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1 Free Electron Lasers (SW)

1.1 Storage ring FEL

The 700 MeV storage ring will be able to house a Storage Ring Free Electron Laser (SR-FEL) capable to lase at least in the range 100 - 200 nm. Mean output powers of 0.5-2.5 W can be expected and a gain above 25%.

1.2 Idea

The idea is to place a SR-FEL using a helical undulator on the proposed new ring at MAX-lab. The concept studied here follows in many of the steps the EU-collaboration: "Development of a combined Synchrotron radiation and VUV free-electron laser facility" which MAX-lab plays part of together with ELETTRA (Trieste), ENEA (Frascati), CEA (Paris), DELTA (Dortmund) and CLRC (Warrington).

1.3 Theory

The gain coefficient in in a helical undulator is approximately given by
, viii:


[image: image1.wmf]A

helical

I

I

N

K

K

g

0

2

2

2

0

,

1

16

g

p

+

=


Eq. 10‑1

And for a planar undulator
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Eq. 10‑2

where K is the undulator parameter, N the number of periods, n the harmonic number, I the peak current, IA= 17040 A the Alfvén current, 0 the relativistic parameter and 
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The total gain is given approximately by
:
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Eq. 10‑3

Where 
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Eq. 10‑4

with z the electron bunch length, xnorm the normalised emittance times 2, / the energy spread and x the beta function.

The maximum power possible to extract from the SR-FEL is given by
, also called the "Renieri limit": 
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Eq. 10‑5

where Ne is the number of photons  and s the longitudinal damping time.

This "upper limit" does not take into account the bunch lengthening due to an induced energy spread, and is thus not achievable in practise.

1.4 Calibration of the model

The model described by the above given formulas has been compared (see Appendix 1.) with the sketches for the SR-FEL projected at ELETTRA
. The gain value differs less than 10 % and the extracted power is in the given interval.

1.5 The MAX 3 ring

Table 10‑1. Data for the MAX Booster

Energy
700 MeV

Emittance, norm
18 umRad

Coupling 
10 %

Beta x
2.64 m

Beta y
0.97 m

Energy spread
0.5e-3

Ts
10 ms

Wsynch
100KHz

Momentum compaction
0.046

Current, mean single bunch
20 mA

Current, peak
50 A

Bunch length (sigma)
21 ps

B-field, dipole
1.46 T




1.6 The undulator

This study uses a helical undulator because it gives less power of higher harmonics on axis which deteriorates the mirror reflectivity and it also focus the electron equally in both the vertical and horizontal direction. 

In a full study the options for an optical klystron and especially tapering has to be studied. Both methods will be able to increase the gain of the laser.

1.7 Mirrors

Adequate mirrors in the actual wavelength region is a difficult problem. The solution of this problem is one of the tasks within the EU-collaboration which MAX-lab will be able to take advantage of. 

Multilayer laser mirrors aimed for Eximer lasers are commercially available at some wavelengths (such as 157 nm, 172 nm, 193 nm 212 nm) where they also reach reflectance in the range of 95 - 99%. The main problem though is the degradation due to exposure to heavy synchrotron radiation. A number of ideas and concepts has to be studied to find suitable methods. 

· The helical undulator reduces power on axis 

· Electric and/or magnetic fields can remove photo electrons

· Indications that the degradation give more spectral narrowing than reduction in reflectivity

· …

1.8 Gain, saturation and power

The most important factor for the FEL is quite naturally the existence of gain. The FEL will start from noise passing an exponential gain region and finally coming in to saturation. The situation here can be either stable, where the laser stabilises on some power, or instable where heavy saturation occurs and the process more or less has to start from scratch again, with large fluctuations and spikes as a result.

Saturation is mainly due to a dilution of the electrons in space and energy. The FEL process itself increases the energy spread of the electron beam and thus decreases the available gain. An increase in energy spread also normally leads to a elongation of the electron bunch and thus a lower electron density, which also reduces the gain.

