entrance. Farther along, the 

laser power P grows exponentially from the initial power P with a rate 
o 
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proportional to p [7]: 

P = 9 P 0e6 z 

(6) 

6 = 41T/3P/XU 

Eventually the growth stops because electrons are captured in an 

ponderomotive potential well (bucket), and the laser saturates at z = z 

with a (peak) power P . Obviously, an optimum choice of undulator 
Sat 

period N is N = z ./X . N and P are given approximately by sat. u sac 

N ~ 1/p , (7) 

psat ~ Ppbeam • <8> 

Here P. = 1 E/e is the power in the electron beam, I being the beam p p 
peak electron current, 

_3 Since p is of order 10 ' it follows from Eq(7) that an undulator of 
3 N ~ 10 is necessary. Random errors in such a long undulator should be 

carefully controlled in order to avoid serious dephasing effects [12]. 
_3 Taking I = 200 amps, E = 500 MeV, and p = 1x10 , which are 

typical values considered in this paper, Eq(8) gives a peak laser power of 

100 megawatts. Assuming a beam pulse length of 100 ps and a repetition time 

(damping time) of 100 ms, we then obtain an average power of 1 watt. 

A coherent source of such high intensity, either in the peak or in the 

average power, will have breakthrough scientific applications. 

To discuss the dependence of p on various storage ring parameters, we 

write 

n = .__ IP__ _ . (9) 
ec2irox0y 

where o (o ) is the rms beam size in the x (y) direction, and x y 



1 is the peak current. The beam sizes can be expressed in terms of the P 
emittance e and the focusing function p as follows: x,y ° x,y 

a = S e (10) 
x,y x,y x,y 

I t is well-known that the a l t e rna t ing field of an undulator provides an 

effective focusing force. For a planar undulator, the focusing i s along the 

ver t ica l (y) d i rec t ion , with the equivalent |J- function given by 

&y = V (11) 
/ 2 Kir 

Focusing in the horizontal direction can be provided either by tilting or 
shaping [13] the pole surfaces of the undulator. In either case, the 
focusing strength in the vertical direction is thereby reduced. B'or 
simplicity we assume a focusing force of same magnitude in both directions. 
The ^-functions then become 

Bx - Py - V . (12) 

Using Eqs (1), (9), (10), and (12), Eq(3) can be rewritten as follows: 
r a I 1 e_ K [JJ] \ p TST" —ic" 2(1 + K4/2) T 2 - Tfxfr 

I r a I 
P3 = 1 e_ K tJJ.l,,, V. P_ (13) 

For beams with finite energy spread, the FEL performance is reduced 
unless the following approximate condition is satisfied: 

Y ~ "TT P 

where a is the rats value of the relative energy spread. More 
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specifically, the growth rate and the saturation power, when a f 0, are 

g -> g' = 5(oY/p) g 
(15) 

psat "* p'sat = n(oT/p,...) P s a t 

The function 5 (o /p) can be obtained by solving a dispersion 

relation, which becomes a cubic equation for a Lorentzian or a step-function 

distribution. If the condition Eq(14) is violated, both I- and n become 

considerably less than unity. 

In addition to the natural energy spread, the emittance contributes an 

effective energy spread [9], which is also subject to a condition similar to 

Eq(14). Making use of Eq(12), and assuming that various distributions are 

Gaussian, the effective energy spread can be written as follows: 

Kw A 2~ 
(o ) = _ _ /c + 5e (16) 

y eff 2/5yX x y 

For the cases studied in this paper, the effective energy spread is not 

l.'gligible, but it is usually smaller than a . 

For efficient FEL interaction, the parameter p must be maximized. 

From Eq(13), we see that the electron beam must have large peak current and 

small emittance. The beam energy must be moderate (less than 1 GeV). In 

view of Eq(14), the fractional energy spread should be of order p or 

less. These requirements are in conflict with each other, and careful 

trade-offs are necessary for an optimum design. B'or example, the energy 

cannot be too small because of the emittance growth due to intrabeam 

scattering. In this study, the electron energy is chosen to lie between 500 

and 750 MeV. 

Eq(13) also says that FEL interaction is more efficient at longer X. 

