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ABSTRACT 

A high gain Free Electron Laser (FEL) operating in a special 

bypass of a storage ring can provide tens of megawatts of coherent 
0 

power at wavelengths shorter than 100 A. The requirements on beam 

quality are demanding -- a few hundred amperes of peak current in an 

emittance of about 10-B m-rad with a relative energy spread of 

about 10-3 . Designing an electron storage ring with the required 

characteristics involves a comprehensive analysis of the restric-

tions from, and relationships between, the FEL physics, the multi-

particle beam phenomena and the ring lattice structure. In this. 

paper, a sunrnary of such a study is reported and some design exam-

ples are given. 

*This work was suppQrted by the Director, Office of Energy Research, 
Office of High Energy and Nuclear Physcis, High Energy Physics Divi
sion, U.S. Dept. of Energy under Contract No. DE-AC03-76SF00098, 
and, in part, under Brookhaven Nati ona 1 Laboratory DOE Contract 
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1. Introduction 

There has recently been remarkable progress in demonstrating the 

generation of coherent radiation through Free Electron Laser (FEL) interaction 

in the infrared and microwave region (Ref. 1). If electron beams of suitable 

quality were available, the technique could be extended to shorter 

wavelengths. The FEL would become an intense, tunable and coherent source of 
0 

x-rays and vacuum ultraviolet radiation at wavelengths shorter than 1000 A. 

In this paper we show how electron storage rings can be designed to meet the 

stringent requirements of beam quality demanded for this purpose. 

With present day technology, there are two promising approaches to the 

production of coherent radiation via a Free Electron Laser in the XUV region. 

One is based on cavity formation by end mirrors (Refs. 2 and 3), the other 

through the development of a high gain, single pass device. The former 

option, the so-called FEL Oscillator, is at present restricted to longer 

wavelengths because high reflectivity mirrors, although rapidly evolving 

through multilayer technology, are not available at the wavelengths under 
0 

consideration here (< 1000 A), (Ref. 2). In the second approach, which we 

call the High Gain FEL, the interaction of the beam with the undulator occurs 

in a single pass, and no mirrors are needed. The noise power present in the 

electron beam at the entrance of the undulator is sufficient to start the 



growth of a high power coherent signal during a single passage of the beam 

through the undulator (Refs. 4 and 5). 

The electron beam requirements are more stringent for the high gain FEL 

than for the FEL oscillator. The work reported in this paper concerns the 

operation of a High Gain FEL. The opportunities and perspectives of novel 

techniques of generating coherent radiation in the XUV region have also been 

discussed in Ref. 6. 

For an efficient interaction between the beam and the radiation, the 

undulator must be long and must have a very narrow gap. This small gap, 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 residual gas. Moreover, the interaction of the beam with the FEL 

undulator is disruptive to the quality of the beam itself, mostly in terms of 

energy loss and increased momentum spread. To avoid these problems, the FEL 

undulator is placed in a special bypass section (Ref. 5), as shown schematic

ally in Fig. 1. The electron beam normally circulates in the storage ring 

without passing through the FEL undulator. Once every damping time, the beam 

is directed into the bypass section, where the interaction with the undulator 

takes place. Intense, coherent radiation is generated. As the beam leaves 

the undulator, it is deflected back into the storage ring, where synchrotron 

radiation damping reduces the energy spread. After one damping time, the beam 

is ready to be injected into the bypass again. 

This paper is organized as follows. In Section 2 we discuss the FEL 

design issues, and the conditions they impose on the electron beam quality. 

Section 3 contains a discussion of the accelerator physics problems that must 

be overcome in order to achieve the required high electron density. The 

identification of these problems provides the basis for a parametric study of 

possible beam and lattice configurations, to which Section 4 is devoted. The 
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result of this optimization study is a design example of a storage ring, 

described in Section 5, which also includes the discussion of a possible FEL 

undulator. 

A list of the symbols used in this paper is given in the Appendix, in the 

approximate order in which they appear in the text . 

2. FEL Issues 

2.1 FEL Gain, Power. Saturation Length 

An electron beam of energy ymec 2 traveling through a magnetic 

undulator of period ~u can interchange energy with a transverse laser 

field of wavelength~ propagating in the same direction (Refs. 7 and 8). 

The interaction becomes resonant when the following condition is satisfied: 

( 1 + !2 
~ = --:::::-2- ~u 

2y2 

where K is the deflection parameter, characteris~ic of the undulator, 

given by 

K = e ~u B = 0.934 ~ B 
2~ me c u[cm] [tesla] 

( 2.1) 

(2.2) 

An important quantity, which determines the FEL characteristics in the 

one-dimensional theory, is the dimensionless parameter p, given by 

(Ref. 9) 

( 2. 3) 
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where 

[JJ] 

The J
0 

and J
1 

are ordinary Bessel functions of order zero and one, 

respectively. As will emerge in the course of this paper, for the 

parameters of interest to us, pis typically of the order of 10-3
• 

(2.4) 

The characteristics of the power growth of the laser wave, as obtained 

from the one-dimensional theory, fall into three distinct regimes: the 

small-signal regime, the exponential-growth regime and the saturation 

regime. Near the entrance of the undulator, where the small-signal theory 

applies, the gain G (defined as the ratio of the laser power at two points 

separated by a distance z along the undulator axis) is given by 

G = 536 (pz/).u) 3 

Farther along the undulator, the laser power P grows exponentially 

(Refs. 9 to 15) with distance from the initial power P
0 

at a rate 

proportional to: 

where 

P = P0 egz 
9 

4 

( 2. 5) 

(2.6) 

(2.7) 



The corresponding e-folding length for the growth of the radiation 

power in the exponential growth regime is 

{2.8) 

Eventually, the electrons are captured in the ponderomotive potential 

well and the growth of radiation power stops. The laser saturates at a 

distance z = zsat with a characteristic saturated peak power Psat· The 

saturation length and the peak power are given approximately, in the 

one-dimensional theory with zero energy spread, by {Ref. 9) 

zsat = {~u/p) {2.9) 

Psat = P Pbeam {2.10) 

where Pbeam = IE/e is the peak power in the electron beam. It is obvious 

that the optimum choice for the number of undulator periods N is given by 

{2.11) 

This choice for the number of undulator periods maximizes the laser power 

in the shortest possible undulator length. 

~ -3 Taking the typical values of I = 200 A, E = 750 MeV and p = lxlO 

considered in this paper, one obtains from Eqn. (2.10) a peak laser power 

of 150 MW. Assuming a beam pulse length of 100 psec and a repetition time 

{equal to the typical longitudinal damping time of the storage ring) of 50 

msec, we obtain an average power of 0.3 watts. 

A coherent source of radiation of such high intensity, both in peak 

and average power, would certainly pioneer novel scientific applications. 

5 



2.2 Relationships Between Laser Power and Electron Beam Parameters 

We have seen that the FEL parameter p determines the peak power that 

can be obtained from the laser. In what follows, we try to relate this 

parameter to the electron beam and the storage ring characteristics. 

The volume density of the bunched electron beam is 

The beam size a can be expressed in terms of the emittances x,y 
and the amplitude functions ~ : x,y 

a = ~ £ ~ x,y x,y x,y 

(2.12) 

£ x,y 

(2.13) 

The alternating field of an undulator provides an effective focussing 

force. For a planar undulator, the focussing is in the vertical 

direction, with an effective ~-function given by {Ref. 16) 

A _ l.uY 
~y - -

ffK, 
(2.14) 

Horizontal focussing can also be provided by tilting or by shaping the 

pole surfaces of the undulator (Ref. 17). In either case, the focussing 

strength in the vertical plane is thereby reduced. For the purpose of 

conceptual simplicity, we assume a focussing force of the same magnitude 

in both directions: 

AX -- A - l.u'Y 
~ ~y - K• (2.15) 
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By combining Eqns. (2.1), (2.12), (2.13), and (2.15), the FEL 

parameter given in Eqn. ( 2. 3) can be rewritten ·: 

(2.16) 

The above results apply only to the one-dimensional theory with zero 

energy spread. If a finite energy spread is taken into account, the growth 

rate and the saturation power are modified as follows (Ref. 18): 

(2.17) 

The f(o ,p) and h(o ,p) are functions of the electron relative energy 
p p 

spread, op = (Ap/p)rms' and p, and describe form factors that, in 

general, decrease with increasing values of (op/p). If op is non-zero, 

the FEL perfonmance is significantly reduced, unless the following 

condition is satisfied (Ref. 19 ): 

(2.18) 

If the momentum spread of the electron beam is large and the 

inequality in Eqn.(2.18) is violated, both functions f and g can become 

considerably less than unity, thus degrading the FEL performance. The 

function f(o ,p) can be obtained by solving a dispersion relation, which p . 
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becomes a cubic equation for a Lorentzian or a rectangular longitudinal 

momentum distribution. For a Lorentzian distribution, the value of 

f(a ,p) is 1 when a /p = 0 and 0.36 when ap/p = 1. p p 

In addition to the natural energy spread, the beam emittance 

contributes an effective energy spread (Ref. 5) that is ~ubject to a 

condition similar to Eqn. (2.18). Making use of Eqn. (2.15) and under the 

assumption that the transverse charge distributions are Gaussian, the 

effective energy spread can be written : 

(2.19) 

For all the cases considered in this paper. the effective energy 

spread is not negligible, but is usually smaller than the natural ap. 

2.3 Figure of Merit for FEL Performance 

From the design point of view, it is useful to construct a 11 figure of 

merit• for the FEL in order to facilitate the optimization of the storage 

ring. The choice of this figure of merit is determined by various 

competing parameters. 

Clearly, for maximum output laser power, the FEL should operate close 

to the saturation limit. For this purpose, the shortest saturation length 

zsat = l./p is desirable. This demands the shortest undulator period xu 

and maximum p. The shortest saturation length also gives the shortest 

e-folding length le, as follows from Eqn. (2.8). 

The figure of merit should also include the parameter (ap/p), since 

real beams always have non-zero energy spread. A finite momentum spread is 

in any case demanded by stability considerations in the storage ring. The 
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parameter (ap/p) should be as small as possible in order to maximize the 

laser growth rate and the saturation power value. 

In order to maximize p, the storage ring must be able to produce a 

beam of high brightness, i.e., a beam with large peak current and small 

emittance. This condition is indicated by Eqn. (2.16). In addition, the 

beam energy must be moderate, compatible with the beam stability in the 

storage ring. For example, the energy cannot be too low because of the 

emittance growth in the storage ring caused by intrabeam scattering. 

