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Abstract 
In this paper we describe the operation of an XUV high gain FEL operating within a 

bypass of an electron storage ring, and discuss the implications on storage ring optimiza
tion imposed by FEL requirements. It transpires that, in the parameter regime of inter
est, collective effects within the beam play an important role. For example, intrabeam 
scattering dilutes the transverse emittance of the beam and the microwave instability 
increases the momentum spread. Both phenomena reduce the effectiveness of the FEL. A 
computer code, ZAP, has been written which, for a given lattice design, takes all such 
effects into consideration and produces a figure of merit for FEL operation for that 
machine. We show the results of ZAP for several storage ring designs, all optimized for 
FEL operation, and present a design example of a facility capable of producing coherent 
radiation at 400 X with tens of megawatts of peak power. 

1. Introduction 
There has recently been remarkable progress in demonstrating the generation of coherent 

radiation through Free Electron Laser (FED interaction in the infrared and microwave 
region (Ref. 1). With electron beams of suitable quality, the technique could be extended 
to wavelengths shorter than 1000 X. 
With present day technology, there are two promising approaches to the vacuum 

ultraviolet (XUV) FEL. One is based on cavity formation by end mirrors (Refs. 2 and 3), 
the other through the development of high gain in a single pass device. The former "FEL 
oscillator" is currently restricted to longer wavelengths because high reflectivity 
mirrors (although rapidly evolving through multilayer technology) are not yet available 
(Ref. 2). In the second approach, which we call the High Gain FEL, the interaction 
between the electron beam and the undulator occurs in a single pass, and no mirrors are 
required. 
The most promising source of electrons with the characteristics required for FEL 

'operation is an electron storage ring. The mode of operation is to deflect the circula
ting electron bunch into a special bypass containing the FEL undulator, as shown schemati
cally in Figure 1. The beam, which is severely disrupted in the FEL Interaction is then 
reinjected into the storage ring, where its equilibrium characteristics are restored 
through the process of radiation damping. After one damping time (50-100 ms), the beam Is 
ready to be switched back into the FEL bypass and the process is repeated. References 4 
and 5 give a more detailed description of FEL bypass operation. 

In this paper we show how the evolution of the optical pulse in the FEL is determined by 
certain characteristics of the electron pulse, in particular, the charge density and mo
mentum spread. We show how these requirements lead to conflicting demands on the storage 
ring design, and how these conflicts have been assessed in a systematic fashion through 
the development of a new computer code. ZAP. 
This novel, systematic approach has been used to choose between candidate storage ring 

lactlces, all of which were optimized Eor high gain FEL operation. Based on our study •«•-•? 
present a design example that Is capable oE producing coherent radiation at <»00 A with 
tens of megawatts peak power. 



2. FEL Issues 
FEL Gain. Power. Saturation Length 

2 An electron beam of energy ym c traveling through a magnetic undulator of period X, can interchange energy with a transverse laser field of wavelength \ propagating in tKe same direction (Refs. 6 and 7). The interaction becomes resonant when the following condition Is satisfied: 
(1 + K 2/2) X - X u (2-1) 

where K Is the deflection parameter, characteristic of the undulator, given by 
K - * N B - 0.93* W B . (2.2) 

2w o« c [cm] [Tesla] 
An Important quantity, which determines the FEL characteristics In the one-dimensional theory, is the dlmenslonless parameter p, given by (Ref. 8) 

p ., K 2[JJ1r a n bxS \ *'3 ( 2 3 ) 

32irr3 

where 

[JJ! - tJ 0(5) - J i < » ] 2 «lth I - &L_ . (2.4) 
HI + K z/2) 

The J and J. are ordinary Bessal functions cf order zero and one, respectively. As will emerge in the course of this paper, for the parameters of Interest to us, p is typically of the order of 10" 3. 
The characteristics of the powee 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 (.ptfXu)1 . (2.5) 
Farther along the undulator, the laser power P grows exponentially (Refs. 9 to 14) with distance, from the Initial power P at a rate proportional to: 

