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.4 bstract 

The use of strong focusing in a short wavelength linac- 
driven FEL and some means for obtaining it are described. 
The principal purpose of such focusing is to maintain both 
high enough current density of the electron beam and phase 
synchronism between the electron beam and electromagnetic 
wave along the wiggler. Beam transport problem through the 
wiggler was treated with help of both K-V equations and 
special 3D code including phase detuning calculations. 
Possible way of improving the phase synchronism for 
sextupole periodic strong focusing is proposed. 

1. INTRODUCTION 

There is a great physical interest [l] in the development of 
free electron lasers (FELs) at wavelengths below 1000 A. To 
achieve reasonable gain an FEL needs much higher density in 
the electron beam and longer wiggler length [2]. One of the 
most attractive and promising scheme is a single pass high- 
gain FEL operating in self-amplified-spontaneous-emission 
(SASE) mode. To achieve high enough gain at the shortest 
wavelength strong focusing of the electron beam is necessary 
[l-3]. In this paper we consider a somewhat alternative 
possibility for strong focusing realisation on the basis of 
unconventional undulator schemes having only intrinsic 
strong focusing. i.e. undulators having no external focusing 
elements (e.g. quadrupoles) but containing iron elements. 

2. A BRIEF OVERVIEW OF MEANS OF STRONG 

FOCUSING 
Various ways for improving the natural focusing have been 

proposed: edge focusing and separated function wigglers [4], 
alternating gradient focusing [3,4] and periodic sextupole 
alternating focusing [5,6]. Noticeable enhancement of natural 
focusing can be achieved in undulator having large amplitude 
of non-fundamental harmonic [7]. We have analysed the 
applicability of these means with respect to the Linac 
Coherent Light Source (LCLS) project [S]. The main 
requirements imposed in this project for =lOGeV electron 
beam optics are the following: beam confinement within 
radius about 50pm and phase synchronism between the e.m. 
wave and the e.b. along 40m undulator. Compact and feasible 
design could use undulator with intrinsic alternating focusing 
of quadrupole or periodic sextupole type which are considered 
below. 

3, NUMERICAL EXAMPLES OF BEAM TRANSPORT 

We have chosen FD lattice with period 6.4m for 
convenience and to minimise required field gradients. 
Gcneraliscd K-V equations taking into account undulator 
natural focusing were used to define the optimal beam 
matching conditions and focusing parameters presented in the 
Table 1. 

Table 1. FD lattice parameters for intrinsic focusing. 

Variant Tse Gradient 
1 Q 1 ,T/m 

Sextupole foe. rel. 
strength 1 ksy /k, 1 

1 Quadrupole 1.74 0 
2 Combined 1.12 5.92 
3 Sextupole 0 13.6 

Note, that kx2 + ky2 = k,’ where k,‘, k,* have interchanging 
sings for the last two variants. All variants of the Table 1 
corresponds to the same value of fi-function, FD period 
(6.4m) and phase advance per cell (~17.4’). Of course, 3D- 
simulations of FEL performance (see ref. [6]) can require to 
redefine the focusing parameters for smoothing of beam 
envelops. However, our purpose is to consider beam transport 
and phase synchronism at focusing of different types. For 
solving these problems we used a special non-averaging 
multiparticle tracing code [9]. 
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Figure 1. Electron beam radii plots in XOZ and YOZ planes. 

Beam envelops calculated for the matched beam propagation 
are shown in the Figure 1. For ail variants corresponding 
plots are close to each other. For the last variant maximum 
beam radii slightly exceed that values for the first and second 
variants (the difference is 4Fm) because of =22% emittance 
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growth in the third variant. This growth shown in Figure 2 is 
due to non-linear effect resulted from higher order terms in 
undulator focusing strength expanded as a Taylor series [lo]. 

In general case phase synchronism problem can be 
character&d by two main parameters: maximum phase 
detuning for individual particle and phase detuning averaged 
over particle ensemble. The last parameter describes mainly 
FEL resonance condition between the e.m. wave and particle 
ensemble in undulator having subsections, tapering or field 
errors whereas the fist one gives phase shit? due to betatron 
motion of a single particle and concerned with a fraction of 
particles trapped into ponderomotive well [ 111. 
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Figure 2. Normalised transverse emittances calculated along 

the undulator for the third variant of the Table 1. 