It is seen from Eqn. (2.16) that a high value of the deflection 

parameter K is desirable. As K ranges from 0 to infinity in Eqn. (2.4), 

the argument ~ of the Bessel functions in [JJ] ranges only from 0 to 0.5; 

thus, [JJ] becomes constant as K increases. For large K, p3 is simply 

proportional to K. For fixed A. andy, a higher K demands a smaller 

undulator period A.u in order to satisfy the resonant condition (see Eqn. 

(2.1)). Note-that this is consistent with the demand for a smaller 

saturation length (z t =A. /p). sa u 
From Eqn. (2.2) we see that if one wants a smaller undulator period 

without reducing K, the undulator field B must increase. This requires 

reducing the undulator gap. We use the following approximate empirical 

relation for the field of a hybrid undulator using a steel-permanent-

magnet (samarium-cobalt, Ref. 20) design : 

B[tesla] 
- d (s.47- 1.a d ) 

= 2 • 2.36e XU XU (2.20) 

where d is the undulator gap. 

In practice, the deflection parameter K cannot be increased too much, 

or else the effective energy spread in Eqn. (2.19) becomes significant and 

9 



degrades the FEL performance. Even with this constraint, the undulator 

gap is still small enough to significantly disrupt the beam, thus 

requiring a bypass for the FEL. The undulator parameters of interest in 

our design are summarized in Table 1. 

Table 1 

Undulator Parameters* 

Photon wavelength (A) '400 1000 

Electron energy (MeV) 500 750 500 750 

Magnet period (em) 1.85 2.29 2.36 2.91 

K 2.50 3.61 3. 77 5.26 

Peak Magnetic Field (T) 1.45 1.67 1. 71 1.93 

p = p (m) 
X y 2. 31 2.97 1.95 2.59 

*Undulator gap 0.3 em 

In summary, it appears from the above discussion that the FEL 

parameter p and thee-folding length 1e·can be appropriately assumed to 

represent the most important figures of merit : an optimization of the FEL 

design taking these two quantities as guidelines goes, in fact, in the 

direction of achieving maximum power output in the shortest undulator 

length. 

10 
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2.4 Comparison Between Analytical. One-Dimensional Theory and the Particle 

Simulation Code 

The one-dimensional theory summarized here provides a basic guideline 

for designing an FEL storage ring. For a more quantitative evaluation of 

the FEL performance, we have used the two-dimensional particle simulation 

code FRED, developed at lawrence livermore National laboratory (Ref. 21). 

This code follows the evolution of the field configuration along the 

undulator axis. An important feature of FRED is that diffraction effects 

are taken into account, which may be important for small beam cross 

sections. Since FRED was originally designed to study Free Electron Laser 

Amplifiers, it is necessary to specify an input power Pin· For our 

application P. is of the same order as the initial noise level in the 1n 
electron beam when it enters the undulator. This is a quantity that is 

difficult to estimate. It is estimated in Ref. 9 that the maximum power 

amplification is of the order of Ne, where Ne is the number of electrons 

contained in one radiation wavelength. It then follows that P. = 1n 

N;
1
Psat· Using the values Psat= 150 MW and Ne = 105

, typical for the cases 

under discussion, yields Pin= 1.5 kW. This is the value assumed in the 

simulation. 

Preliminary results from FRED indicate a qualitative agreement with 

the one-dimensional theory, in the sense that those sets of parameters 

that give best performance on the basis of the analytic expressions also 

look better with FRED. Quantitatively, however, the results are at 

present not in complete agreement. In particular, the length of the 

exponential rise predicted by FRED is typically 50% longer than the 

analytic estimate and the saturated power level is normally an order of 

magnitude lower than the estimate given by Eqn. (2.10). The reasons for 

these discrepancies are not yet understood, but it seems likely that the 

11 



effect of the energy spread accounts for at least part of the difference. 

There are also indications that diffraction effects are at least partly 

responsible. More theoretical work is needed in order to clarify these 

discrepancies and fully assess the predictions of the 2-D computer code 

FRED. 

For the design criteria to be followed in this study we will rely on 

the predictions of the one-dimensional theory. We have shown earlier in 

this Section that the figure of merit to be used for optimizing the 

storage ring must be based o~ a judicious selection of the smallest zsat = 

~ /p and on the smallest achievable (alp), both of which require a high u p 

p. This optimization must select, among other parameters, the energy and 

energy spread amongst a possible range of values compatible with the 

constraints given by Eqns. (2.18) and (2.20), and with the stability 

considerations in the storage ring. This optimization and associated 

parametric studies are the subject of discussion of the next two Sections. 

3. Problems and Limitations in Achieving High Density Electron Bunches 

We have shown in the previous Section that a Free Electron Laser requires 

a stored beam with both significant volume density (large peak current and 

small emittance) and low momentum spread. These conditions place severe 

demands on the storage ring design, which must address the impact of both 

coherent and incoherent multiparticle phenomena. 

In Subsections 3.1 and 3.2 we qualitatively describe the collective 

effects most relevant to our studies. Subsection 3.3 contains a brief discus-

sian of the trade-offs involved in the performance optimization. Subsection 

3.4 describes the computational tool used for the study. Finally, in Section 

4. the results of the parametric investigation are reported. 

12 



3.1 Coherent Instabilities and the Machine Impedance 

The interaction of the beam current with its environment produces 

electromagnetic fields that, in turn, react on the beam. This feedback 

mechanism c~uses a variety of coherent instabilities to develop, which 

limits the maximum achievable beam current. The electromagnetic fields 

are generated by the beam interacting with the rf cavities, the vacuum 

chamber discontinuities and the wall resistivity. In addition, the 

emission of synchrotron radiation produces fields that can affect the beam 

stability. The interactions of the beam with the environment are describ-

ed in terms of the frequency dependent longitudinal and transverse imped-

ances. 

The threshold peak currents for the longitudinal and transverse single 

bunch instabilities are given, respectively, by the following expressions 

(Ref. 22}: 

(3.1) 

and 

(3.2) 

The effective longitudinal (ZL/n} and transverse (ZT} impedances are 

averages of the full frequency dependent impedances over the bunch mode 

spectra. For typical FEL storage ring parameters, the longitudinal 

threshold is usually the more severe limit. 

13 



For the longitudinal impedance we have assumed a model consistent 

with the SPEAR measurements (Ref. 23). In this model, the effective 

impedance is a function of the bunch length according to the following 

expression: 

(3.3) 

The above formula is valid for an rms bunch length, o
1

, smaller than the 

average pipe radius b. For o
1 

> b, (ZL/n)=(ZL/n)0. 

With a smooth vacuum chamber design, small storage rings such as the 

NSLS VUV machine have achieved (ZL/n) 0 = 1 or 2 ohms. A short bunch 

length, which potentially reduces the impedance (Eqn. (3.3)], requires a 

substantial rf system, which in turn can increase the impedance, (ZL/n) 0, 

by one ohm or more. Thus, the benefits of shorter bunch lengths can be 

offset by the increase in rf impedance. 

For small storage rings(~ 100m in circumference) there is another 

important source of interaction of the beam, that with the radiation it 

has generated. A long electron bunch does not radiate coherently because 

of the shielding provided by the vacuum pipe. For wavelengths much short-

er than the beam pipe dimensions, this shielding effect no longer occurs. 

A short coherent modulation of the bunch current produces synchrotron 

radiation, and the longitudinal electromagnetic field associated with this 

radiation acts back on the beam. This effect has been found to be well 

approximated, for several geometries, by an impedance (Ref. 24): 

( ZL ) . = 300 t {ohms) 

n [free space] 
(3.4) 
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For a ring of 15 m radius and a pipe of 2.5 em half-height, (Zl/n) = 0.5 

ohms. 

For smooth, small rings, this "free space'' impedance can set a lower 

limit on the longitudinal impedance. For a closed vacuum pipe the 

frequency dependence is of the resonant type, and Eqn. (3.4) gives a 

rough, smeared out average. The impedance as a function of frequency 

peaks at a value typical of the radiation spectrum and decays with the 
-2/3 mode number n like n • Figure 2 gives a pictorial description of this 

dependence. Curve (I) is the conventional broadband impedance according to 

the SPEAR model. Curve (Ill) refers to the free space impedance driven by 

the radiation loss around the ring. Curve (II) indicates that a wiggler, 

if installed in the ring, also contributes to the free space impedance by 

the ratio of its total bending angle, e, to the full angle of revolution 

around the ring. It should be noted that, although the instability driven 

by the synchrotron radiation impedance has probably been observed in 

electron ring (ERA) experiments. no quantitative information is available 

as to the dependence of the instability on bunch lengthening, momentum 

spread stabilization, etc. More fundamentally, a mechanism of beam 

instability driven by the free space impedance has not yet been observed 

in any electron storage ring. The theoretical justification for this lack 

of experimental evidence may lie in the fact that no storage ring built so 

far has had an impedance dominated by the free space contribution given by 

Eqn. (3.4). More theoretical work is required on this subject: for the 

purpose of this design study, we take the (perhaps) conservative view that 

the longitudinal impedance cannot be lower than that given by the emission 

of radiation according to Eqn. (3.4). A discussion of the value of the 

total impedance assumed for our performance studies follows in Subsection 

3.4. 
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3.2 Intrabeam Scattering 

Coulomb scattering of electrons within the beam leads to excitation 

of betatron and energy oscillations. For large angle scatters. an 

electron•s momentum error may exceed the acceptance of the machine 

aperture or of the rf bucket. whichever is smaller. When this happens. 

the particle is lost and the beam lifetime is reduced (Touschek effect). 

Multiple scattering. on the other hand. causes both longitudinal and 

transverse diffusion. An equilibrium situation exists when the intrabeam 

scattering growth rates are equal to the radiation damping rates: as a 

result. the equilibrium emittance may be much greater than it would be if 

only radiation damping were considered. 

The theory of multiple intrabeam scattering has been developed most 

fully in Refs. 25 and 2&. The detailed formulation requires numerical 

evaluation of rather involved expressions for the diffusion rates. In the 

following. we will focus on the basic physical principles and on simple 

scaling laws derived from numerical evaluations of some typical FEL 

storage ring parameters. 

In the beam frame the horizontal momentum spread is typically-larger 

than the longitudinal; therefore. Coulomb scattering predominantly trans

fers momentum from the horizontal to the longitudinal direction. In 

dispersive regions of the ring the closed orbit moves with changing 

momentum, and horizontal betatron oscillations are excited. For large 

enough dispersion the excitation of betatron oscillations more than com

pensates. in terms of beam size_. the loss of transverse momentum in the 

basic scattering event. In fact. it appears that, for small lattices 

suitable· for synchrotron radiation sources. the horizontal diffusion rate 

is the most important cause of transverse beam size growth. The so-called 

H function 

16 



(3.5) 

is the most critical parameter for the transverse diffusion. 