P 0 8 8 2 

(2.6) 

where 
g - <nrVT(p/\u) . (2.7) 

The corresponding e-foldlng length for the growth of the radiation power in the exponential growth regime Is 
U-3) 

Eventual ly , the e l e c t r o n s are captured in the ponderomotive po ten t i a l welL and the 
growth of radtacion power s tops . The laser s a tu ra t e s a t a d is tance z = z , - , P with a 
- - a c a c t e r i s t l c s a t u r a t e d peak power P s a t - T n e s a t u r a t i o n length and the peak power are 
g : /en approxlaa te ly by (Ref. 8) 



Z s a t = (Ku/p) (2.9) 
psat a " Pbeam < 2 - 1 0 ' 

where Pbeam = ^ E / e l s c n e P e a k P o w e r i-n c h e electron beam. The optimum choice for the number of undulator periods N is given by 

N = ( z s a t A u ) = Cl'P> • (Z.U) 

This choice for the number of undulator periods maximizes the laser power In the shortest possible undulator length. 
Taking the typical values of I - 200 A, E « 750 MeV and p - 1x10" 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. 

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 storage ring characteristics. 
The volume density of the bunched electron beam ls 

o - I ec2troxOy (2.12) 

The beam size a can be expressed In terms of the emittances c and the amplitude 
functions 8x,y: , y , y 

°x,y " J'x.y Bx.y • (2.13) 
The alternating field of an undulator provides an effective focussing force. For a planar undulator, the focussing ls In the vertical direction, with an effective 6-functlon given by (Ref. 15) 

By - bl! . (2.W) 

Horizontal focussing can also be provided by tilting or by shaping the pole surfaces of the undulator (Ref. 16). 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: 
B x - B y - ^ M l . (2.15) 

By combining Eqns. (2.1), (2.12), (2.13), and (2.15), the FEU parameter given in Eqn. (2.3) can be rewritten: 
p 3 - _L_ £e K3fJJ1 X _ I _ ( 2.i6) 

I6ir ec 2(H-K2/2) Y 2V*x cy 
The above results apply only to the one-dimensional theory with zero energy spread, tf a finite energy spread is taken into account, the growth rate and the saturation power ̂re modified as follows (Ref. 17): 

g •* g' = f(o ,p)g 
P - P" = h(o .p) P . (2.1" 
sat sat P sat 
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The £(op,/3) and h(cjp,p) ace Functions of the electron relative energy spread, <jp » (Ap/P^rms- a n d P> a n d describe form factors that, in general, decrease with increasing values of (op/p). If an is non-zero, the FEL, performance is significantly reduced unless the following condition is satisfied (Ref. 18): 
a p < 1/N - p . (2.18) 

If che momentum spread of the electron beam is large and the inequality in Eqn.(2.18) is violated, boch funcclons f and g can become considerably less Chan unicy, chus degrading che FEL performance. The funccion f(o ,p) can be obtained by solving a dispersion relation, which becomes a cubic equation for a Lorentzlan or a rectangular longitudinal momenCum dlscribution. For a Lorentzian distribution, che value of f(o p,p) is 1 when ap/p - 0 and 0.36 when Op/p - 1. 
In addicion Co che nacural energy spread, che beam emiccance contributes an effective energy spread (Ref. 5) Chat is subject to a condition similar to Eqn. (2.18). Making use of Eqn. (2.15) and under the assumption that che transverse charge distributions are Gaussian, che effective energy spread can be written: 

(«p).„- h L ^ U l . (2.19) 
" r 2 V T T \ 

For all Che cases considered in this paper, the effective energy spread is not negligible, but Is usually smaller than the natural a . 
In determining a "figure of merit" for a given storage ring by which it may be compared with others, we attempt to achieve the maximum peak power output in Che shortest undulacor length for a given output wavelength.. We see from equations (2.6) and (2.3) thac chis requires maximizing the gain parameter, p. In terms, of,the storage ring design, we see that maximizing p Involves maximizing the value of 1/(7 Vc xty), i.e., maximizing the current density. In the next section we discuss the problems of achieving high density electron bunches In a storage ring. 

