Third harmonic generation and lasing from the helical hybrid undulator at ELETTRA

L. Bucci, G. Dattoli, L. Giannessi

Part one: Third harmonic generation

The optical klystron designed for the FEL experiment
 could be operated with different poles settings to tune the second undulator resonance at the third harmonic of the first. In principle this configuration could enhance the harmonic emission at the third harmonic extending the frequency operation range in the VUV. The emission in the second undulator is expected to be enhanced by the coherent modulation of the electron beam traversing the first undulator. In this note we exploit a quantitative calculation of this effect, starting from the expected power stored in the oscillator, analysing the bunching iduced by this optical power to the electron beam, and finally calculating the amount of coherent spontaneous power generated in the second undulator.

A reasonable selection of storage ring / undulators / FEL parameters is given in the following table:

Undulator



Number of periods
N
20

Period
(u
10 cm

Strength (1st section)
K
4.4

Strength (2nd section)
K3
2.3

Ring



Beam energy
(m0c2
1 GeV

No of bunches
nb
4

Energy spread without FEL 
((
0.2*10-3

Damping Time
(s
32 ms

Revolution time
TR
0.865 (s

FEL



Resonant wavelength
(0
(250 nm

Round Trip Losses
(
4 %

Gain per pass
G
4.75 %

Gain coefficient
g0
0.0555

Gain coefficient (2nd undulator)
g03
3.53 (with a different beam trans. section)

Saturation Power

Ps
200 GW

Saturation Power (2nd undulator)
Ps3
673 GW

We have specified with g03 and Ps3 the gain coefficient and the saturation intensity relevant to the second undulator where the undulator strength has been selected to guarantee resonance at the third harmonic of the first, at the same beam energy. With the above parameters the spontaneous emission is radiated in the second undulator at the wavelength of (85nm (third harmonic of (250nm relevant to the first undulator). The power emitted on the fundamental harmonic of the second undulator by the coherent beam modulation due to the FEL process in the first, is given by
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In the above expression 
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 is the third harmonic bunching coefficient, i.e. the third harmonic Fourier coefficient of the longitudinal current density distribution, after a dispersive section of length (. This coefficient reads
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and depends on the uncorrelated beam energy spread at the entrance of the first undulator 
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, and on the oscillator power, entering in the definition of the parameter (  
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The values of the intracavity intensity P and of the steady state energy spread can be calculated applying the storage ring FEL saturation model presented in ref.
. In fig. 1 and 2 it is shown respectively the behavior of the intracavity intensity and of the beam energy spread vs time.
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Fig. 1 – Intracavity power vs. time
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Fig. 2 – Beam energy spread (rms) vs. time

The above plots have been obtained considering the losses shown in table 1. With round trip losses (=4% the steady state intracavity power is 2.6 watt and the equilibrium energy spread is 2.24*10-3. Note that an increase of the intracavity power can be obtained by reducing the round trip losses. The same simulation changing the losses to 1% provides a steady state intracavity power of 99W with an higher equilibrium energy spread of 6.5*10-3. We will refer to these cases as A ((=4%) and B ((=1%). Substituting equation (2) in (1) and integrating in frequency (() and time (() we have
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The equilibrium output power can be expressed in terms of the electron beam power Pe and the power emitted in one machine turn via synchrotron radiation Psyn noting that
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and that


[image: image10.wmf]syn

s

e

P

T

P

=

t



(6)

Where Pe is the electron beam power. Substituting (5) and (6) in (4) we obtain
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The power expressed in (7) is relevant to the coherent contribution only. The behavior of the power as a function of (, in cases A and B respectively, is shown in figs 3 and 4.
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Fig 3 – Coherent spontaneous power vs. dispersive section length in case A ((=4%)
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Fig 4 – Coherent spontaneous power vs. dispersive section length in case B ((=1%)

In both cases the amount of emitted power is very low. The pure spontaneous emission arising from the beam shot noise is much larger than the coherent contribution. It can be observed that the maximum of the emission is obtained at (=0. Low losses (case B) provide an higher stored power but at the same time much higher energy spread. The energy spread plays an important role being responsible of debunching in the undulator. With these values of the energy spread the dispersive section acts as a de-buncher reducing the beam harmonic content and thus the emission itself. The steady state power and energy spread depend on the oscillator losses. In fig. 5 it is shown the emitted power vs. the oscillator cavity losses.
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Fig. 5  Coherent spontaneous power vs. sound trip losses in the undulator

The maximum emission, i.e. the trade-off between energy spread and bunching, is obtained at (3% round trip losses. The behavior of the energy spread and oscillator power is given respectively in figs. 6,A and B.
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Fig. 6 A,B Equilibrium energy spread (A) and intracavity power (B) vs. round trip (RT) losses.