The intrabeam scattering diffusion rates are given in their most 

general form and according to the formalism of Ref. 26 by: 

• 2u2 mNb(log) • % 
l = FS < I dlt~.---.:.:l. __ _ 
Ta yr o [det (L + l.I)]% 

(3.6) 

• ( Tr (L(a)) Tr( 1 ) -3Tr(l(a)>( ---:...1~)} > 
l + l.l l + l.l 

where •a• labels horizontal, vertical and longitudinal rates; r is the 

phase space normalization; uFS is the fine structure constant; m is the 

particle mass; (log) is the Coulomb logarithm; and Nb is the number of 

particles per bunch. The three-by-three matrices l(a) are functions of 

the basic lattice and beam parameters; l=l(h)+l(v)+l(l). The reader is 

directed to Ref. 26 for details (and should note the definition of the rms 

longitudinal momentum spread implicit in Eqn. 2.2c of this reference). 

The brackets < > represent averaging over the lattice. 

If, for a given emittance, the intrabeam scattering diffusion rate 

, exceeds the synchrotron damping rate, emittance growth will occur until 

the diffusion from scattering and quantum fluctuations matches the damping 

rate. For the class of lattices that has been considered for FEL use, the 

horizontal diffusion rate was found to be given approximately'by 

(3.7) 
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-· 2 where C=lO m /(A-sec) for £Y = £x/10. Equation (3.7) is intended to 

show only the characteristic dependence on the beam and lattice 

parameters. Evaluation of the full theoretical treatment is required for 

design spec1fications. Equation (3.7) shows that large I and H (disper-

sion), small horizontal emittance, £x• and energy spread, op• and high 

vertical density (small py) tend to increase the diffusion rate. 

-· Typically, a horizontal emittance of the order of 10 m-rad yields 

diffusion rates of tens of milliseconds at an energy of 750 MeV and peak 

currents of a few hundred amperes. 

The equilibrium emittance is a •sum• of the quantum excitation 

natural emittance and the multiple intrabeam scattering diffusion. In the 

same spirit as Eqn. (3.7}, for typical cases the equilibrium emittance is 

found to satisfy the relation 

) l (3.8) 

where g
0
x is the radiation damping rate in the ring. 

It was mentioned earlier in this Section that single, large-angle 

scattering reduces the beam lifetime by causing particle momenta to exceed 

the bucket height, the dynamic or the physical aperture, whichever is 

smallest. The Touschek scattering lifetime, as derived in Ref. 27 , is 

given by 

(3.9) 
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The quantity x is defined as x = [-1- (AI!) ]2 

Y<'x • P BKT 

and F(x) is the function 

F(x) 
• -ux = I [2u - tn(u)-2] _e_ du 

2u 

In averaging the bunch volume and the angular divergence over the 

lattice, the effect of the dispersion on the beam dimensions should be 

included. The horizontal size is increased by the factor 

and the nms angular divergence by the factor 

where 

3.3 lattice Design Aspects Influenced by the Requirements of a High Peak 

Current Density 

The basic goal of the lattice design is to maximize the brilliance, 

l/cx. Combining the results of the preceding discussion, we have 
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~ 

(ZL/n) 
l= (3.10) 
&x 

[ •ox + C""(Eie)a~) ~~) J 
2 + c 1 &ox 

(ZL/n) 3 
apYgox 

The above relation is self-explanatory. However. a few comments may 

help in clarifying the trade-offs that will be involved in the optimi

zation process. The assumption is made that the momentum spread is 

determined by the microwave instability. The benefits of increased 

damping (g
0

x) suggest the introduction of damping wigglers, which provide 

the additional bonus of diminishing the natural emittance &ox· For 

smaller rings, this improvement may be partially cancelled by the 

introduction of an additional free-space impedance due to synchrotron 

radiation: 

(ZI,_) 
n [Wigglers] 

= 300 !! 
R 

(3.11) 

We also'note that when the denominator in Eqn. (3.10) is dominated by 

the intrabeam scattering term. then 

In the smooth approximation, H% and a are proportional, and the 

dependence on the lattice dispersion vanishes. In more physical terms, a 

large momentum compaction allows higher peak current by increasing the 
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microwave instability threshold. A higher peak current, however, 

increases the intrabeam scattering diffusion and the larger dispersion 
' . 

associated with the larger momentum compaction factor, ~. enhances the 

emittance growth due to intrabeam scattering. Ideally, one would like 

lattice designs that decouple the ~ and H functions as much as possible. 

Additionally. lattices with larger ~Y (i.e .• lower vertical electron 

density) in dispersive regions are to be preferred. 

This discussion shows the limits imposed by the collective effects to 

the achievement of a high volume density and thus. ultimately. of a high 

value of the FEL parameter p [Eqn. (2.3)]. It also gives an idea of the 

complicated parametric relationships that are involved in the optimization 

procedure. The following Section briefly describes the computational tool 

that has been developed for the analysis of the collective effects and the 

optimization of the storage ring. 

3.4 Computation of Collective fffects and of the Storage Ring Performance 

The actual behaviour expected from a particular lattice configuration 

must be investigated via explicit calculations of the relevant collective 

effects. To allow such calculations for the FEL rings of interest to this 

study. we have begun development of a new computer code called ZAP. When 

completed. it is envisioned that ZAP will allow the preliminary evaluation 

of the machine performance and parameters of any storage ring. The 

program has been written with an eye toward systematic parameter studies 

that will allow a better understanding of the relationships between 

parameters. 

In broad outline. the program works as follows. As primary inputs, 

ZAP utilizes the parameters of a lattice (betatron functions, dispersion, 

momentum compaction, natural emittance, radiation damping time) along with 

the relevant "physicsn needs (e.g., the FEL requirement for small momentum 
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spread). The code then calculates, as a function of the rrns bunch length, 

the required rf voltage and the corresponding bucket height. Impedance 

estimates are made and, based on these, calculations of the longitudinal 

and transverse threshold currents. From the lower of these threshold 

current values and the radiation damping time, ZAP calculates the 

intrabeam scattering (IBS) rates and iterates to find the equilibrium 

transverse and longitudinal emittances (where the IBS and the quantum 

excitation are balanced by the radiation damping). Finally, the 

equilibrium emittance values and a selected rf bucket height are used to 

obtain the Touschek lifetime of the ring. Other options of the code 

include calculation of the primary FEL parameters, gas scattering 

lifetime, and estimates of multibunch instability growth rates and 

frequency shifts. Future features will include ion trapping calculations, 

beam-beam interaction (not relevant to this study), Landau damping 

effects, etc. In order to keep the code general, the main features can 

also be used for calculations of proton and heavy ion storage rings. 

3.4.1 Impedance and Threshold Current Estimates 

As discussed earlier in this Section, impedance estimates are made 

for the ring, including the SPEAR roll-off for bunch lengths shorter than 

the average beam radius. Included in the impedance estimate is the 

contribution from the rf cavities which, for this study, we assumed to be 

the main source of impedance. For the rings to be discussed in this 

paper, we standardized on the 500 MHz rf cavity used in PETRA. The 

required number of rf cells is estimated (assuming a peak rf voltage of 

500 kV/cell) based on the voltage needed to maintain a beam of the chosen 

momentum spread and bunch length within the linear part of the bucket. 

(This estimate leads to a minimum rf requirement, which is preferred for 

both economic and impedance reasons.) Based on measurements of the PETRA 
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cavities (Ref. 28), we have assumed a contribution to the longitudinal 

impedance of 3.66/R ohms/cell and a transverse contribution per cell of 

4,000 ohms/m. Thresholds for the longitudinal and transverse single bunch 

instabilities are then calculated (as a function of bunch length), based 

on Eqns. (3.1) and (3.2). The lower of these calculated values is 

interpreted as the allowable peak current in the storage ring. 

3.4.2 Intrabeam Scattering 

There are two essentially equivalent formulations of the IBS problem 

(Refs. 25 and 26). For ZAP we have chosen the formulation of Ref. 26. 

Calculations for a given lattice are carried out at each of the (more 

or less equally spaced) lattice points. At every point, the input 

consists of the various betatron and dispersion functions. ZAP evaluates 

the three growth rates (horizontal, vertical, longitudinal) and then 

computes the overall growth rate in each dimension averaged over the 

entire ring. If a non-zero radiation damping rate has been entered, the 

program iterates the IBS calculation to find the equilibrium emittance, 

i.e., it solves the equation 

If no damping rate is entered, the calculation is done for the input 

(unnonmalized) emittance values with no further iteration. 

3.4.3 Touschek Scattering 

The Touschek scattering calculation follows the formulation of Ref. 

27, generalized somewhat to include the effects of dispersion. As for the 

IBS case, the calculation is performed at each lattice point and the 

average lifetime for the ring is computed. The bucket height used in this 

portion of the code is an input parameter, and need not be the same as the 
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bucket height corresponding to the chosen rf voltage. Indeed, the value 

for this parameter should properly be interpreted as the smallest of the 

bucket height, the dynamic aperture, or the physical aperture. 

In Section 4 we will describe a number of example lattices for an 

FEL storage ring. The relative performance of the various rings will be 

analyzed with ZAP and discussed there. 

4. Lattice and Parametric Studies 

4.1 General Design Concepts 

Before making a detailed comparison amongst the various lattices, it 

is worthwhile to consider those aspects that apply equally to all the 

examples which will be discussed. In order to improve the figure of merit 

for any of these lattices, it is clearly desirable to maximize the allowed 

peak current, within other constraints. It turns out that, in the 

parameter regime of interest for FEL design, the limitation on peak 

current arises from the longitudinal microwave instability. This is 

illustrated in Fig. 3 for a representative lattice, lattice "CF144" 

described in Section 5. For low values of the momentum spread, the 

longitudinal threshold is invariably lower than the transverse. It is 

also clear from Fig. 3 that optimizing the peak current will lead to a 

preference for short bunches. The reason for this is that the shorter 

bunches take advantage of the roll-off in impedance (discussed in Section 

3) for bunch lengths shorter than the beam pipe radius. 

Another important consideration involves the rf requirements. It is 

obviously desirable to keep the required rf voltage to a minimum, both for 

cost and impedance reasons. However, the need to achieve an acceptable 

Touschek lifetime (which we define here to be of the order of one hour or 

more) dictates an rf bucket height of about 3%. The dependence of both rf 

voltage and bucket height on bunch length is shown in Fig. 4. Again we 
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find that a higher rf voltage, and thus a short bunch, is needed to obtain 

a sufficient Touschek lifetime. 