The amount of change in energy that can be accepted by the FEL is dependent of the homogenous width vii of the undulator radiation ( = 1/[2N] ). This is one of the basic concepts behind the "Renieri limit" (Eq. 10‑5) giving the maximum extracted power. The Renieri limit does not take the effect of bunch lengthening due to energy spread into account. This is an additional effect which in practise means that this power level can not be reached.

It is important to note that by increasing the number of undulator periods (N) the gain increases, but the maximum extracted power decreases. It is thus more favourable to increase the electron density (or peak current) to achieve higher gain.

There are some "standard" ways to increase the gain of the FEL: higher electron density and longer interaction length (=undulator). Other concepts exist such as using an Optical Klystron or a tapered undulator. The last two options have not been studied here, but can give additional possibilities.

The gain is then reduced due to initial energy spread, electron beam size (horizontally, vertically and longitudinally) which is presented by the reductions factors (Eq. 10‑1, Appendix 1.and Appendix 2.).

1.9 Results

Following the considerations above a number of set-ups can be envisaged that will produce a well operating SR-FEL (see Appendix 2. and Table 10‑2). 

Table 10‑2. Operating conditions for the SR-FEL. Two examples



Case 1
Case 2

Undulator
Period (m)
0.04



# periods
57



K-value
3



Length (m)
2.28



Wavelength (nm)
200
100






e-beam
 norm hor (2 m Rad)
18e-6



Coupling (%)
10



Peak current (A)
50



Average current (mA)
20



Energy (MeV)
500
700


Energy spread (E/E)
5e-4







Results
Gain
0,35
0,24


Power extracted (W)
0,65
2,5


Reduction factors (total)
0,95
0,93






Case 1 is a basic case under good conditions. To increase the extracted power one can choose between increasing the electron energy or shortening the undulator, which both will lower the gain. As an example the peak current can be decreased to 30 A giving still good conditions though the maximum extracted power will fall.

Several variations from Case 1 are possible to find the best operating conditions. The important factor here is that a powerful SR-FEL will be possible and that it is not absolutely critical to meet all the specifications given in Table 10‑1.

Case 2 is a similar study for the 100 nm wavelength giving the same possibilities to trade between gain and saturation power.

1.10 Appendix 1.
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		l				0.0000002		m =		9.93E-19		J =		6.19632		eV		-0.027		-9.6698221877		-0.0436826294		-0.0039970276		-0.0186523928

		sz				6.30E-03		m										-0.025		-8.9535390627		0.0024756447		-0.0037682908		0.0003493515

		sE/E				5.00E-04												-0.023		-8.2372559377		0.0549908766		-0.0000173928		0.0225864572

		B				1.06E+00		T										-0.021		-7.5209728127		0.0850939407		0.0087102614		0.0364986448

		I (mean)				2.00E-02		A										-0.019		-6.8046896877		0.0622995468		0.0233914886		0.0297360108

																		-0.017		-6.0884065627		-0.0338597313		0.0442647803		-0.0060669454

		r		1.6076782908		m		Renieri limit:										-0.015		-5.3721234376		-0.2034036688		0.0707067147		-0.071028796

		Prad		75.0603899659		W		P (max extr)				0.6584244734		W				-0.013		-4.6558403126		-0.420944203		0.1012712225		-0.1549766479

		Eloss/turn		3.7530194983		KeV												-0.011		-3.9395571876		-0.6388586584		0.1338747976		-0.2387168493

																		-0.009		-3.2232740626		-0.7985875166		0.1660764784		-0.2986263642

		g0		0.4312831492				Reduction factors										-0.007		-2.5069909376		-0.847116954		0.1953859367		-0.313369002

		mc		0.0018095238		=>		0.999397189										-0.005		-1.7907078125		-0.7535962664		0.2195392576		-0.2706727812

		mE		0.114		=>		0.9783843587										-0.003		-1.0744246875		-0.5205887703		0.2367049311		-0.1719151596

		mx		0.1571818182		=>		0.9758895518										-0.001		-0.3581415625		-0.1859244728		0.2456115167		-0.0328614686

		my		0.0427793814		=>		0.9981732676										0.001		0.3581415625		0.1859244728		0.2456115167		0.1198892536

						coeff		0.9524764086				Gainmax		0.3491689713				0.003		1.0744246875		0.5205887703		0.2367049311		0.2557870649