3. Problems In Achieving High Density Electron Bunches and Their Implications for Storage Ring Design 
In this section we review the collective effects that limit the electron density achievable in a storage ring and show how they demand conflicting requirements from che ring design 
The interaction of che beam with its environment produces electromagnetic fields which react back on the beam. This feedback mechanism causes a variety of coherent instabilities co develop chat elcher cause Che momentum spread to Increase or limit che maximum achievable current. Either effect Is deleterious Co FEL performance. 
For che FEL rings we have considered, che longlcudinal microwave instability presents Che most severe limitation. Here the threshold peak current is given by (Ref. 19): 

I. - 2 ™ « P
2 ( E / e ) F t. (V n )eff L 

where F, Is Che longitudinal form factor (»1) and (Z./n) Is the effecdve longitudinal Impedance, which is che average of che full frequency dependent impedance over che bunch mode spectrum. 
Already we can see conflicting requirements. From equation (2.18) we wish Co keep a D snail, which from equation (3.1) lowers che peak currenc achievable. This could be ocFse' by designing a lactlce with a large momentum compaction factor, a. However, Increasing •1 demands a larger cf voltage to maintain the momentum acceptance of the storage ring. •which In general will result In more rf cavities and thereby more longitudinal iapedanc-
Thls aspect of parameter optimization Is further exacerbated by the requirements or another effect, Intrabeam scattering. In this process electrons within the bunch Cou'. scatter off each other transfecing energy predominantly from transverse into longitudi-motlon. When such a scatter occurs In a dispersive region of the lattice, a radial betatron oscillation Is excited. The net result Is thac che beam grows both radially .• longitudinally, thereby increasing che emittance and diluting che bunch density. 



Quantitatively, the treatment of intrabeam scattering is quite complicated (Ref. 20). 
however, For the type of lattices under consideration, an approximate expression for the 
radial diffusion rate was found to be: 

1 - C_L / 5QT \ (3.2a) 
*x c x2 \ap Y3 YJ? y> 

where H is given by: H = Yxti + 2aXTlTl, + B X V (3.2b) 

with a , B and y being the lattice Twlss parameters, TI the dispersion function and 
V its derivative. 

It is immediately seen that all the requirements for the high gain FEL tend to Increase 
the diffusion rate. Moreover, buried in H is a requirement to reduce ;he dispersion in 
the lattice and so reduce a, in direct conflict with the requirement on a from the 
longitudinal microwave instability. 
Large angle Coulomb scattering results In a longitudinal (momentum) excursion which can 

kick the electron out of the momentum acceptance of the storage ring. This well known 
phenomenon known as the Touschek effect leads to a reduced lifetime of the stored electron 
beam. The Touschek lifetime is proportional to the cube of the energy ( T 3 ) , the square 
of the monntum acceptance, and inversely to the beam density. Thus, increasing the 
Touschek lifetime moves in the direction of reducing the FEL gain, p. 
By now it should be apparent that there is little chance of finding a prescription by 

which storage ring parameters can be found to simultaneously satisfy the various con
straints. What is required is a way in which to judge the suitability of a given lattice 
for a given application, in this case, the XUV-FEL. To this end we have begun the de
velopment of a new computer code called ZAP. 

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 "physics" needs (e.g., the FEL 
requirement for small momentum spread). The code then calculates, as a function of the 
rms bunch length, the required rf voltage and the corresponding bucket height. Inpedance 
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 excita
tion are balanced by the radiation damping). Finally, the equilibrium emittance values 
and a selected momentum acceptance are used to obtain the Touschek lifetime of the ring. 
Other options of the code include calculation of the primary FEL parameters, gas scatter
ing lifetime, and estimates of multibunch instability growth rates and frequency shifts. 
Thus, from the earliest stages of a lattice design, ZAP can be used to indicate whether 

or not the design is worth pursuing and. If so, in which directions improvements could be 
made. Details of the way in which the code works can be found in Ref. 22. 