In terms of the peak current limitation, one of the ways of gaining 

(as can be seen in Eqn. (3.1) of Section 3) is to increase the allowable 

momentum spread of the beam. For low values of ap, we expect the peak 

current to increase as a~. At larger values of ap this increase 

flattens out, because the impedance becomes rf dominated, and thus the 

impedance is also increasing quadratically with ap. (In this latter 

regime the longitudinal threshold is no longer dominant anyway.) This 

behaviour is shown in Fig. 5 for an assumed beam pipe radius of 2.5 em. 

Below ap of about 0.005, the peak current limitation arises from the 

longitudinal threshold, whereas above this value the transverse threshold 

would dominate. Obviously the peak current performance improves with 

increasing momentum spread. Unfortunately, the gain of an FEL degrades 

rapidly if ap is greater than the p parameter. This degradation of FEL 

performance with increasing momentum spread is illustrated in Fig. 5, 

which shows the increase in e-folding length (leff) and decrease in gain 

parameter (peff) compared with their zero-energy-spread values (le,p). 

For the designs considered here, we conclude that the value of ap that 

can be achieved in the storage ring (as a compromise between storage ring 

and FEL performance) is about 0.002. 

Although the aperture of the beam pipe was not considered in detail 

in a preliminary design study such as this, it is worthwhile to make a few 

general comments. There are clearly trade-offs in the choice of b, the 

pipe radius. Economic considerations favor a smaller value of b (provided 

the value is not so small as to lead to fabrication, assembly, or vacuum 

difficulties). On the other hand, the impedance roll-off favors a larger 
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b, since, for a given bunch length, the impedance rolls off as l/b 1
"

68 up 

to the limit where the free space impedance becomes important. As can be 

seen in Fig. 6, however, the "expected" gain from increasing b to 3.5 em 

is not realized in practice, at least for ap = 0.002. The increase in 

the free space impedance with b is such that, in the momentum spread range 

of interest here, there is essentially no gain compared with the b = 2.5 

em case. In contrast, the loss in peak current associated with a smaller 

value of b = 1.5 em is clearly seen in the figure. 

With regard to the energy optimization, we can only say that the 

behaviour of the various effects of concern to us (emittance growth, 

intrabeam scattering, Touschek scattering) is rather complicated because 

each effect scales differently. For this reason we have used ZAP to 

determine the expected behaviour. The results are displayed in Fig. 7, 

which shows the predicted IBS and Touschek lifetimes along with the 

equilibrium emittance values, the bunched beam volume density, and the FEL 

figure of merit parameter p. It is qualitatively clear from Fig. 7 that 

basically everything follows the overall pattern dictated by the emittance 

values. For the 400 A wavelength specified here for the FEL output, it 

is apparent that the chosen energy of 750 MeV is close to optimum. We 

also note that the energy dependence of p is not terribly strong, so that 

any energy between about 700 and 1100 MeV should be acceptable for the 

particular lattice shown. 

4.2 Lattice Studies 

In this Section we will provide an overview of five different 

lattices that have been investigated from the point of view of their suit-

ability as FEL sources. These lattices are of two basic types : i) sepa

rated function (modified Chasman-Green) lattices, both with and without 

damp1ng w1gglers; and 11) comb1ned funct1on latt1ces of the type first 
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suggested by Vignola (Ref. 29). To set our notation for the discussion to 

follow, each lattice will be designated by its type, by a number 

corresponding to its circumference (in meters), and by an appended 11W11 to 

indicate the presence of damping wigglers. Thus, the designation SF180W 

corresponds to a 180 m separated function lattice containing damping 

wigglers. 

The chromatic properties and the dynamic aperture of each lattice 

were studied by mapping the tune vs. momentum and by tracking the aperture 

using test particles with a momentum error up to 3%. In addition, the ZAP 

code, described earlier, was used to determine peak current limits, 

equilibrium emittance value, Touschek lifetime and, as an overall 11 figure 

of merit•, the value of the parameter p. (A summary of the lattice 

parameters and figures of merit for all five cases is tabulated at the end 

of this Section.) 

In Section 5, a detailed description of one of these sample lattices 

will be presented. There we will touch on some of the ancillary issues 

required in providing an actual accelerator facility, e.g., bypass design, 

injection, and rf. 

Lattice SF180W 

The design criteria of this lattice reflect our first and, in a 

certain sense, most obvious approach to obtaining a high peak current in a 

sma 11 transverse emittance and with a relatively sma 11 momentum spread: a 

high momentum compaction to increase the current threshold of the 

longitudinal microwave instability, and a strong focussing Chasman-Green 

lattice to lower the horizontal emittance. This lattice, designated in 

the text as SF180W, has been discussed in Ref. 30. 
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The guidelines for some of the most basic parameters were the 

following: 

- electron energy: 500-1300 MeV 
(parametric studies will suggest optimum value) 

- horizontal emittance: < lxlo-• m-rad·-
(small for high brilliance) 

~ momentum compaction factor, ~ = 0.02 
(large for high peak current) 

- momentum acceptance, Ap/p ~ 0.03 
(large for long Touschek lifetime) 

- space for a 20 m long undulator in the bypass section 

Subsidiary design considerations were the following: 

-size (the machine must fit inside a moderate-size building; the 
ring circumference must not be greater than about 180 m) 

- availability of straight section length for conventional insertion 
devices 

Several magnet arrangements were considered, out of which evolved a 

Chasman-6reen type structure with six achromats and two quadrupole pairs 

per achromat. Two families of sextupo1e magnets correct the chroma

ticity. A large momentum compaction <~ = 0.014) was obtained by 

utilizing low field bending magnets (p0 = 7.6 m). This design choice, 

however, tends to increase the natural emittance (as determined by 

radiation emis- sion only) and the damping times. To minimize the 

emittance growth, three damping wigglers were incorporated in the 

lattice. They help reduce the natural emittance (as determined by 

radiation effects) and the damping times. The natural emittance with 

wigglers is 3.2x1o-• m-rad and the longitudinal damping time ts 11.4 

msec. The characteristics of the lattice are given in Table 2. Table 3 

lists the parameters of the wiggler magnets. 
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The ring layout, together with a schematic of the FEL bypass, is 

shown in Fig. 8. The free straight sections make it possible to 

incorporate up to 3 conventional insertion devices. In Fig. 9 the lattice 

functions px' py' and ~. are plotted through one half-period. A period 

has reflection symmetry about the center of a long straight section and is 

repeated three times (superperiodicity 3) . 

It will be shown later that this lattice has the best figure of merit 

for FEL applications. However, it has not been chosen as the preferred 

solution amongst other lattice options. It is perhaps worthwhile to 

summarize here what seemed to us to be the drawbacks of this lattice. 

- The operation of a storage ring with a relatively large proportion 
of its circumference occupied by high field wiggler magnets may 
present problems, or at least introduces an element of uncertainty 
in the beam dynamics aspects of the storage ring. The non-linear 
effects of high field wigglers on the long term stability of the 
beam are not yet known, and more theoretical and experimental work 
are needed. 

- We have shown that free space for conventional undulators has been 

reserved in the lattice. It is beyond the scope of this paper to 
discuss the detailed aspects of the machine operating in the more 
conventional undulator mode. These undulators would probably 
operate at different beam energies from the FEL. Different optics 
solutions would be needed for the two modes of operation (FEL 
operation at low energy and conventional undulator operation at 
the peak energy of 1.3 GeV). 

- The large energy acceptance (3%) needed for an acceptable Touschek 
lifetime requires a powerful rf system (4.7 MV peak voltage at 750 
MeV, for a frequency of 500 MHz). 

- Large dynamic and physical apertures are required to accept an 
electron that experiences a momentum change of 3% due to Coulomb 
scattering within the achromat, where the peak dispersion is 2.7 m. 

- It was found that the chromatic properties of this lattice are 
very sensitive to the exact location of the chromaticity 
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sextupoles. This disturbing feature is demonstrated in Fig. 10, 
which shows the radial tune variation with momentum deviation for 
three different placements of the SO sextupoles. 

A reduction of the momentum compaction fac-tor addresses twQ.of the 

three problems listed above, namely the dynamic and physical aperture, as 

well as the rf power requirements. This, then, was the direction chosen 

as a basic guideline of lattice SF130W. 

Table 2. lattice SF180W - Short list of Parameters 

Bending radius: 7.639 m 

Beam energy: 750 MeV 

Momentum compaction: 0.0144 

Natural horizontal emittance: 3.25 x lo-• m-rad 

Betatron tunes: vx = 6.61, vy = 6.64 

Natural chromaticity: ~X = -13.5. ~y = -15.4 

Correction sextupole strengths: 

Natural momentum spread: ~po = 0.52 x 10-3 

Transverse damping times: Tx = 22.7 ms, Ty = 22.7 ms 

longitudinal damping time: Tc = 11.4 ms 
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Table 3. Main Parameters of the Damping Wigglers 

Construction: 
Number: 
Period length: 

No. of periods: 
Peak magnetic field: 
Overall length/magnet: 

lattice SF130W 

Conventional iron-cored electromagnets 
6 (arranged in groups of 2) 
0.3 m 
13/magnet 

1.8 tesla 
3.9 m 

lattice SF130W has the same basic structure as lattice SF180W and 

retains the wiggler magnets. The main changes are: 

- the bending radius is reduced from 7.6 m to 2.7 m; this reduces 
the number of bending magnets by a factor of 2. 

- the quadrupoles in the wiggler straight sections are rearranged. 
- the free straight section length is reduced from 15 m to 10m per 

section. 

The reduction in the straight section length was aimed at reducing 

the ring circumference while maintaining the 20 m length for the FEL 

undulator in the bypass. This choice lowers somewhat the accelerator cost 

and, together with the smaller bending radius, reduces the damping times. 

Figure 11 shows the lattice functions through one half-period of 

lattice SF130W. The period has reflection symmetry about the center of a 

long straight section and is repeated three times. The lattice parameters 

are given in Table 4. Compared with lattice SF180W~ the peak dispersion 

is reduced from 2.7 m to 1.4 m, and the momentum compaction from 0.014 to 

0.006. The peak rf voltage requirement, for a 3% bucket height, is now 

1.5 MV (down from 4.7 MV). The chromatic behaviour of this lattice is 

similar to that of lattice SF180W. The figure of merit for the FEL 

perfo~nce. as expressed by the FEL parameter p, is about 20% 

31 



smaller than that of lattice SF180W. This reflects the lower peak current 

threshold for the microwave instability, due to the decreased momentum 

compaction factor. 