In this paper, we choose g = 400 A as our nominal wavelength. Beam 

conditions at shorter wavelengths will be more demanding. 
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The function [JJ] approaches a constant as K increases. The deflection 

parameter K of undulator needs to be large in view of Eq(13). For fixed X 

and y , K increases as the gap is reduced. This can be seen as follows: 

If K is increased with X and y held fixed, then X must decrease 

according to Eq(l). From Eq(2) it then follows that the field B must 

increase, which could only happen if the gap is decreased. In undulator 

design, we use the following empirical relation valid for a steel-permanent 

magnet (samarium-cobalt) design due to K. Halbach [14]: 

B = 3.33e " X ( 5 - 4 7 " 1 - 8 X ) (Tesla), 

where x is the ratio of the magnet full gap to the wiggler period X . 

The use of a small-gap undulator requires by-pass operation, as noted in the 

introduction. The gap should not be made too small, however, because the 

effective energy spread, Eq(I6), could become significant and thereby reduce 

FF,L performance. In this paper, we choose a gap of 3 mm. In Table 1, we 

give parameters for two undulator designs, corresponding tn E = 500 MeV and 

E = 750 MeV. 

For the discussions in this section, we have used a simple 

one dimensional theory and have neglected the effects of diffraction. When 

the beam emittance, and hence the beam cross section is small, the 

diffractive effect could become significant, leading to a corresponding 

reduction in gain. However, the results of our numerical simulation have 

indicated that in a high-gain FEL the radiation tends to stay close to the 

electron beam so that one-dimensional theory summarized here is 

qualitatively a good guide. Recently, the phenomenon has been studied 

theoretically by various authors [15, 16]. 
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3. Issues of Storage Ring Design 

As discussed in the previous section, operation of FEL in the high-gain 

mode requires both high density (large peak current and small emittance) and 

low momentum spread. The electron energy must be moderate. These 

conditions place severe demands on storage ring performance, which is 

limited by both coherent and incoherent multiparticle phenomena. Therefore, 

careful trade-offs between lattice functions, synchrotron damping, voltages, 

machine radius, and natural emittances must be considered in designing a 

storage ring for operation of a high-gain FRL. These are discussed in turn 

in the following: 

(i) Electron Energy: A smaller electron energy E is preferable for better 

FEL performance, as was noted before. However, effects that spoil 

emittance--coherent instabilities and intrabeam scattering—are worse at 

lower energy. In this work, we study two energies, 500 MeV and 750 MeV. 

(ii) Natural Emittance: Assuming a lattice structure of the Chasman-Green 

type [17], consisting of M achromatic bending sections, the natural 

emittance is given by [18] 

e 0 = 7.7 x 10" 1 3 Y (m-radj (17) 
l r 

For fixed y, we can increase M to decrease the emittance. However, this 

is in conflict with other requirements, as will be seen shortly. 

(iii) Current Limits Due to Microwave Instabilities: The peak current I 
t- p 

in a storage ring is limited by longitudinal and transverse microwave 

instabilities. The limitation due to the longitudinal instability, which is 

the more serious of the two, is &iven by [19] 

. 2*a (E/e)c< 2 

lp = P 1 (18) 
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Here a is the momentum compaction factor, o is the fractional P Y 
energy spread, and Z is the longitudinal coupling impedance at the nth 

revolution harmonic, here evaluated at the frequency a /c for the tins 

bunch length a . We see that the FEL requirements for large I and 

small a are in direct conflict in Eq(15). The difficulty can be 
avoided if a , the momentum compaction factor, is sufficiently large P 
and/or Z /n is sufficiently small, n 
(iv) The Coupling Impedance: The sources of longitudinal coupling 

impedance Z /n, which determines the threshold of the microwav" 

instability, include the beam pipe discontinuities and cavities, froe space 

impedances from bending magnets and from the wigglers. The qualitative 

behavior of these contributions is shown in Fig 2. The curve (I) is the 

contribution due to the vacuum chamber and the cavities. From SPEAR 

experience 120], Z /n is expected to fall off as (n /n) " above 

the pipe cutoff, n = R/b, where R is the average radius of the ring and b 

is the radius of the vacuum chamber. At the r Ve cutoff, 1 ohm was allotted 

for vacuum chamber discontinuities. An additional 1 to 3 ohm was introduced 

by the rf system. The curve (III) is the free-space impedance due to 

radiation from bending magnets [21]. It is peaked at 

n = n = R(«p/2b)3/2/p 
B B B 

where p is the bending radius. The value at the peak is 

(_n) = 300 _b_ (0hms) 
n n = ng R 

-2/3 For large n, z /n falls off as n 

If wigglers are introduced for enhanced synchrotron radiation damping, 

there is an additional contribution to the coupling impedance shown as curve 

-10-



(II) in Fig 2 . Its shape is the same as curve (III), with the following 

location and value at the peak: 

n = n w = Rdrp JZbVlp^ 

(._) - 300 D e 

Here p is the bending radius in the wiggler field and 6 is the total 

angular bend in the wigglers. 