A good example of the use of ZAP Is the determination of parameter variation with the 
allowed momentum spread of the beam, a . In terms of the peak current limitation, one 
of the ways of gaining (as can be seenpin Eqn. (3.1)) is to increase the allowable 
momentum spread of the beam. For low values of a p, we expect the peak current to increase as aZ. At larger values of ap this Increase flattens out, because the Impedance 

i becomes rf dominated, and thus the impedance is also increasing quadratically with op. 
(In this latter regime the longitudinal threshold is no longer dominant anyway.) 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 a p is greater than the p parameter. This degradation of FEL 
performance with increasing momentum spread is illustrated in Fig. 2, which shows the 
increase in e-folding length deff) and decrease in gain parameter (f>eff) compared with 
their zero-energy-spread values (l e,p). For the designs considered here, we conclude that 
T.he value of a p that, can be achieved in the siocage ring (as a compromise between storage nnp, and FEL perf ormance) is about 0.002. 
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k. The Coherent XUV Facility (CXF) 
For the parametric studies of the lattices considered for tin CXF, some common 

assumption were made. For example, impedance estimates for die ring iiclude the "SPKAR 
roll-off" when bunch lengths are shorter than the average beam pipe radius. Included in 
the Impedance estimate is the contribution from the rf cavities. 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 '.v/cell) based 
on the voltage needed to maintain a beam of the chosen momentum spread and bunch length 
within the linear part of the rf acceptance. (This estimate leads to a minimum rf 
requirement, which is preferred for both economic and impedance reasons.) Based on 
measurements of the PETRA cavities (Ref. 21), we have assumed a contribution to the 
longitudinal broadband Impedance of 3.6fc/R ohms/cell and a transverse contribution per 
cell of 4,000 ohms/m. 

Five different lattices of three types were Investigated for the CXF. Details of the 
lattices and a discussion of how their parameters evolved can be found in Ref. 22. 

In each case, the viability of the lattice (r.unability, chromatic behaviour, dynamic 
aperture, etc.) has been confirmed, and the parameters optimized to give the best perform
ance in terms of a CXF. A summary of each lattice, and the results of the analysis using 
ZAP. are presented in Tables 1 and 2, respectively. 

Table 1. summary 0f Lattice Parameters 

Lattice SF180W SF130W SF130 CF155 CF144 Units 
Parameters' 

My 
a x 10» 
^max 
Uo 
r e x 10» 
Kpl (sextupole) 
KQI (strength) 
a x (max) 
Sy (max) 
V 0 

e o x x 10» 

6.61 6.65 6.37 7.35 
6.64 4.64 2.12 4.35 
14.4 5.77 5.90 5.62 
2.67 1.43 1.43 0.80 
39,6 46.3 10.3 7.0 
11.4 7.0 31.9 68.6 
0.79 1.05 1.09 3.01 
-0.99 -2.88 -2.24 -3.2 
36.4 24.3 26.2 16.6 
31.9 24.2 33.5 28.8 
4.7 1.4 1.4 1.6 
3.25 6.85 21.5 5.0 

7.85 
4.35 
4.92 
0.70 
8. 

52. 
4. 

-4. 
16. 
29. 
1. 
4. 

0 
3 
94 
60 
7 
3 
3 
6 

m 
keV/turn 
s 
m-» 
m~* 
m 
m 
MV 

m-rad 

Table 2. Parameters Predicted by ZAP 

Parameters 
Lattice SFlSuW SF130W SF130 CF155 CF14* Units 

c x x 10* 10:1 10.2 7.4 24.8 12.9 10.1 m-rad r 376 
0.0125 

123 
0.0125 

230 
0.0125 

214 
0.0125 

199 
0.0125 

A 
m 

TT 10:1 1.0 2.4 3.7 2.0 1.4 h 
T x 10-1° 

» c x c y 
j 1:1 
< 10:1 
(100:1 

9.4 
11.6 
19.2 

3.3 
5.3 
11.8 

1.8 
2.9 
7.2 

4.2 
5.2 
8.7 

5.0) 
6.2 
10.5 ) 