																		0.005		1.7907078125		0.7535962664		0.2195392576		0.3484623555

																		0.007		2.5069909376		0.847116954		0.1953859367		0.3826003048

																		0.009		3.2232740626		0.7985875166		0.1660764784		0.3574724161

																		0.011		3.9395571876		0.6388586584		0.1338747976		0.2861528461

																		0.013		4.6558403126		0.420944203		0.1012712225		0.1908601858

																		0.015		5.3721234376		0.2034036688		0.0707067147		0.09608238

																		0.017		6.0884065627		0.0338597313		0.0442647803		0.0217513312

																		0.019		6.8046896877		-0.0622995468		0.0233914886		-0.0214476802

																		0.021		7.5209728127		-0.0850939407		0.0087102614		-0.0334123287

																		0.023		8.2372559377		-0.0549908766		-0.0000173928		-0.02259262

																		0.025		8.9535390627		-0.0024756447		-0.0037682908		-0.0016845739

																		0.027		9.6698221877		0.0436826294		-0.0039970276		0.0172361219

																		0.029		10.3861053128		0.0653968003		-0.0023017687		0.026456363

																		0.031		11.1023884378		0.0588868291		-0.0000991016		0.024172388

																		0.033		11.8186715628		0.0326164132		0.0016145212		0.0136844368

																		0.035		12.5349546878		0.0012592152		0.0023652283		0.0009363062

																		0.037		13.2512378128		-0.021416934		0.0021599289		-0.0084151337

																		0.039		13.9675209379		-0.0279109829		0.0013331546		-0.0112292806

																		0.041		14.6838040629		-0.0188620627		0.0003430865		-0.0076875076
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Gain (to 2nd order)
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Blad1

		Gain in a helical undulator

		3/26/98				ELETTRA

		bx=				8.2		m

		by=				2.6		m

		ex (norm, *2pi)				2.20E-05		2p m Rad

		ey (norm, *2pi)				2.20E-06		2p m Rad

		K				3.78				Ialfven		17040

		N				42

		lw				0.1		m

		g				2000

		I (peak)				230		A

		l				0.0000001911		m		1.03921927736061E-18		J		6.4847282907		eV

		sz				9.00E-03		m

		sE/E				1.90E-03

		B				5.62E-01		T

		I (mean)				2.00E-02		A

		r		6.0645515596		m		Renieri limit:

		Prad		318.3693521573		W		P (max extr)				3.7901113352		W

		Eloss/turn		15.9184676079		KeV

		g0		0.5592657826				Reduction factors

		mc		0.0008918233		=>		0.9997028139

		mE		0.3192		=>		0.8523618223

		mx		0.0589638821		=>		0.9965353064

		my		0.0185963013		=>		0.9996542971

						coeff		0.8488626616				Gainmax		0.4035288647





Blad1

		-0.031

		-0.029

		-0.027

		-0.025

		-0.023

		-0.021

		-0.019

		-0.017

		-0.015

		-0.013

		-0.011

		-0.009

		-0.007

		-0.005

		-0.003

		-0.001

		0.001

		0.003

		0.005

		0.007

		0.009

		0.011

		0.013

		0.015

		0.017

		0.019

		0.021

		0.023

		0.025

		0.027

		0.029

		0.031



Gain (to 2nd order)

(w1-w)/w

0.0279452776

0.0410252462

0.0425821355

0.0278095694

-0.0058530126

-0.0577998802

-0.1238396805

-0.1964152846

-0.2654844113

-0.3199534612

-0.3494409895

-0.3460688017

-0.3059554823

-0.2301263152

-0.1246495665

0.0000551708

0.1306410609

0.2527601112

0.3531672578

0.4216447257

0.4524217814

0.4448579706

0.4032927501

0.3361147214

0.2542404168

0.1692899648

0.0917875094

0.0296922121

-0.0125122259

-0.0340577861

-0.037480511

-0.0276935249
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