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Abstract 
The FOM Institute for Nuclear Physics (NIKHEF-K) in Amsterdam currently operates the pulse-stretcher and storage 

ring AmPS as a continuous electron beam source for nuclear physics experiments up to 900 MeV. Here we review the 
feasibility to use AmPS as a driver for FELINA (Free-Electron Laser IN Amsterdam) for the generation of narrow 
bandwidth radiation in the (vacuum) ultra-violet spectral range in a two-stage project. For the first stage we consider a 

relatively low-cost demonstration experiment in the UV, i.e., A 2 200 nm, where FEL experiments will be performed in 

parallel with the nuclear physics research program. Lasing in the VUV requires significant modifications to the ring in order 

to enhance the gain. From preliminary calculations it can be deduced that lasing down to wavelengths less than 100 nm is 

then possible. 

1. Introduction 

The Amsterdam Pulse Stretcher project (AmPS) in- 
volves the operation of a ring, used as a 250-900 MeV 

electron beam source for nuclear physics experiments [I]. 
The ring has been designed for two modes of operation. In 
stretcher mode the ring is filled every 4 ms in order to 

provide a continuous external beam with a current up to 25 
FA. In storage mode the ring can contain up to 200 mA of 
beam current, used for interaction with an internal gas-jet 

target. This current in combination with the dimensions of 
the ring (a circumference of 212 m with 32-m long disper- 
sion-free straight sections) makes the machine a promising 
driver for a FEL covering the UV and VUV spectral range. 

Until 1998, 2500 h/y are designated for nuclear physics 

purposes. In the remaining time AmPS could be used for 
FEL physics. However, the design of the ring has not been 
optimized for FEL operation in the VUV (e.g.. the unnor- 
malized emittance is as high as 160 n nm rad at 900 
MeV). Hence, some modifications are necessary. We con- 
sider to do this in two stages. The first stage involves a 
relatively low-cost demonstration experiment addressing 

’ Corresponding author. Tel. +31 20 592 2087. fax +31 20 
592 7165. 

the UV, i.e., A > 200 nm. This stage takes place without 

disruption of the nuclear physics research program. In the 
second stage more drastic modifications are required in 

order to construct a FEL, capable of lasing to (at least) 100 
nm. In this paper we focus on the requirements for the first 

stage. 

2. Machine description 

A schematic layout of AmPS is given in Fig. 1 and its 
parameters are summarized in Table 1. The ring has a 
“square” shape with a four-fold symmetric structure. The 

magnetic lattice is of the FODO type and consists of 32 
dipoles, 68 quadrupoles, and 32 sextupoles. The electron 
beam, emerging from the electron linac, is inserted in the 

east straight section. The north section is occupied by the 
rf-cavities and extraction devices for the stretcher mode of 
operation. The west section contains the internal target. At 
present the south section is still available for the installa- 
tion of an undulator or optical klystron. 

From Table 1 it follows that, for the existing lattice, the 
FEL gain will be low due to the the low peak current and 
the high emittance. 

Peak current: In storage mode 336 bunches circulate in 
the ring, limiting the peak current by the maximum aver- 
age current which can be stored in the ring. A decrease of 
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Fig. 1. Layout of AmPS. The 700 MeV injection linac stretches 

out further to the right. 

the number of bunches, while keeping the average current 
constant, can significantly increase the current per bunch 
and peak current. With a current of lo-20 mA per bunch, 

the peak current can easily be increased to 40 A. 
Emittance: The present usage of AmPS does not re- 

quire low emittances and the dispersion in the curved 
sections and the emittance are high. In order to lower the 
emittance it is necessary to decrease the dispersion func- 
tion inside the dipoles. The most economic solution re- 

quires an alternative powering of the quadrupoles in the 
curved sections without changing their position. This leads 
to a reduction of the emittance by a factor of 3.5, i.e., an 
emittance of 45 r nm rad at 900 MeV or 26 r nm rad at 
700 MeV. A further reduction of the emittance is not 
possible without installation of additional quadrupoles. 

From calculations it followed that AmPS can be modified 

to a high brilliance lattice, i.e., an emittance less than 5 n 
nm rad at 900 MeV, with the installation of 32 additional 
quadrupole lenses in the arcs [2]. 