A m" 1 

P X 10 1 10:1 1.6 1.3 1.0 1.3 1.3 

Solely in terms of the FEL gain parameter, p. the lattice SF180W (a Chasman-Green 
scructure with high field wiggler Insertions co Improve the synchrotron damping rates) has 
the best figure of merit. 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. 
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The operation oE a storage ring with a relatively large proportion of its 
circumference occupied by high field wiggler magnets like SF180W 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 wlgglers on the 
long terra stability of the beam are not yet known, and more theoretical and 
experimental work is needed. 
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 compared with 1.3 HV 
for lattice CF144, for example). 
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 chromatlcity sextupoles. 

The lattices designated "CF" are Vignola-type combined function lattices (Ref. 23), 
which give emittance values comparable to those of the separated function lattices having 
wiggler3. Moreover, they have the operational simplicity that a lattice with wiggiers 
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 presentation as the design 
example for the CXF. 
A detailed discussion of lattice CF144 can be found In Ref. 22, together with a 

description of some of the necessary facility subsystems (injector, rf, bypass, and 
undulator). Here we present for completeness a layout drawing of the facility. Figure 3, 
and the lattice functions through one of the (six) unit cells, Figure 4. 

With the parameters outlined in Table 2, i.e., I - 199 A at 750 MeV, Op = 2 x 10" 3 and 
P- 1.3 x 10" 2, we obtain an effective gain parameter of peff » 0.2 x 10~ 3 (see Figure 2), 
which gives a peak power in the optical pulse of -30 MW. 
The FEL bypass system which complements CF144 has also been designed. The layout of the 

extraction elements leading to the FEL undulator is shown in Figure 5, and the matched 
optical functions along this section of the bypass are given in Figure 6. Relnjection 
Into the storage ring from the bypass is a mirror image of the extraction side. 
Finally, let us consider the FEL undulator itself. 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, p 3 is simply proportional to 
K. For fixed V and y, a higher K demands a smaller undulator period \ 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 (Zsat " ^ U / P ) -

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 having a 
steel-permanent-magnet (samarium-cobalt, Ref. 24) design: 

B[tesla] ' 3.34 exp j- g_ [5.47 - 1.8 g_ 
(4.i: 

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 degrades the FRL 
performance. Even with this constraint, the undulator gap is still small enough to 
significantly disrupt the beam, tiv.is requiring a bypass for the FKL (Ref. 22). The 
undulator parameters of interest in our design are summarized in Table 3. 
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Table 3 Undulator Parameters 

Phocon wavelength (A) 400 1000 
Electron energy (MeV) 500 750 500 750 
Magnet period (cm) 1.35 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 
S x - 3 y (m) 2.31 2.97 1.95 2.59 

Undulator gap : 0.3 cm 

5. Summary and Conclusions 

We have shown chat in a 3Ingle pass, high gain F5L driven by an electron storage ring, 
the ultimate performance of Che FEL is intrinsically cied to the electron beam 
parameters. It is demonstrated Chat high charge densities are required and that, in such 
a regime, collective effects dominate the equilibrium behaviour of the stored beam. In 
order to identify the parameter dependence, we have written a new computer program, called 
ZAP, which has been used to select and optimize a particular storage ring lattice 
structure for use in an XUV coherent radiation facility. The viability of such a facility 
has been confirmed and we predict an output power of -30 KW peak, at a repetition race of 
-20 Ha. 
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Fig. 2 Dependence of the peak 
current. I,_equilibriura 
emlttance, c x. and some FEL parameters (/>, 4 e) on the momentum spread, a p. Degradation of performance 
(Peffi *eff) with increas
ing momentum spread is 
apparent. A Lorentzian 
momentum distribution 
was assumed In the calcula
tion of the degradation 
[see Eqn. (2.17)]. 
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Fig. <* Lattice structure and functions in one period oF lattice CF144. 
The pattern repeats six times around the ring. 
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