Finally, curve (IV) is the sum of curves (II) and (III). 

For an electron bunch with rms length a , the frequency range of 

interest starts from n = n = R/a and extends to infinity. The 
cr s J 

microwave threshold is set by the maximum impedance in this range. Whether 
the maximum impendance comes from the location n = n , n , or n„ 

a w B 
depends on the details of the storage ring design. 

(v) Momentum Compaction: For a Chasman-Green lattice, the momentum 

compaction factor has the following expression [18]: 

a = 1 (£2) PB (19) 

a needs to be large for longitudinal stability with small momentum 

spread, as discussed in (iii). Thus, the requirement on the number of 

achromats M here is opposite to that from the emittance consideration in 

(ii). Eq(19) also shows that the bend radius p must be large. Such a 
D 

l a t t i c e produces only weak damping, and the emittance growth due to 

intrabeam sca t te r ing becomes subs tant ia l , as w i l l be discussed further 

below. I t w i l l therefore be necessary to introduce high-field wigglers into 

the l a t t i c e to increase damping. 
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(vi) Intrabeam Scatterina: The emittance given by Eq(17) is a balance 
between growth due to quantum fluctuations and synchrotron radiation 
damping. Thus, it does not take into account the effect of intrabeam 
scattering [22, 23], which contributes to additional growth. The dependence 
of this effect on storage ring parameters is complicated, but it has been 
useful to find approximate scaling behavior valid for our particular lattice 
and in the neighborhood of parameter space studied in this paper. From 
this, the equilibrium emittance is found to be 

f c + /e + C ,P .g I 
L ° ° |3l/3o Y

3 J 
eH = 4 - I ' + V*+ C ,P * I (20) 

y r 
~2 2 - 2 

Here D = D + (aD + PD ) , D being the dispersion function, D 
its slope, a and (J the usual horizontal betatron functions, P the 
vertical betatron function and T is the synchrotron damping time. C is 
a constant determined by studying a particular case. To obtain a small 
e , T should be made small by providing enough damping, for 
example, through high-field wigglers. Other requirements are small peak 
current, small dispersion, "arge P in the dispersive region, and large 
a and E. Some of these are in conflict with previous discussions. 
Also, a smaller dispersion usually results in smaller momentum compaction, 
which reduces the threshold of the microwave instability, Eq(18) . 
(vii) Choice of rf: The rf acceptance of the ring, a , the fractional 
momentum deviation allowed for electrons to remain captured in the rf bucket, 
is given by 

• / 

a =/ §V ( 2 1 ) rf \/ irha E P 
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where V is the peak rf voltage and h is the harmonic number. The rf 

acceptance should be around a few percent in order to have a respectable 

Touschek lifetime. For higher a f , the rf voltage needs to be large, 

which implies many cavities and thus an increased coupling impedance 

Z . n 

A. Storafte Rins Parameters and Operating Conditions 

We have examined storage rings of two circumferences, 96 meters and 150 

meters, operating at two energies, 500 MeV and 750 MeV. The storage rings 

considered are shown in Figs 2 and 3. The principal lattice parameters of the 

four cases are shown in Table 2. 

The basic lattice in each case consists of six achromatic sections of the 

Chasman - Green type, interspersed with three 10-meter straight sections and 

three damping-wiggler straight sections. Each ring has a by-pass with a 

20-meter straight section for the high-gain, single-pass FEL. The lattice 

wigglers were inserted to enhance the damping rate and thus limit the 

emittance growth due to multiple intrabeam scattering, as was discussed 

above. The 10-meter straight sections provide room for the injection system, 

the by-pass switches, and the rf cavities, and also are available for various 

insertion devices. 

The larger ring has 16 quadrupoles per achromatic section and thus could 

be better optimized than the smaller ring, which has only 12 quadrupoles per 

achromat. The smaller ring represents an effort to minimize the 

circumference. The optics of the 500-MeV and 750-MeV versions of each ring 

differ principally because, in each case, the wiggler magnetic field was set 

at 1.8 teslas. Mechanically, the rings are very similar. The lattice 

functions for the two 750 MeV rings are illustrated in Fig 5. 

With an explicit lattice design, the ring parameters R, E, a , etc., 
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are determined. The rf and the beam parameters are then determined with the 

following procedure: First, we choose an rf frequency to be 500 MHz. The 

harmonic number h is then 250 for 2irR = 96 m and 160 for 2irR = 150 m. We 

require rf acceptance to be at least 3%, from Touschek lifetime 

considerations. Eq(21) gives the necessary voltage. 