Table 4. lattice SF130W - Short list of Parameters 

Bending radius: 

Beam energy: 

Momentum compaction: 

Natural emittance: 

Betatron tunes: 

Natural chromaticity: 

Correction sextupole strengths: 

Natural momentum spread: 

Transverse damping times: 

longitudinal damping time: 

lattice SF130 

2.710 m 

750 MeV 

0.00577 

-· 6.89 x 10 m-rad 

vx = 6.65, vy = 4.64 

~X = -12.0, ~y = -19.6 
I _

2 
I 

KFt = 1.05 m , K0t = 

apo = 0.52 X 10-3 

T = 14.0 ms, 
X 

T = 7.0 ms 
£ 

T = y 14.0 ms 

Since lattice SF130W has strong bending magnets and shorter damping 

times, it is worthwhile to consider the removal of the damping wigglers. 

This is lattice SF130, which is the same as lattice SF130W but without 

wigglers. The radiation energy loss per turn is reduced by a factor of 

3.8; the longitudinal damping time increases to 32 msec and the natural 

emittance, at 750 MeV, is 21.5 x 10-9 m-rad. 

Figure 12 shows the lattice functions through one half-cell. Table 5 

gives a short list of parameters. The FEL parameter p is down by a 

factor of about 40% compared with lattice SF180W. On the other hand, 
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lattice SF130 has the advantage of freeing three 5 m long straight 

sections, which could be used for conventional insertion devices. 

Table 5. lattice SF130 - Short List of Parameters 

Bending radius: 

Beam energy: 

Momentum compaction: 

Natural emittance: 

Betatron tunes: 

Natural chromaticity: 

Correction sextupole strengths: 

Natural momentum spread: 

Transverse damping times: 

Longitudinal damping time: 

Lattice CF155 

2.710 m 

750 MeV 

0.00590 

21.5 x 10-9 m-rad 

vX = 6.37, vy = 2.12 

~X = 15.9, ~y = -15.7 
I -2 I 2 

KFt = 1.09 m , K0t = -2.24 m-
-a apo = 0.39 x 10 

T = 61.5 ms, T = 63.0 ms 
X y 

T = 31.9 ms 
c 

The other two lattices we investigated represent a significant 

departure from the Chasman-Green type optics. They utilize a hybrid FOOO 

structure first proposed by Vignola (Ref. 29) for a 6 GeV synchrotron 

light source. The Vignola lattice design makes use of combined function 

dipole-and-gradient magnets. 

A full period of the structure is given in Fig. 13 . The pattern is 

repeated six times around the ring. The lattice functions and other 

parameters are shown in Fig. 13 and Table 6, respectively. The bending 

radius (4.0 m) and the field index n in the combined function magnets 

(6.0) were scaled from the previously optimized 6 GeV optics (Ref. 29). 
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The chromatic properties of this lattice are far superior to those of 

the three lattices described earlier, despite the increased sextupole 

strengths (see Table &). Compared to these other lattices, the chromatic 

aberrations of lattice CF155, as measured by the dependence of the tune on 

the momentum deviation, are reduced by an order of magnitude (see Fig. 

14), and the dynamic aperture is greatly enhanced. In Fig. 14 the 

variation of the tunes with the momentum deviation (after the linear 

chromaticity has been corrected) is shown for the various lattices under 

study. In terms of its suitability for FEL operation, lattice CF155 

performs as well as lattice SF130W, but has the advantage of not requiring 

damping wigglers. This frees an additional 30 m of straight section 

length (3 x 10m), which now becomes available for conventional insertion 

devices. 

Table &. Lattice CF155 - Short List of Parameters 

Bending radius: 

Beam energy: 

Field index in bending magnets: 

Momentum compaction: 

Natural emittance: 

Betatron tunes: 

Natural chromaticity: 

Correction sextupole strengths: 

Natural momentum spread: 

Transverse damping times: 

Longitudinal damping time: 

34 

4.010 m 

750 MeV 

&.0 

0.005&2 

5.0 x 10-9 m-rad 

vX = 7.35, vy = 4.35 

~X = -13~3, ~y = -14.3 
I _

2 
I 

KFt = 3.01 m , K0t = -3.2 m-2 

apo = 0.36 x 10-3 

'Tx = 80.5 ms, 

'T = 68.6 ms 
£ 

'T = 111 . 1 ms y 



Lattice CF144 

This lattice represents the first attempt to optimize the Vignola 

optics for our specific purpose. The bending radius was reduced from 4.0 

_m_to 3.5 m (to improve damping), the field index n of the combined 

function magnets was changed from &.0 to 5.0, the number of quadrupoles 

per achromat was reduced from 4 to 2, and the number of sextupoles per 

achromat was reduced from & to 4. Some of the choices, like_ the number of 

quadrupoles and sextupoles, were also suggested by cost considerations. 

Figure 15 shows the modified structure and lattice functions. Other 

parameters are given in Table 7. 

This lattice preserves the good chromatic properties of lattice CF155 

arid has a marginally higher value of the FEL parameter p. 

Table 7. Lattice CF144 -Short List of Parameters 

Bending radius: 

Beam Energy: 

Field index in bending magnets: 

Momentum compaction: 

Natural emittance: 

Betatron tunes: 

Natural chromaticity: 

Correction sextupole strengths: 

Natural momentum spread: 

Transverse damping times: 

Longitudinal damping time: 
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3.495 m 

750 MeV 

5.0 

0.00492 

4.& x 10-9 m-rad 

vX = 7.85, vy = 4.35 

~X= -1&.6, ~y = -15.3 
I _

2 
I 

KFt = 4.94 m , K0t = -4.6 m-2 

·a = 0 37 X 10-3 

po . 

Tx = 69.4 ms, T = 89.4 ms . y 

T = 52.3 ms 
c 



4.3 Overview of Lattice Comparison 

We now turn to the summary of the five lattices described earlier in 

this section; their parameters are compared in Table 8. 

obtained from the ZAP analysis are collected in Table 9. 

The parameters 

To illustrate 

the effects of the emittance coupling, the various lattices have been 

compared for three different values of the x/y emittance ratio, 1:1, 10:1, 

and 100:1. Although the details clearly change somewhat, the overall 

performance rankings are relatively insensitive to the coupling. In terms 

of FEL performance, there does appear to be a preference for a large value 

for the emittance ratio in all cases. The price for this improvement is a 

decrease in Touschek lifetime to a marginally acceptable value. 

For overall FEL operation, the SF180W lattice (with the largest 

momentum compaction, the largest rf requirement, and the largest size) 

gives the best FEL performance. The separated function lattice without 

damping wigglers (SF130) invariably has the poorest performance. The 

absence of wigglers leads to natural emittance values about 4 times higher 

than the other lattices; despite the increase in peak current (related to 

the lower impedance of the ring without the wiggler) the overall 

performance suffers. 

The Vjgnola-type combined function lattices give emittance values 

comparable to those of the separated function lattices having wigglers. 

Moreover, they have the operational simplicity that a lattice with 

wigglers does not have, e.g., easy energy variability and excellent 

chromatic properties. Although there is some penalty in FEL performance, 

the simplicity and relative cost-effectiveness of this type of lattice 

make it appear a good candidate for further study. For these reasons, we 

have adopted the lattice CF144 as our choice for more detailed study in 

Section 5. 
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Table 8. Summary of Lattice Parameters 

~ 
SF180W SF130W SF130 CF155 CF144 Units 

. 

,, 

"x &.61 6.&5 6.37 7.35 7.85 

v 6.64 4.&4 2.12 4.35 4.35 y 

G X 103 14.4 5. 77 5.90 5.&2 4.92 

11max 2.&7 1.43 1.43 0.80 0._70 m 

u 39.6 4&.3 10.3 7.0 8.0 keV/turn 
0 

' 
't X 103 11.4 7.0 31.9 68.& 52.3 s 

c 

KFt 0.79 1.05 1.09 3.01 4.94 m-2 

K0t -0.99 -2.88 -2.24 -3.2 -4.&0 m -2 

px (max) 36.4 24.3 2&.2 16.& 1&.7 m 

Py (max) 31.9 24.2 33.5 28.8 29.3 m 

vo 4.7 1.4 1.4 1.& 1.3 MV 

c0X X 10 • 3.25 &.85 21.5 5.0 4.& m-rad 
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Table 9. Some Parameters Predicted by ZAP 

~ I a) 
SF180W SF130W SF130 CF155 CF144 Units 

p ex ey 

ex x 10 
9 10:1 10.2 7.4 24.8 12.9 10.1 m-rad 

'i 376 123 230 214 199 A 

<Jt 0.0125 0.0125 0.0125 0.0125 0.0125 m 

TT 10:1 1.0 2.4 3.7 2.0 1.4 h 

.f"'l 

1.8 (:_,) I x 1o·-1 o 1 :1 9.4 3.3 4.2 5.0 
"fexcy 10:1 11.6 5.3 2.9 5.2 6.2 

100:1 19.2 11.8 7.2 8.7 10.5 

p X 10 :1 10:1 1.6 1.3 1.0 1.3 1.3 

a)horizontal/vertical emittance ratio 
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5. Design Example of a Storage Ring 

5.1 The lattice 

In this Section we discuss the features of a particular lattice, 

CF144, which are necessary ~o ensure adequate machine performance: 

tunability, chromatic behaviour, and dynamic aperture. We also describe 

some subsystems of the storage ring: the injection system, the rf system, 

the bypass, and the FEL undulator. A schematic layout of the ring and 

bypass is shown in Fig. 16. 

Tunability 

The tunability of the lattice in the tune square 7.0< v <8.0; 4.0 
X 

<v <5.0 was investigated. The only elements varied were the Ql and Q2 y 

quadrupoles. In the course of the tunability study, it was observed that 

the lattice functions exhibiting the strongest tune dependence were the 

beta values at the symmetry point in the long straight section. This 

* position will henceforth be denoted by the superscript*, e.g., ~x,y· 
* * Figure 17b shows lines of constant ~ and ~ across the tune square. It 
X y 

can be seen that the lines are almost orthogonal, and that moving to 

higher tunes corresponds to reducing ~* in the given plane. This 

dependence directly impacts the natural emittance, since this is influ-

enced mostly by the horizontal beta and dispersion functions in the outer 

bending magnets of the achromat. Thus, we find that moving to a higher 

tune lowers the natural emittance. Figure 17c shows the natural emittance 

values in the corners of the tune square. 

In Fig. 17d the systematic sum resonances are shown up to and 

including the sixth order. 

Chromaticity correction 

A common problem with lattices designed for a low emittance beam is 

the chromaticity correction system and its effect on the dynamic 

39 



aperture. A low natural emittance is obtained by reducing the dispersion 

function in the bending sections. As a consequence, the chromaticity 

sextupoles have to be strong. Often. more than two families of sextupoles 

are required to correct for the chromatic aberrations caused by the 

sextupoles themselves. 

