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Abstract 

To obtain a high-brightness beam for the TESLA FEL project, operating in the VUV region, a photo-injector 
providing a high-quality beam is needed, i.e., the rms radial and longitudinal emittances must be, respectively, of the 
order of 1 mm mrad and 20 mm KeV [ 11. With these drastic conditions, we cannot use an analytical model with some 
approximations or scale laws, a refined study of the beam dynamics with a numerical code is necessary. The quality 
optimization is all the more difficult since many parameters play a role in the beam dynamics. The beam dynamics is 
simulated by the numerical code ATRAP (Acceleration and TRAnsport of Particles) [2-51, using the Lienard-Wiechert’s 
equations to describe the self-electromagnetic field. To reduce the total time of this optimization, we have chosen the RF 
peak field on the cathode, between 40 and 60 MV/m, high enough to decrease the space charge effect and not too high to 
avoid the defocusing effect of the RF field. In this paper, we show the influence of the different parameters on the beam 
quality. 

1. Introduction 

To minimize the multipole components of the electro- 
magnetic field in the 1.3 GHz RF cavity, a design with 
a coaxial input coupler, Fig. 1, has been proposed [63. 
The optimization of the beam quality is not easy, since 
many parameters play a role in the beam dynamics. For 
a photo-injector with a solenoid, there are six many 
parameters [7], three of them characterize the space 
charge field (Q, or, et), the others deal with the accelera- 
ting and focusing fields (E,, ~,r, B,). With regard to the 
beam parameters, a part is fixed by the project. The beam 
charge is 1 nC, the micropulse rise time of the laser 
Nd: YLF is 5 ps, then the pulse length a, = 3 ps. The 
beam length of the wiggler entrance must be 50 urn. To 
optimize the transverse emittance, the uniform longitudi- 
nal distribution is better than a Gaussian distribution, 
because the radial component of the space charge force in 
the beam is less dependent on the longitudinal position. 
Unfortunately, the laser beam distribution is close to 
a Gaussian. If we take a longitudinal superposition of 
pulses, we have a near-flat-top distribution, a compro- 
mise between the uniform and the Gaussian distribution. 
We have chosen a superposition of three pulses, because 
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it is the minimum number, given a respectable flat-top 
distribution, and a reasonable number, to obtain a beam 
length of 50 urn, at the wiggler entrance, after three mag- 
netic compressions. In Ref. [S], we have changed the free 
parameter, which is the gap between two Guassian 
centers showing that a 7 ps gap (Fig. 2) with a f5% 
fluctuation on the flat top, is better than 5.5 ps (the 
minimum gap to have a respectable flat-top) for the 
radial emittance. This result is due, in great part, to the 
fact that the ratio between the rise time and the total 
duration is smaller in the case “7 ps”, and the negative 
tail effects on the transverse emittance are reduced. After- 
wards, we consider only the case “7 ps”. As the profile is 
a Gaussian sum, and we cannot consider all the particles, 
we need to cut the distribution tails. In our calculations, 
we use a charge distribution ranging from f3o, before 
the first and the last Gaussian maximum to avoid un- 
physical effects induced by charge discontinuity. There- 
fore, the temporal length [8,9] is 2 (Apeak + 3a,), Apeak 
being the gap between two Gaussian maxima. The radial 
profile is taken as uniform, because this is achievable with 
a truncated Gaussian distribution. 

The different parameters are summarized in Table 1. 

2. Transverse rms emittance 

0168-9002/97/$17.00 Copyright 0 1997 Elsevier Science B.V. All rights reserved 

PI1 SO168-9002(97)00539-l 



J.L. Coacolo et al. / Nucl. Instr. and Meth in Phys. Res. A 393 (1997) 430-433 431 

Solenoid 

Fig. 1. General scheme of the TESLA FEL gun. 

the transverse emittance is calculated over 2(Apeak + 2a,), 
as shown in Fig. 2 (the two vertical lines). The corres- 
ponding charge is 0.98nC. The definition of the trans- 
verse rms emittance is 

with pr = ym dr/dt. In Fig. 3, the minimum value of E, in 
the drift space after the gun exit, is plotted for different 
beam radii in functions of the solenoid peak field. The 
minimum is between 1 and 1.2 mm mrad, for a radius 
smaller than 2.5 mm, which is very close to our objective. 
In Refs. [8,9] we have shown that the transverse emit- 
tance, taking into account the total charge, is between 1.6 
and 2 mm mrad for the same sets of parameters that were 
taken previously. This result shows that the 2% of the 
charge at the limits of the initial distribution, if taken into 
account, increases the transverse emittance value by 
more than 40%. 