We consider two values of energy spread, a = 0.001 and 0.002, we 

assume a bunch length a of about 1.3 cm. The voltago required for Ibis 

was generally higher than the value obtained from the rf acceptance 

requirement. The contribution to longitudinal impedance from the rf cavities 

is then evaluated assuming that rf cells are similar to the PEP cavities. The 

maximum Z in the range n > n can now be found from Fig 2, taking 

into account vacuum chamber discontinuities, the rf cavities, and free space 

impedance from both bending-magnet radiation and wi.ggler radiation. Eq(18) 

then gives the allowed peak curre it in the ring as a threshold of the 

longitudinal, microwave instability. Finally, the beam emittance is found by 

computing the diffusion rate due to intrabeam scattering and matching it with 

the damping rate. It is necessary to assume a definite horizontal to vertical 

emittance ratio, e /e . We considered two cases, e /e =10 x y x y 
and 1. 

We therefore have a total of 16 cases: Two ring circumferences (150 

meters and 96 meters), two energies (500 MeV and 750 MeV), two momentum 

spreads (a - 0.001 and 0.002), and finally, two emitLance ratio 
(e /e = 10 and 1). Table 3 gives the electron beam parameters for x y 
these cases following the above procedure. The dimensionless density 

parameter p is computed from Eq (13), the undulator parameter being given by 

Table 1. 

-1A-



5. FEL Performance 

The one-dimensiunal theory summarized in Section 2 provides a basic 

guideline for designing an FEL-storage ring system. For a more quantitative 

evaluation of FEL performance, we used the two-dimensional particle-simulation 

code FRED [24] at Lawrence Livermore National Laboratory. The code follows 

the evolution of the optical field along the undulator axis. An important 

aspect of FRED is that it takes into account diffraction effects, which could 

be a priori important when the beam cross section is small. As we discussed 

in Section 2, the results indicate that the diftractive tendency can be 

countered by focusing effects in high-gain FELs. 

FRED was originally designed to study amplifier FELs, and it is necessary 

to specify an input power P. to run the code. Therefore, we need to find 

P. appropriate to the initial noise level in the electron beam as it enters 

the undulator. This is a subject that has not yet. boon settled. However, 

Ref(7) estimates the maximum amplification in intensity to be of the order 

N , where N is the number of electrons contained in the length of one 

radiation wavelength. It then follows that P. ~ N P . Using 
Xil 6 Sat. 

the values P ~ 100 MW and N ~ 10 , which are typical for present 

case, one obtains P. ~ 1 kW. We have used this value in our simulation. in 
We have evaluated the FEL performance corresponding to various beam 

parameters shown in Table 3, where the diniensionless density parameter p is 

also shown. The FEL performance corresponding to these cases is computed 

using FRED. The undulators are assumed to be 20 melore long, with parameters 

given in Table 1. The results of our calculation agi'ee qualitatively with the 

predictions-: of one dimensional theory in that the cases with higher /> yield 

higher output power. Quantitatively, however, the output power levels were 

between a few and a few tens of megawatts, much smaller than the several 
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hundred megawatts predicted from Eq(8). The discrepancy is probably due to 

the large energy spread a : The ratios a lp for the cases in Table 2 

are of order or greater than unity, and the gain will be reduced significantly 

because of the momentum-dependent factor in Eq(l5) . The ratio can be made 

large by reducing a , but the peak current 1 , and hence p become 

smaller, and the gain in a given length of undulator will be email. Indeed, 

the FEL output for those cases with d = 0.001 were less by almost a 

factor of 10 than those with <5 - 0.002. These results are difficult to 
Y 

analyze within a one dimensional framework because the FRED results indicate 

that diffractive effects are significant for small-gain cases. 

Another feature of tne FRED results not understood from simple 

one-dimensional theory is a very rapid rise in the laser power from the input 

level of 1 kw to about 100 kw in the first few meters of the undulator. This 

can be seen in Fig 5. When the input power level was set at 100 kW in one 

computation, the initial rapid rise disappeared. Proper interpretation of 

this result requires a better undrstanding of how coherence develops from 

initial noise in high-gain FELs. 
6. Conclusion 

In this paper, we have studied various issues in designing a storage ring 

for the operation of a high-gain FEL at 400 A. The required beam parameters 

are demanding but appear feasible: We found a lattice design which could 

store a peak current of several hundred amperes, with an emittance of the 
—8 order of 10~ m-rad and a relative momentum spread of about 0.002. A 

high-gain FEL operating with such ring can produce tens of megawatts of 

coherent power. 
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The lattices studied are basically of the Chasman-Green type, with a large 

bending radius to obtain large momentum compaction and with built-in wigglers 

to enhance damping. Such rings are generally large and expensive. Whether 

simpler solutions exist is, however, not clear at present. We plan to study 

this problem further. 
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Table 1 