Table 1 

List of important machine parameters of AmPS 

Beam energy E (MeV) 

Circumference L (m) 

Compaction factor (Y 

Average current I,” (mA) 

Number of bunches n 

Peak current I (A) 
Horizontal emrttance a E, (P nm rad) 

Vertical emittance a E, (n nm rad) 

RF frequency fRF (MHz) 
RF voltage V,, (kV) 

Impedance b Z/n (R) 

Existing Update 

250-900 250-900 
211.618 211.618 
0.027 0.010 

200 200 

336 2 

0.6 40 
5 160 I 45 
<8 <2 

476 476 
350 350 
<5 <5 

a For E = 900 MeV. 
h Estimated 

We calculated the gain for both OK and conventional 
FEL configurations using rigorous 3-D low gain formulae 

3. FEL design considerations 

Beam energy: In order to reduce the effects of intra- 
beam scattering, it is thought sensible to strive for opera- 
tion at energies in between 700 and 900 MeV. Here the 
lower value enables the most gain, while the higher value 
is more favorable for a high output power and beam 

lifetime. 
Wiggler period: The choice of wiggler period will be 

dictated by the required tuning range. The longer wave- 

length limit is of special importance for an initial experi- 
ment. In this case it is desirable to have the option of 

lasing in the near visible because of the larger choice of 

available optical materials for a high-Q resonator. The 
undulator period must not be too long, however, since this 
limits the shortest obtainable wavelength for later experi- 
ments. For the simulations we have taken an undulator 
with a 11 cm period. With this undulator, the resonance 
condition can be satisfied between 25 and 600 nm. 

Undulator scheme: In order to obtain a flexible but 
inexpensive device, we consider the use of an optical 

klystron (OK), i.e., a set of two small undulators, separated 

by a dispersive section with adjustable magnetic field 

strength. With an OK, the total undulator length can be 
reduced significantly while maintaining a high gain. A 

drawback of the OK, the lower efficiency, can be avoided 
through adjustment of the magnetic field strength of the 
dispersive section. During operation both options can be 
used sequentially. First using a high field strength in the 

dispersive section to enhance the small-signal gain. In 
saturation the field strength can be reduced to obtain a 
higher saturated power level. 

Resonator: As will be shown in the next section, the 
gain will be modest and a resonator is required to amplify 
the spontaneous emission on successive passes. In order to 

ensure interaction on every round-trip, the cavity length 

must be chosen such that the round-trip frequency equals a 
subharmonic of the micropulse repetition frequency. The 

solution sketched in Fig. 1 corresponds to a regular laser 
resonator with a length equal to one quarter of the circum- 
ference of the ring. This way, the resonator mirror can be 
positioned on either side of the straight section. In Fig. 1 
the center of the cavity has been shifted with respect to the 
center of the undulator. This has been done to fit the 
resonator within the excisting building. A drawback is the 
stability of the cavity. For optimum gain the resonator will 
be close to concentric. For the parameters listed in Table 2 

we have, therefore, increased the Raleigh length with 70% 
in order to increase the tolerances on the cavity parame- 
ters. 

4. Gain calculations 

VIII. STORAGE RING FELs 
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[3] and compared our results with results obtained with the 
3-D multi-particle simulation code TDA [4]. Since the 

results were similar, we only present the results obtained 

with our 3-D formulae. 
As regards the OK configuration, we took a interaction 

region with 2 X 24, ll-cm long, periods. The two undula- 

tors are separated by a dispersive section with a physical 

length of 0.6 m. The field-strength of this section is always 
tuned to give maximum gain. A Gaussian distribution of 

the electrons in the phase space is assumed as well as the 
TEM, optical mode in the cavity. The waist of both the 

optical mode and the electron beam are taken in the center 
of the OK. Simulation parameters are given in Table 2. For 
reasons stated in the previous paragraph these values do 
not correspond with an optimum filling factor. As a result 

the calculated gains are 20% less than the optimum value. 
For a regular FEL the gain is proportional to the peak 

current Zp. In a storage ring, however, there are no direct 
means to control the peak current since it is determined by 

the current per bunch (I,) and the relative energy spread 

(a,): 

Ip = &$+a,, (1) 

where v, denotes the tune and LY the momentum com- 
paction factor. Both v, and (Y are determined by the 
lattice. From Eq. (1) it thus follows that 1, must increase 
in order to increase the peak current. Unfortunately it is 
not possible to increase the particle density to infinity. Due 

to the microwave instability the energy spread and bunch 

length will increase as soon as the peak current becomes 
too high: 

where E is the beam energy in eV, e is the electron 
charge, and Z/n is the longitudinal impedance of the ring. 
For AmPS the impedance is estimated to be less than 5fi. 