Here we consider primarily the parameter of phase detuning 
averaged over particle ensemble which is calculated for the 
wavelength 4nm and energy spread 0.1%. In the Figures 
3,4,6 we presented the simulations of the phase detuning 
averaged over particle ensemble and transverse momentum of 
the ensemble averaged over undulator period. 
We can compare these plots obtained for the alternating 
gradient focusing (Figure 3) and periodic sextupole strong 
focusing (Figure 4). We see considerably lower phase 
deviations for the first variant (4”) than for the last variant 
(30”). 
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Figure 3. Average phase deviation from the synchronism and 
transverse momentum along the undulator for alternating 

gradient focusing (the first variant of Table 1). 
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Figure 4. Average phase deviation from the synchronism and 
transverse momentum along the undulator for intrinsic 

sextupole focusing (the third variant of Table 1). 

It is due to effect of smoothing of phase detuning at F-D 
transitions in the case of gradient focusing because of 
uncorrelated betatron oscillations of transverse momenta 
inside F or D section. 
For a pure sextupole periodic strong focusing we have a step- 
wise function of averaged transverse momentum and a piece- 
wise linear function of the phase detuning (see Figure 5) 
because average transverse momenta are constant if the 
focusing strength is constant along the undulator [Ill. We 
assume that this effect can be the main reason of shorter gain 
length of FEL having quadrupole focusing compared with 
FEL using periodic sextupole focusing according to 
simulations [6]. Emittance growth mentioned above can give 
an additional reducing of FEL performance. 
One can try to improve the synchronism for the last case by 
imposing additional non-zero average transverse momentum 
to compensate the steps in the plot of the dimensionless 
momentum <P,> versus undulator length (see Figure 4). We 
have assumed that such a compensation can give a 
superimposed undulator field having the following amplitude 
B,: 

-A 2 , 
B,(z) - k, “; --y/2(< PL > (z)- < Pl >J 9 

where k. is the wavelength of superimposed periodic field. 
This small amplitude field can have either non-resonant 
period at any polarisation or the same period but other 
polarisation. As an example we found a suitable function 
B.(z) presented in the Figure 5 to demonstrate such a 
possibility for the third harmonic. This function depends on 
focusing parameters and input beam matching. 
Note, after additional iterations we could find more 
convenient a piece-wise constant function B,(z). In principle 
such correction can be made for quadrupole and combined 
focusing, however it will require rather complicated profile 
for B,(z) (see Figure 3). 
It is seen from Figure 6 that phase detuning in this case is 
considerably reduced (compared with the Figure 4) and 
became even lower than that for the case with quadrupole 
focusing (see the Figure 3). 
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All the results presented above are obtained for uniform (‘K- 
V’) particle distribution in transverse phase plane. However, 
the ‘phase compensation’ effect to be verified for others kinds 
of particle distribution 
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Figure 5. Amplitude profile of superimposed field (the third 
harmonic of fundamental undulator field) intended to reduce 

a\‘erage phase detuning for sextupole focusing. 
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Figure 6. Average phase deviation from the synchronism and 
transverse momentum along the undulator with intrinsic 
sextupole focusing and superimposed periodic field (see 

Figure 5). 

We found that this effect (see Figure 6) has almost the same 
result for the ‘water bag’ and Gaussian distributions. 
Calculations of the maximum phase detuning done for a 
single reference particle (it is not shown in the Figures) 
indicated approximately the same value 0.5rad for all variants 
from the Table 1 (with exception of Gaussian distribution). 

It is not a difficult problem to provide the intrinsic gradienl 
values required (see Table 1) or even rather more high 
gradients [4], however strong sextupole intrinsic focusing 
requires advanced schemes [ 121 or novel configurations. Such 
possible configurations are under consideration and the 
problem of effective aperture decreasing to be investigated. 

4. CONCLUSION 

1. Simulations indicated that intrinsic sextupole-type strong 
periodic focusing has two disadvantages: large phase 

deviation from the resonance and emittance growth which are 
due to effects of a step-wise behaviour of transverse 
momentum and focusing strength nonlinearities respectively. 
Alternating gradient focusing and combined-function non- 
linear wigglers, in which quadrupole and sextupole fields are 
superposed, have relatively small phase detuning averaged 
over particle ensemble. 

2. Phase synchronism can become better in undulator with 
strong periodic sextupole focusing compared with alternating 
gradient focusing if an appropriate additional periodic field 
with small amplitude modulated along the undulator is 
introduced. This phase detuning compensation takes place 
independently on the kind of particle distribution in 
transverse phase space. 
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