Undul.ator Parameters* 

Electron Energy (E) 500 MeV 750 MeV 

Magnet period (X ) L.88 cm 2.34 cm 

K 2.55 3.65 

|3 (P ) 2.35 m 3.05 m 
x y 

*photon wavelength = 400 A 

magnet gap = 3 mm. 
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Table 2 

The Principal Lattice Parameters of the Four Rings Considered 

150 96 150 96 

500 500 750 750 

3 3 3 

CASE 

Circumference, m 

Beam energy, WeV 

Superperiods 

3 

Insertion SS, m 10 10 10 10 

Wiggler SS, m 9 5.4 9 5.4 

Bend field, T 0.218 0.647 0.327 0.873 

Wiggler field, T 1.8 1.8 1.8 1.8 

Wiggler length, m 3 x 7 . 8 3x4.2 3x7.8 3x4.2 

Wiggler period, m 0.3 0.3 0.3 0.3 

Betatron tunes, x/y 6.68/7.72 5.31/5.27 6.63/6.60 6.69/3.44 

B in SS, x/y, m 2.8/5.0 10/3.2 3.2/4.6 3.0/7.0 

Chromaticity x/y 15.0/17.7 11.0/10.6 13.7/12.0 23.5/7.1 

Compaction factor a 0.0166 0.0074 0.016 7 0.0084 
P 

T without wigglers, sec. 0.69 0.15 0.21 0.05 
T with wigglers, sec. 0.030 0.030 0.019 0.016 

—8 t , natural, 10 rad-m 0.246 0.654 0.324 0.834 xo 

&y, natural, without 
wigglers, 10~ 4 1.55 2.6 7 2.33 3.80 

Oy, natural, with 
wigglers, 10 _ / | 4.36 4.16 5.24 4.97 

-20-



Table 3 

Electron beam Parameters 

A B C D 

E(MeV) 500 500 750 750 

2irR( m) 150 96 150 96 

e / c 10 
x y 

a 0.002 
Y 

82 46 

0 . 7 1 0 . 8 4 

1.08 0 . 8 4 

I (Amps) 296 93 327 183 
P 

e ( 1 0 " 8 m - r a d ) 1 .74 1.27 0 .96 0 . 9 3 
x 

p ( 1 0 " 3 ) 1 .43 L L 0 7 1^56 1 .3 

c / e 10 
x y 

a 0 .001 
Y 

1 (Amps) 74 23 

e (10~ m - r a d ) 1 .23 0 . 9 8 
x 

P ( I Q " 3 ) l.oo JhJA 

c /c 1 
x y 

cr 0 . 0 0 2 
Y 

1 (Amps) 296 93 327 183 
P 

c ( 1 0 " 8 m - r a d ) 0 . 8 6 0 . 6 3 0 .47 0 . 4 9 

p ( 1 0 ~ 3 ) 1 .22 0 . 9 3 1.35 l . l p _ 

E / e 1 
x y 

a 0 .001 
Y 

I (Amps) 74 23 82 46 

e ( 1 0 " 8 m - r a d ) 0 . 6 1 0 . 5 0 0 .36 0 . 4 5 
x 

p ( 1 0 " 3 ) 0 . 8 7 0 . 6 3 0 . 9 3 0 . 7 1 
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Figure Captions 

Fig 1 Schematics of a high-gain FEL. 

Fig 2 Qualitative behavior of typical broad-band impedance. 
3/2 Here n = R/b, n = R/o , n _ = R(irp „/2b) la _ c <j s w,B 'w.B *w,B 

Fig 3 Storage ring/by-pass design of 150-meter circumference. 

Fig 4 Storage ring/by-pass design of 96-meter circumference. 

Fig 5 The betatron and dispersion functions for the 150-meter and the 

96-meter lattice at 750 MeV. 

Fig 6 The evolution of laser intensity corresponding to the case 

2irR = 150 meter, E = 750 MeV, and e = e = 4.7xl0~V-rad. 
x y 
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High-Gain FEL at By-Pass 
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Relevant Region for a Bunch with Length 2a 
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Evolution of Laser Intensity 
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