However, there has not yet been an opportunity to measure 

Table 2 
Simulation parameters 

RMS undulator strength K 

Number of periods N 
Undulator period A, 

Length dispersive section L, 

Cavity length L, 

Stability parameter g’ 

Raleigh length PO 

Beam energy E 
Horizontal emittance E, 
Vertical emittance cr 
@ functions Q,,, 
Natural energy spread a, 
Synchrotron power P,, 

I 4.7 
2x24 
11.0 cm 

0.6 m 

52.9 m 

0.93 

3.35 m 

700 MeV 

26 r nm rad 

1 71 nm rad 

3.35 m 

0.03% 
1.2 kW 

held strength 0.1 

o t I I I , 1 , Ii 0.0 

0 20 40 60 80 100 

current per bunch [mA] 

Fig. 2. Gain for A = 250 nm (solid line), and the optimum field 

strength of the dispersive section (dashed line) as a function of the 

current per bunch. 

the impedance. This will be discussed in Section 5. Due to 

microwave instability the energy spread becomes: 

(3) 

The gain reduction due to energy spread is roughly propor- 
tional to oCz. Hence, it remains favorable to increase the 

current per bunch in order to enhance the small-signal 
gain. In Fig. 2 the results are shown for the geometry 
described in the previous section at A = 250 nm. It can be 
concluded that it is favorable to increase I, to an as high 

as possible current. Specifically an increase to I, = 20 mA 
significantly increases the FEL performance. Note that the 

field strength of the dispersive section must decrease in 
order to obtain maximum gain. This is due to an increase 

in energy spread. 
Saturation in a storage-ring FEL is induced by gain-re- 

duction self-induced beam heating. The gain formula can 
thus be used to estimate the equilibrium energy spread, 
i.e., the energy spread induced by the FEL interaction for 
the case where the gain equals the threshold losses. Ac- 

15 : . . . . . . . . , , . . 

~ 20 mAhunch 

10 mNbunch 

0 1 2 3 4 

threshold Gam [%] 

Fig. 3. Power vs the threshold gain for a 700 MeV electron beam 

at A = 250 nm for micropulses containing 20 or 10 mA per bunch, 

respectively. The average current is 200 mA. 



R.J. Bakker et al. / Nucl. Instr. and Meih. in Phys. Rex A 358 (1995) 358-361 361 

20mA 

20mA : 

150 200 250 300 350 400 

wavelength [nm] 

Fig. 4. Power and gain vs wavelength for three different bunch 

currents. 

cording to the Renieri limit the average extracted power is 
also proportional to the energy spread: 

P FEL = 2P,$$e- 112, 
e 

(4) 

where a; denotes the natural energy spread of the ring. P,, 
denotes the average synchrotron power. It follows that 
there is a relation between the threshold losses and the 
maximally extractable average power. In Fig. 3 the results 

for AmPS are shown. It follows that 5-10 W can be 
extracted. The extracted optical power is a fraction of this 

value and depends on the ratio between the total cavity 

losses and the outcoupling losses. 
Finally in Fig. 4 we show the calculated gain and 

power as a function of the wave-length. Estimates of the 
threshold gain have been obtained from a combination of 
results published [5,6] It follows that lasing until A = 200 
nm is feasible, provided that there is more than 10 mA per 
bunch available. 

5. Discussion 

From the calculations presented above we conclude that 
lasing in the UV and near-visible, i.e., A > 200 nm, is 
feasible. Some modifications are required, though. 

Increase of the current per bunch. At least lo-20 mA 
per bunch should be reached in order to obtain sufficient 

peak current. Here it is important to state that there is some 

uncertainty regarding the obtainable peak current. Because 

of microwave instabilities there is, for high peak currents, 

a relation between the peak current and the longitudinal 
impedance of the ring (see Eq. (2)). At present we only 
have an estimate of the impedance. It is our believe that 
the value quoted, 5 R, is a worst case. 

Reduction of the emittance. With the present emittance 
the expected gain would reduce the gain values quoted in 

Fig. 4 with a factor of approximately 3. 
For the above mentioned mode of operation, the aver- 

age extracted optical power is expected to be of the order 

of 5-10 W for an electron beam with an energy of 700 
MeV and 200 mA of average beam current. Due to an 

increase in synchrotron power it is expected that at 900 
MeV the power will be of the order of 15-25 W. 

In order to reach the VUV more gain is required. For 
this several options are open which are still under discus- 
sion, e.g., a further reduction of the emittance or an 
increase of the undulator length. Preliminary calculations 
indicate that lasing for A > 70 nm is feasible which makes 

AmPS competitive with other storage-ring projects, in 
Dortmund and at Duke University, which are presently in 
the construction phase. 
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