 The coherent contribution to the spontaneos power estimated in the above examples is always practically negligible. The reason of this behavior can be found in the specific saturation dynamics of a storage ring free electron laser (SR-FEL). In a linac based free electron laser, saturation is due to a correlated energy and phase modulation of the electron current density in phase space, providing a strong harmonics emission. In a storage ring FEL, the beam undergoes many rounds in the ring averaging the energy spread while the intracavity power grows. Saturation is reached when the energy spread growth, which is in good approximation Gaussian and uncorrelated, and the related bunch lengthening, drops the gain to equal the losses. In the linac-based case the intracavity power generally exceeds the saturation intensity while in the SR-FEL only a small fraction of it is needed to reach a steady state condition. Lower power means lower modulation in phase space and the large uncorrelated energy spread is responsible of quick debunching in the radiator or in the drift of the dispersive section. The problem of the coherent harmonic generation in Storage Ring based FELs has already been considered in ref.
, where the self consistent coherent generation of the third and the fifth harmonic has been discussed in an Storage Ring FEL oscillator operating with a single linearly polarized undulator. In this case too, the power associated with higher harmonic emission has been shown to be negligible in contrast to what may happen in a linac based FEL oscillator where a substantive amount of coherent power can be generated at higher harmonics  (see ref.iii,
). The reason of the differences are essentially linked to the saturation mechanisms, due in the first case to the turn by turn induced energy spread and in the second case to gain reduction due to intracvity intensity growth. The conditions for a significant emission of coherent power are essentially linked to sufficiently good incoherent energy spread and sufficient intracavity power to generate correlated energy spread sufficient to sustain the emission. Both conditions fail in Storage Ring based FELs: the optical intracavity power remains always very low compared to the intrinsic

saturation intensity of the device and at same time the incoherent energy spread is very large. 

Since the coherent harmonic generation in Storage Ring FELs does not appear feasible we have also investigated the possibility of the simultaneous operation of two FEL signal at different harmonics. 

Part two: Simultaneous lasing of two different harmonics.

The longest resonant wavelength in the variable polarization undulator can be reached reducing the beam energy down to 0.9 GeV and increasing the strength to the maximum value, K=6.3. In these conditions the wavelength is (0=655nm on the fundamental and (0/3=218nm on the third harmonic. In table II the main parameters relevant to this configuration are shown.

Table II


1st harmonic
3rd harmonic

Undulator

Number of periods
N
20
20

Period
(u
10 cm
10 cm

Strength (1st section)
K
6.3
3.541

Ring (we have used the same parameters of the above example)

Beam energy
(m0c2
0.9 GeV

No of bunches
nb
4

Energy spread without FEL 
((
0.2*10-3

Damping Time
(s
32 ms

Revolution time
TR
0.865 (s

FEL

Resonant wavelength
(0
655 nm
218 nm

Round Trip Losses
(
4 %
4 %

Gain per pass
G
5.4%
5.12 %

Saturation Power
Ps
158 GW
166 GW

In the first part of this report we have shown that the contribution of the beam bunching in the first undulator is negligible and does not influence the dynamics of the second. The two lasers are influencing each other through the induced beam energy spread. To model this system we have modified the approach followed in ref.(ii) to include the dynamics of the second laser. The system is governed by the following coupled iterative equations
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where P1,2 is the intracavity power at the first and the second ((0/3) wavelength. With the same notation G1,2 is the round trip gain and (1,2 are the round trip losses. The coefficient (( is the normalized energy spread (((=4N(() and (r is the relative contribution to the energy spread induced by the FEL interaction. The evolution of the laser intensity on the two harmonics is shown in fig.7
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Figure 7 – Intracavity power vs. time

It is worth noting that the steady state regime, reached after 0.15 seconds, is characterized by a cw power of 0.124 W at the fundamental wavelength and  0.74 W at the third harmonic. The system of equations (8) is symmetric with respect to the exchange of  the parameters P1, (1,G1(P2, (2,G2. The difference of the steady state output power is due to the small difference between the gain relevant to the two wavelengths. In figure 8 we have shown the effects of a relatively small difference in the round trip losses at the two wavelengths by setting (2=3.9% (leaving (1=4%)

Fig. 8 – Intracavity power vs. time
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Figure 8 - Intracavity power vs. time

The system is now lasing only on the first harmonic and the third harmonic power is decreased of 6 orders of magnitude. This behavior is somewhat analogous to that responsible of the suppression of the microwave instability in a storage ring free electron laser. The microwave instability can indeed be viewed as an intrinsic high gain FEL, due to the interaction of the beam with the machine wake field. The mechanisms characterizing the dynamics of the instability are not dissimilar from that of ordinary S.R. FELs. The instability induces an anomalous energy spread and bunch lengthening, which in turn counteracts the instability growth. When the beam quality deterioration is sufficiently large the instability growth stops and the system relaxes toward the natural configuration where the process can start again. It is evident that microwave and FEL dynamics can compete and it has been shown that if the FEL overcomes a certain intracavity power, it can switch off completely the microwave instability. The interpretation of the microwave instability in terms of FEL dynamics is supported by experimental evidence and numerical and heuristic models which have reproduced the observed phenomenology
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