With the Vignola-type lattice under consideration. excellent 

chromatic behaviour was obtained with only two sextupole families, despite 

the fact that the sextupole strengths were the highest of all the lattices 

studied (see Table 8). The tune versus momentum deviation curves are 

shown in Fig. 14. 

The Vignola lattice may be considered as a hybrid of a Chasman-Green 

and a FODO lattice. The use of a combined dipole-gradient magnet in the 

Vignola lattice makes it possible to achieve the low emittance typical of 

a Chasman-Green type using the same number of achromats but with weaker 

focussing. The partition damping number Jx, which is usually -1 in a 

storage ring with separated functions, is -1.5 in the Vignola lattice. 

As a consequence, the chromaticity, for the same emittance, is lower than 

in a Chasman-Green lattice. The use of three dipoles in the arcs 

increases the momentum compaction (a favorable feature, since it increases 

the peak current threshold for the microwave instability) and makes the 

lattice layout similar to a double FODO structure. but with the advantage 

of more free space, since the D-quadrupole of a normal FODO cell is 

distributed in the dipoles. This layout makes it possible to distribute 

the chromaticity correction in four sextupoles per period, divided into 

two families. The two families are well decoupled in the two planes, with 

a resultant improvement in chromatic behaviour and dynamic aperture. 
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Dynamic Aperture Studies 

The dynamic aperture has been studied for two different working 

points, ("x•"y> = (7.85, 4.35) and ·c"x•"y> = (1.29, 4.39). The tracking 

code MARYLIE was used for this purpose. The plots of the first working 

point are shown in Fig. 18. The second working point exhibits less phase 

space distortions, as shown in Fig. 19. The dynamic aperture for this 

case was tracked over a range of momentum deviation up to 3% and 

synchrotron oscillations were included in the simulations. The limiting 

oscillation amplitudes are shown in Fig. 20. These working points are 

reasonably far from the lattice structure resonances. The proximity to 

the 3rd-integer resonances "x = 7.33 and "y = 4.33 does not affect the 

present studies, since their driving terms do not have the basic machine 

periodicity. In a more detailed design, the working points would be 

chosen to be at a reasonable distance from non-linear resonances driven by 

random magnetic imperfections. 

The curves of Fig. 20 show the boundaries at which particles are 

lost when injected with coordinates x, y and a momentum deviation ~p/p at 

the symmetry point in the long straight section. The initial angular 

divergences, x•, y• are set to zero. 

In a physical sense, a particle is lost when its betatron amplitude 

exceeds the physical or the dynamic aperture of the accelerator, whichever 

is smaller. A large betatron oscillation amplitude may result, for 

instance, from quantum fluctuations or from a large energy exchange 

scatter (Touschek effect) at a location of non-zero dispersion. The 

latter phenomenon leads to a horizontal betatron oscillation whose 

amplitude, at the center of the long straight sections is given by 
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where ~ is the beta function value at the position where the scatter 
X . 

takes place. For a maximum momentum scatter of 3% at the position of 

* maximum dispersion (worse case), xp = 31 mm. This amplitude falls just 

outside the stability limit; a scatter of 2.9% is stable. A 3% momentum 

acceptance gives a Touschek lifetime of 1.4 hours, which is acceptable for 

FEL operation. 

Although the vertical beam size is damped by radiation, 

horizontal-vertical coupling causes transfer of oscillations between the 

two planes. If we assume 100% coupling, the horizontal and vertical 

emittances are equal to 0.5 times the natural horizontal emittance. When 

this occurs, the maximum vertical betatron amplitude at the center of the 

straight section is given by 

For the above example of a 3% momentum kick, the maximum betatron 

* amplitude is Yp = l& mm. This is well within the stability boundary. 

The maximum stable amplitude in the radial plane (43 mm) ~;orresponds 

to 125axo' where axo is the natural rms beam width in the absence of 

intrabeam scattering growth. This provides ample quantum lifetime 

( severa 1 days) . 

5.2 The Injection System 

In our study of the ring design, we have assumed that a full energy 

injector is required at an energy that is interesting to users of 

conventional undulators. Thus, in spite of the fact that the FEL is 
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intended to operate at 750 MeV, we set the injection energy at 1.3 GeV. 

Such an injector could be a system similar either to the one proposed 

for the Advanced Light Source (Ref. 31) or to the one built for the BESSY 

light source (Ref. -32), upgraded to 1~3 GeV. In the former case, the 

injector consists of a 50 MeV linac followed by a 1 Hz, 1.3 GeV booster 

synchrotron. In the latter case, the injector is a 50 MeV microtron 

followed by a 10 Hz booster synchrotron. The two systems are of 

comparable size and cost. A third possibility is a 600 MeV positron 

linac, similar to the one being built for the LEP injector. We shall 

assume here the upgraded BESSY system. 

For the 1.3 GeV BESSY-type injector system Scanditronix (Ref. 33) has 

proposed using a 50 MeV racetrack microtron and a 1.3 GeV rapid cycling 

booster synchrotron having a 500 MHz rf system, 8 superperiods, and a 64 m 

circumference. The bending magnets have the same field (1 tesla) and the 

lattice the same structure as the BESSY booster (which has 6 superperiods). 

A layout of the injection system is shown in Fig. 16. The beam 

transfer line from the booster runs parallel to the second half of the 

bypass (separated by 5 meters) and enters the storage ring in the same 

10 m straight section. 

The inj~cted beam is launched into the storage ring with a collective 

oscillation in the vertical plane of about 20 mm maximum (12 mm in the 

straight sections). The launch point is about 3 em above the central 

closed orbit at the exit of the iron septum magnet SI. The maximum 

magnetic field in the septum is 8 kG, and the radius of curvature is 

5.4 m. The effective septum thickness is 5 mm. 

The injection method is the well known four-turn stacking system. In 

this system, if the fractional part of the tune is close to plus or minus 
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1/4, the injected beam will return to the septum azimuth every 4 turns, 

but will miss the septum on earlier turns. Thus, by moving the local 

closed orbit close to the septum at the time of injection by means of a 

local closed orbit bump. and by removing the bump in a time shorter than 

that needed for 4 revolutions of the beam, the injected beam can be 

successfully stored. 

The local half-wave injection bump is formed by the four kicker 

magnet system K1, K2, K3, and K4. The use of four kickers allows the 

optimization of the injection angle as well as the injection amplitude. 

The required kicker strengths are not demanding. The largest 

deflection angle is 5.0 mrad. The corresponding kicker magnet strength is 

220 gauss-meter. Using a 4 microsecond half-sinusoid excitation waveform 

and a kicker magnet aperture width of 8 em, the required power supply 

voltage is only about 3 kV. 

let us now consider the actual process of injecting the beam into the 

storage ring. Many modes of filling the 240 rf buckets of the storage 

ring are possible. If all 240 buckets are to be filled, the load rate 

into the storage ring can be as high as 30-40 rnA per second (assuming a 

20 rnA beam intensity during the 1.5 ~sec pulse from the microtron, a 33% 

injection efficiency into the booster, and a SO% efficiency for beam 

transfer from the booster to the storage ring). 

The slowest load rate is for single-bunch operation in the storage 

ring. With the microtron beam pulsed so as to load only one of the 107 

buckets in the booster, the storage ring load rate is reduced by the 

factor 1/107, that is, to 20 rnA per minute. For typical FEL operation 

(one bunch, 200 A peak, 44 rnA average current) the loading time at this 

rate would be about 4.4 minutes. The use of a lower frequency for the rf 

cavity in the booster (say, SO or 100 MH~) could reduce th1s loading time 

substantially. 

44 



5.3 The Radio-Frequency System 

The rf system requirements for an FEL storage ring are similar to 

those of other electron storage rings, with the exception of two novel 

features. Firstly, the peak current demand is higher than anything 

achieved or designed in existing storage rings in this energy range. For 

this reason, special emphasis must be placed on damping the higher-order 

modes of the cavity. This is important in all electron storage rings, but 

even more so in an FEL ring because of the high peak current. Secondly, 

transient coherent longitudinal oscillations are executed by the beam as 

it reenters the storage ring after a passage through the FEL undulator. 

These oscillations are excited because the beam loses energy to the FEL 

undulator. The maximum amplitude of the momentum oscillations is expected 

to be of the order of ap = 0.002, the expected relative energy loss by 

the beam to the undulator. This momentum devation falls comfortably 

within the momentum acceptance of the accelerator. The coherent 

oscillations will be damped by radiation and, even more rapidly, by 

Robinson damping (see Table 10). 

The RF Cavity 

The cavity we propose to support the 1.3 MV peak voltage at 500 MHz 

has been used in various storage ~ngs (Refs. 28, 34 and 35). That is the 

reason for considering it at this early design stage. A considerable 

amount of information is known about the cavity design, including 

higher-order modes and techniques for damping them (Ref. 36). Our FEL 

ring would require 3 single-cell cavities. Each cavity will have a 

separate rf drive in order to eliminate electromagnetic interactions due 

to beam loading. A list of the rf parameters is given in Table 10. The 

location of the rf caviiies in the ring is shown in Fig. 16. They are 

placed in the short straight sections. 
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The dispersion is not zero at this location; however. we prefer to leave 

the long straight sections, where the dispersion is zero. free for 

undulators. The small synchrotron tune (0.018) should not cause any 

problem with synchro-betatron resonances. as demonstrated also by our 

tracking studies. 
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Table 10. Fundamental Acceleration and RF System Parameters 

Peak effective rf voltage, V 
(including transit time) 0 

Radiation energy loss/turn, U0 

Energy loss/turn in machine impedance, Urn 

RF frequency 

Harmonic number 

Synchrotron oscillation tune {vs) 

Number of bunches for FEL operation 

Average beam current 

Peak beam current 

Number of rf cavities 

Transit time factor 

Shunt impedance 

loaded Q 

Overvoltage factor = eV /(U +Urn) 
0 0 

Synchronous phase 

Power dissipated in rf cavities 

Power dissipated in machine impedance 

Power delivered to beam 

Detuning angle 

Detuning frequency shift 

Robinson damping time 
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1. 3 MV 

8 keV 

84 keV 

500 MHZ 

240 

0.018 

1 

44 rnA 

200 A 

3 

0.683 

13.2 MQ 

22,000 

14.1 

4.1 deg 

137 kW 

3.8 kW 

350 w 
-30 deg 

-5.95 kHz 

0.5 msec 



Potential Well Distortion Effects 

The wake field of an unperturbed bunch can distort the focusing 

forces provided by the rf system. For long bunches this results in bunch 

lengthening as the rf voltage is partially cancelled by the self-induced 

force. For short bunches, on the other hand, the sign may be reversed, 

with possible bunch shortening. Studies c~rried out for the Advanced 

Light Source (Ref. 37) indicate that, for bunch lengths of about 1 em or 

less, the wake field will act so as to cause bunch shortening, typically 

at the 10-30% level for the single bunch currents in the present study. 