Table 1 
The ATRAP simulation parameters 

Charge 

E0 
Thermal emittance 
Radial profile 
Temporal profile 
Number 

0, 
A peak” 
Launch phaseb 

1nC 
50 MV/m 
0 mm mrad 
Uniform 
Gaussian superposition 
3 
3 ps 

7Ps 
- 34 

a Peak is the gap between two Gaussian centers. 
b Launch phase is the phase gap between the beam center exit 
and the maximum peak field on the cathode. 

3. Longitudinal rms emittance 

For the definition of the longitudinal rms emittance we 
have taken: 

cz = C&AZ=) (A& - (AzAP,)~, (2) 

with Apz = pi - je, AZ = z - 2, and pz = mgyc. 

Fig. 4 shows the longitudinal rms emittance, E,, for, 
98% of the charge, when the radial emittance is min- 
imum, as a function of the magnetic peak field. These 
different curves have large fluctuations, because 
_ all these points are not at the same position, E, min- 

imum moves with the magnetic field, 
- the longitudinal emittance is greatly dependent on the 

rms radius evolution. 
We see that we can obtain E, < 20mm KeV for 

R < 3mm. Therefore, with the two previous curves, the 
simulation shows that our objective is achieved for 
a radius less than 2.5 mm. 

t(ps) t(Ps) 

Fig. 2. Beam temporal distribution, cases “5.5 ps”. “7 ps”. 
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Fig. 3. Minimum transverse rms emittance for 98% of the Fig. 5. Minimum transverse rms emittance for 98% of the 
charge, versus the magnetic peak field. charge, versus the magnetic peak field. 
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Fig. 4. E, for 98% of the charge, when s, is minimum, versus the Fig. 6. Longitudinal rms emittance for 98% of the charge, when 
magnetic peak field. sz is minimum, in function of the magnetic field. 

4. On cathode RF field influence 

Fig. 5 shows the optimized transverse rms emittance 
versus the magnetic peak fieId for the case 3 (R = 
1.5 mm), and for three different values of the maximum 
RF electric field E0 on the cathode. We see that the 
magnetic field values scales as the RF peak field, because 
the focusing effect varies like B’/y*, and to keep the same 
beam evolution, the magnetic peak field must be a grow- 
ing function of the energy. 

We see that the case E. = 50 MV is the better case. We 
can explain this by the fact that increasing the peak field 
on the cathode, the space charge effects decrease, but the 
RF field effects go up. 

Fig. 6 shows the longitudinal rms emittance in func- 
tion of the magnetic peak field at the longitudinal posi- 
tion where the radial emittance is minimum. We see that 
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for a maximum RF field on the cathode between 40 and 
60 MV, E, is always less than 20mm mrad. 

5. Conclusions 

The results exposed in this paper, show that we can 
have E, z lmm mrad and E, z 20 mm KeV at the TTF 
gun exit with a charge of 1 nC. An unconventional tem- 
poral distribution like a Gaussian superposition with 
o, = 3 ps, and a flat-top fluctuation close to 5% gives 
1 mmmrad for the transverse rms emittance, if we con- 
sider only 98% of the beam charge. We have proved [9] 
that, using a proper-matching of the beam into the first 
nine cell SC TESLA cavity after the photo-injector, one 
can accelerate the beam up to 15 MeV, decreasing Ed 
even further at the booster exit. But, with regard to the 
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longitudinal emittance, at the capture linac exit we ob- 
tain 40 mm KeV. In fact, the beam is too long and it 
seems necessary to reduce the rms pulse duration to 2 ps, 
if we want to operate with this kind of profile. 
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