However, this effect is sensitive to the detailed frequency behaviour of 

the broadband longitudinal impedance. If the impedance were to remain 

inductive out to several gigahertz. some lengthening may occur. Given the 

uncertainties involved without specific hardware designs, it is difficult 

to predict the potential~ell distortion effects to better than the 10-30% 

level. On the other hand, care in shaping the machine impedance 

(shielding of bellows, rf cavity choice, etc.) may allow for some 

flexibility. 

Energy Loss into Machine Impedance 

A bunch loses energy to the machine impedance at a rate per turn 

given by 

( 5. l) 

Approximating the ring impedance with a resonator model of quality 

factor Q=l, the loss factor is given by (Ref. 38) 
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kl = _JL 
2c [ Re w(x) -J Im w(x)] (5.2) 

where x = ( 'Y3 +i)a,/(4b) and w is the complex error function. The 

effective longitudinal impedance, ZL/n, is estimated, according to the 

criteria discussed in Subsection 3.4.1, to be 0.5 ohms. A bunch length 

(at) of 1.25 em and a current of 44 rnA in one bunch yield an energy loss 

of 84 keV/turn and a dissipated power of 3.8 kW. 

5.4 The Bypass System 

The purpose of the bypass is to extract the electron bunch from the 

storage ring, to channel it to the FEL undulator, and to reinject it into 

the storage ring with high transfer efficiency. 

Two schemes were considered. In one case, the beam is vertically 

extracted from the upstream end of a long straight section. In the other 

scheme, the beam is extracted vertically from the downstream end. The 

first scheme has a total bend of 120°. It requires 4 vertical kicker 

magnets (two each for extraction and reinjection), and has very critical 

optical properties, requiring quadrupole gradients of up to 30 T/m, albeit 

over a small~aperture. The second scheme has a total bend of 180°, but 

requires only one kicker each for extraction and injection, and has much 

less sensitive optics; This second scheme will now be examined in some 

detail. Its layout is shown schematically in Fig. 21. 

Optical Properties 

These are dictated essentially by the FEL undulator, and impact the 

whole bypass design. Because of the focussing properties of the undulator 

(discussed in the next Section), it is necessary to match the electron 

beam at the input to the undulator. This requires: 
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u = u = 0 X y 
p = p = 2-3 m 

X y 
I 

~x,y = ~x,y = 0 

I 

In order to achieve ~x,y = ~x,y= 0, the bending system must be made 

achromatic. Since a bending magnet is the first element in the line, it , 

follows that the achromatic section must be at the upstream end of the 

bypass. 

The layout of the achromat is a compromise between th~ geometric 

conditions imposed by the FEL beam extracted from a straight section of 

the ring, and the need for sufficient space to match the lattice func

tions. The layout we propose, shown in Fig. 21, is a system with two 45° 

dipoles separated by a 4 m straight. The straight section incorporates a 

geometrically symmetric DFD quadrupole triplet to complete the achromat. 

Besides .completing the achromatic section, the triplet can be used to 

control the amplitude of the beta functions at the exit of the bending 

section. 

In order to match the beam from the end of the last dipole to the FEL 

undulator 4 quadrupoles ~re required, since there are 4 conditions to be 

met (namely, ux, uy, px• Py>· Actually. the problem is slightly over

defined, since, as mentioned earlier, the preceding triplet can be used to 

control the beta functions at the exit of the last bend before the FEL 

undulator. However, we prefer to retain this feature in order to separate 

the matching of the dispersion from that of the other lattice functions. 

The 4 quadrupoles complete the •extraction• side of the bypass. The 

•injection• side is simply its mirror image. The evolution of the beta 

functions in the bypass is shown in Fig. 22. 
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The stability requirements on the achromat dipole system appear, at 

first sight, to present an insurmountable problem. The reproducibility, 

from pulse to pulse, of the horizontal beam positi~n at the entrance of 

the undulator should be of the order of 0.1 ax. Since, at the entrance 

of the undulator, px = 2 m and the horizontal emittance, &x' is of the 

-· order of 10 m-rad, ax= 0.14 mm. The beam displacement Ax corres-

ponding to a deflection error Ae in the bends is Ax= -6.1 Ae, giving 

I ae I ~ 2.3 x 10-. rad. As a fraction of the total bending angle e8, 

this gives f aj j ~ 2.9 x 10-•, a very tight tolerance indeed. This 

problem can be overcome by powering the two dipoles of the achrQmat in 

series. This maintains the bend as. an achromatic structure, to first 

order, and the deflected trajectory is brought back on line at the output 

of the bending section. The stability requirement is then reduced to the 

same order asap, the momentum spread, which is of the order of 10-3
• 

In order to extract the beam, a single kicker magnet producing a 

vertical deflection, ek' of 5 mrad is used. This gives a separation of 

orbits of 30 mm at the input of the 45° Lambertson septum magnet. The 

kicker field is 360 gauss over a leDgth of 0.35 m. 

The kicker pulse duration is related to the time taken for the beam 

to go through the bypass and back around the ring. Let us assume that the 

injection and ejection kickers are triggered by the same pulse and have 

the same pulse shape. The earliest trigger time occurs when the bunch 

passes the injection kicker Kl (t=O, see Fig. 23). By the time the bunch 

reaches the extraction kicker KE, the kicker must be at full amplitude. 

This transit time is approximately 220 nsec. The extraction kicker must 
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stlll be at full amplitude when the electron pulse has passed through the 

bypass, after a transit time of - 200 nsec. The extraction kicker KE 

must be off when the beam returns to t~is location, after a further 220 

nsec. A kicker pulse looks typically like the one depicted in Fig. 23. 

5.5 The FEL Undulator 

The basic parameters of the FEL undulator have been discussed in 

Section 2. 'In this Section we want to present our general ideas on the 

construction techniques and on some tolerance questions. 

We intend to use a hybrid type of undulator, since this can produce 

stronger fields and is less sensitive to field errors. The FEL parameters 

discussed in Section 2 are based on the assumption that samarium-cobalt is 

used for the construction of the undulators. We will, however, also 

investigate the recently developed and considerably stronger 

neodymium-iron-boron, since there are reasons to believe that the large 

temperature coefficient of the remanent field of NdFeB does little harm to 

the performance of the FEL. The peak field that can be achieved (with a 

reasonable amount of material) in the midplane of a NdFeB/vanadium 

permendur undulator can be represented (in the range 0.08 < d/~u< 0.7) by 

B = 3.44 exp [-x% (5.08- 1.54 x%>] (5.3) 

To eliminate the fringe field associated with the end of the magnet and 

the resulting non-linear effects on the beam, the undulator will have 

field clamps at both ends. 

The most serious field errors affecting the performance of an 

undulator are those that lead to an angular deflection of the average 

electron trajectory. The effects of field errors on the spontaneous 
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synchrotron radiation spectrum have recently been investigated (Ref. 39). 

It was found that when this particular field error (namely the dipole 

error leading to a coherent angular deflection of the beam) has been 

eliminated, the spontaneous synchrotron radiation spectrum is affected in 

only a minor way by the other types of field errors (quadrupole field and 

higher order non-linearities). Since this is likely to be true also for 

the operation of an FEL, we are concentrating on the suppression of this 

type of field error. 

It can be shown that field errors caused by an error in the remanent 

field strength of the permanent magnet material that excites the iron 

poles do not lead to a net angular deflection of the average electron 

trajectory. Thus, the major remaining source of field errors will be the 

local errors in the gap between the iron poles. We are presently investi

gating both a passive and an active method to compensate for these 

errors. In the former case, we try to make such field errors self

compensating with regard to the angular deflection. In the active method, 

correction coils are energized. While it is not yet clear whether the 

passive method will actually work, the active method, while more expensive 

to implement, can be shown to work provided suitable beamdiagnostic 

methods are available. 

6. Summary and Conclusions 

We have reported on a feasibility study of a storage ring for a 

single-pass, high gain Free Electron Laser operation. Important aspects of 

collective instabilities, lattice design, bypass considerations and 

operational requirements have been covered by the study. The general 

conclusions are that the high beam quality demanded by this particular mode of 

operation can be achieved with presently available accelerator technology. We 
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have presented an example design of a storage ring able to produce coherent 

radiation at a wavelength of 400 A with a power of the order of 150 MW peak 

and 0.3 W average. 

We have shown that such a ring can also be used as a source of 

conventional undulator radiation because of its small natural emittance and 

lattice flexibility in the choice of the length of the straight sections. 
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APPENDIX 

LIST OF SYMBOLS USED IN THE TEXT 

(in approximately the order they appear in the text) 

= electron rest mass 

= electron mass 

= classical electron radius 

= electron charge 

= undulator wavelength 

= laser optical wavelength 

= undulator deflection parameter 

= ratio electron energy/rest energy 

= peak value of the undulator magnetic field 

= undulator gap 

= electron volume density 

= FEL parameter 

= FEL parameter including degradation due to finite 

momentum spread 

= laser gain (small-signal regime) 

= laser power 

= initial laser power 

= e-folding length for the radiation growth 

= e-folding length including degradation due to finite 

momentum spread 
-1 

= te 

= laser saturation distance 

= laser saturation power 
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Pbeam 
.... 
I 

E 

N 

vx(vy) 

Px<Py) 

a.x(a.Y) 

yx(yy) 

1'1 

=peak power in electron-beam 

= peak electron current 

= electro·n energy 

= number of undulator periods 

= rms beam size in the horizontal (vertical) plane 

= rms natural beam size (i.e., as determined by radiation 

effects only) 

= horizontal (vertical) rms beam emittance (defined as 

O':,y/Px,y> 

=horizontal (vertical) rms natural beam emittance (i.e., 

as determined by radiation effects only) 

= horizontal (vertical) tune 

= horizontal (vertical) beta function 

= horizontal (vertical) Courant-Snyder lattice function 

= horizontal (vertical) Courant-Snyder lattice function 

= dispersion function 

= rms relative momentum spread (=Ap/p) 

= rms bunch length 

= peak current threshold as limited by the 

longitudinal microwave instability 

= peak current threshold as limited by the transverse 

microwave stability 

= form factor of the longitudinal microwave instability 

( = 1) 

= form factor of the transverse microwave instability 

( = 1) 
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"s 
h 

M 

p 

R 

b 

( 6p/p)BKT 

= ratio of the effective longitudinal impedance to the 

mode number n (n = ratio of frequency to the ring 

revolution frequency) 

= transverse impedance 

= momentum compaction factor 

,. synchr.otron oscillation tune 

= harmonic number of rf 

= number of bunches in the ring 

= ratio electron velocity/velocity of light 

= average storage ring radius 

= average beam pipe radius 

= synchronous particle angular revolution frequency 

= number of particles per bunch 

= function related to the intrabeam scattering calculation 

= intrabeam scattering horizontal diffusion time constant 

= horizontal emittance damping rate from synchrotron 

radiation 

= Touschek scattering lifetime 

= peak rf voltage 

= rms angular width 

=fractional momentum acceptance of rf bucket (i.e., rf 

bucket half-height) 

= bunch volume 

= absolute total bend angle of a wiggler 

= growth rate of the horizontal intrabeam scattering 

process 
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TIBS 

Po 
u 

0 

't 
£ 

Kft (K0t) 

K' t (K' t) 
F 0 

= l/giBS 

= bending radius in main ring dipoles 

= radiation energy loss per turn 

= longitudinal radiation damping time 

= integrated focussing strength of a horizontally 

(vertically) focussing quadrupole. K = B'/Bp, where B' 

is the magnetic gradient and Bp the magnetic rigidity 

= integrated focussing strength of a horizontally 

(vertically) focussing sextupole. K' = S/Bp, where S is 

the sextupole strength, defined as B = Sx 2 for a field 

B at a distance x from the axis on the horizontal plane. 

= synchronous rf phase 

= beam energy loss per turn to the machine impedance 

= charge per bunch 

= longitudinal loss factor 

58 

--



REFERENCES 

1 .. See the contributed papers to the Castelgandolfo 1984 FEL Conference, 
Nucl. Inst. and Methods in Physics Research, to be published (1985). 

2. D.T. Attwood et al., in Free Electron Generation of Extreme Ultraviolet 
Coherent Radiation, J.M.J. Madey and C. Pellegrini, eds., Amer. Inst. 
Phys., New York, 1984, (Conf. Proc. No. 118), p.294. 

3. C. Pellegrini, Nucl. Inst. Meth., 177, 227 (1980). 

4. An experiment on the High Gain FEL in the microwave range was carried out 
by a Lawrence Berkeley Laboratory/Lawrence Livermore National Laboratory 
Group. 
W.B. Colson and A.M. Sessler, •free Electron Lasers", LBL-18905 (January 
1985), submitted to Annual Reviews of Nuclear and Particle Science. 
T.J. Orzechowski, et al., UCRL-91559 (September 1984), submitted to Phys. 
Rev. Lett. 

5. J. Murphy and C. Pellegrini, Intl. Quant. Elec. Conf., Paper WQQ2, San 
Diego, CA (June 1984). 

&. •coherent X-Rays and Vacuum-Ultraviolet Radiation from Storage Ring Based 
Undulators and Free Electron Lasers,• K. J. Kim, editor, LBL-18945, 
December, 1984. 

1. For a review, see for example, W.B. Colson, Physics of Quantum 
Electronics,~ (FEL Generation of Coherent Radiation, S.F. Jacobs et al. 
eds., Addison-Wesley, 1982), p. 457. 

8. J. M. J. Madey, J. Appl. Phys., 42, 190& (1971); and J. M. J. Madey, M.A. 
Schwettman, W. M. Fairbank, IEEE Trans. Nucl. Sci., NS-20, 980 (1973). 

9. B. Bonifacio, C. Pellegrini and N. Narducci, in Free Electron Generation 
of Extreme Ultraviolet Coherent Radiation, J.M.J. Madey and C. Pellegrini, 
eds. (Amer. Inst. Phys., New York, 1984), p. 23&. 

10. N.M. Kroll and W.A. McMullin, Phys. Rev., A17, 300 (1978). 

11. A. Gover and Z. Livni, Opt. Comm., 2&, 375 (1978). 

12. I.B. Bernstein and J.L. Hirshfeld, Phys. Rev., A20, 1661 (1979). 

13. P. Sprangle, C.M. Tang and W.M. Manheimer, Phys. Rev., A21, 302 (1980). 

14. C.C. Shih and A. Yariv, IEEE J. Quant. Electron., QE-17, 1387 (1981). 

15. G. Dattoli, A. Marino, A. Renieri and F. Romanelli, IEEE J. Quant. 
Electron., QE-17, 1371 (1981). \ 

16. Calculations by, for instance, K. Halbach. See also Ref. 17. 

59 



17. E.T. Scharlemann, Lawrence livermore National Laboratory, ELF Note 105 
(July 1984). 

18. K. J. Kim and J. M. Peterson, "Storage Ring Parameters for High Gain FEL.• 
Lawrence Berkeley Laboratory, Paper presented at the 1985 Particle 
Accelerator Conference, Vancouver, BC, Canada, May 13-16, 1985. 

19. J. Murphy, C. Pellegrini, B. Bonifacio, Optics Communications, 53, 197 
(1985). 

20. K. Halbach, Journal de Physique Col1oque, C1, 44, 211 (1983). 

21. W.M. Fawley et al., Physical Review, A30, 2472 (1984). 
The code was since updated by W.M. Fawley and E.T. Scharlemann. 

22. For a review, see, for instance, C. Pellegrini, Brookhaven National 
Laboratory Report 51538 (April 1982), and J.L. Laclare; XIth Intl. Conf. 
on High Energy Accelerators, Geneva (1980), p.526. 

23. A.W. Chao and J. Gareyte, Stanford University, PEP Note· 224 (1976). 

24. A. Faltens and l.J. Laslett, 1975 Isabelle Summer Study, BNL-20550 
(1975), p. 486. 

25. A. Piwinski, Proc. 9th Int. Conf. on High Energy Accelerators, 1974, p. 
405. 

26. J.D. Bjorken and S.E. Mtingwa, Particle Accelerators, 11. 115 (1983). 

27. H. Bruck, Circular Particle Accelerators, Los Alamos Scientific 
laboratory Report LA-TR-72-10 Rev., translated by R. McElroy Co., Inc., 
p.319. 

28. T. Weiland, DESY Report 83-005, February, 1983. 

29. G. Vignola, •Preliminary Design of a Dedicated 6 GeV Synchrotron Radiation 
Storage Ring•, Submitted to Nucl. Inst. Meth. 

30. J. Bisognano, A. Garren, K. Halbach, K. J. Kim, J. Peterson, Lawrence 
Berkeley laboratory, LBL-19062, December, 1984; (to be published in Nucl. 
Inst. Meth.). 

31. 1 The Advanced Light Source: Technical Design•, Lawrence Berkeley 
Laboratory, Pub-5111, Appendix A, May. 1984. 

32. D. Einfeld and G. Hulhaupt, Nucl. Inst. Meth., 172, 55 (1980). 

33. G. V. Egan-Kri ger et a 1. , IEEE Trans. Nuc 1. Sci . • NS-30, 3103 ( 1983); and 
B. Anderberger, private communication. 

34. K. Batchelor and Y. Kamiya, KEK-79-25, October 1979. 
< 

35. Design Study for a Dedicated Source of Synchrotron Radiation, Dl/SRF/R2, 
(1975). 

60 



36. Y. Yamazaki et al., IEEE Trans. Nucl. Sci., NS-28, 2915 (1981). 

37. J. Bisognano, lawrence Berkeley laboratory, Report No. lBID-716, May, 1983. 

38. SSC Reference Designs ~tudy, May 1984. 

39. B. Kincaid, to be published in the Journal of the Optical 
Society. 

61 



Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

FIGURE CAPTIONS 

Schematic drawing of a storage ring with a bypass 
containing a high gain FEL. 

Schematic description of the dependence of the 
longitudinal impedance on the frequency, or mode number. 
The symbo 1 "a represents the mode number corresponding to 1,_ 

the nms bunch length, above which the radiation can 
propagate coherently. 

.... 
Dependence of the achievable peak current, I, on the bunch 
length, a,, for three different values of the momentum 

spread, ap. The letters "T" and "L" denote curves related 
to the transverse and longitudinal microwave limits, 
respectively. 

Dependence of the rf voltage and bucket height on the 
bunch length, for a fixed momentum spread. 

Dependence of the peak current, I, equilibrium emittance, 
;x, and some FEL parameters (p, le) on the momentum 

spread, ap. Degradation of performance (Peff, i.eff) with 

increasing momentum spread is apparent. A Lorentzian 
momentum distribution was assumed in the calculation of the · 
degradation [see Eqn. {2.17)]. 
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Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Dependence of the peak current. 1. on the momentum 
spread, a , for three values of the beam pipe radius. b. . p 

The vertical arrows indicate the momentum spread above 
which the peak current is determined by the transverse. 
rather than the longitudinal instability threshold. 

Energy dependence of the following parameters: 
Tou~chek lifetime for 3% rf bucket height. -r-f"; 
Intrabeam scattering lifetime. -rx,IBS; 

Equilibrium emittance. ex; 

Bunch volume density. 1/y2 .Y cxcy 

FEL parameter, p. 

Layout of ring SF180W, with the three damping wigglers. 

Lattice functions in one half-period of lattice SF180W. 
The period has reflection symmetry about the center of the 
long straight section. 

Variation of horizontal tune with momentum deviation in 
lattice SF180W for three different locations of the SO 
chromaticity sextupoles (denoted as SOl. SD2, SD3). 
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Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

figure 1& 

Figure 17 

Lattice structure and functions in one half-period of 
lattice SF130W. The period has reflection symmetry about 
the center of the long straight section. 

Lattice structure and functions in one half-period of 
lattice SF130. The period has reflection symmetry about 
the center of the long straight section. 

Lattice structure and functions in one period of lattice 
CF155. The pattern repeats six times around the ring. 

Dependence of the horizontal and vertical tunes on the 
momentum deviation for the various lattices under study. 

Lattice structure and functions in one period of lattice 
CF144. The pattern repeats six times around the ring. 

Schematic layout of ring CF144 and bypass. 

Variation of parameters in a unit tune square for ring 
CF144. 
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Figure 18 

Figure 19 

Figure 20 

Figure 21 

Figure 22 

Figure 23 

Ring CF144 phase~space plots for 1000 turns; ux = 7.85, 
uy = 4.35. 

Ring CF144 phase-space plots for 1000 turns; ux = 7.29, 

uy = 4.39. 

Maximum stable horizontal and vertical betatron amplitudes 
for various momentum deviations; u = 7.29, u = 4.39. 

• X y 
The physical aperture is limited at 2.5 em (i.e., a 
particle is lost when its transverse excursion from the 
center of the aperture exceeds 2.5 em). 

Layout of the transfer line to the FEL undulator. 

Evolution of the p-function in the bypass. 

Schematic timing pattern for the injection and extraction 
kickers for the beam in the FEL bypass. 
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