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PROMETEO is a 1-D multiparticle code aimed at simulating Free Electron Laser '
processes: electron bunches travelling within a device (undulator) with
periodical magnetic field interact with their own co-propagating radiation.

The code can take into account different devices: oscillator, optical klystron,
tandem oscillator. It includes the effects of beam transverse emittance,
noise in seed and in electron initial distribution, pulse propagation and

diffraction effects. This code accounts for the evolution of the fundamental
harmonic and for the coherent generation of higher- order harmonics. It can

treat both linear and helical undulators.
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A periodic magnetic field in the undulator may be
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N number of undulator periods




A foundamental undulator parameter is

undulator parameter (of the order of unity )

The dynamic of the system of an e-beam travelling in an undulator, along
the longitudinal z-direction interacting with an e.m. wave Iis specified by
the Lorentz’s equations of motion (Gaussian system)
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Neglecting interaction with e.m. field (constant » , transport simulation)

considering -, k.x, k,y as O(¢) and defining R=Kk,F we have
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PROMETEO code can take into account, thanks to a very
flexible input, different types of devices: single-pass
amplifier, optical klystron oscillator, tandem oscillator,
biharmonic undulator, storage ring, sub-harmonics
amplifiers, etc.).

A sequence with up to three undulators with different
parameters can be taken into account.




Different devices can be obtained through mirror insertion:

oscillator (1 )

optical Klystron (OK) ( . )
tandem FEL ( ) (0 )
oscillator +

sub-harmonic amplifier ( )

OK + amplifier (1 | )

. and so on




Special configurations and feasibilities
Segmented undulators | | | | | | | S

Biharmonic linear undulator

Insertion device in a straight section
of a Storage Ring

B, tapering & B,(2)
A selected B,(z) profile is assigned
B, (Z) IS derived from resonant condition







e-beam model
e-beam energy distribution

2
D(g)= - exp[gJ relative energy distribution

V2rao, 202
_ V=70 :
&= : o, relative energy and energy spread
70
U, =4No, energy distributi on inhomogeneous broadening parameter

e-bunch longitudinal profile

oo e

O e —bunch length (r.m.s. standard deviation)
A =NA4y slippage length
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U :G— longitudinal mode coupling parameter
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e-beam phase space distribution
(no coupling between X, ¥  planes)

F(x,x',y,y')=W(x,x')W(y,y') distribution function
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Win,n')= ex +2a,nn'+
(n.17") e, P 2, (ﬁn I+ 1 |
Ep emittance in the (n,7') plane

Ay PV Twiss coefficients with S,y — a,? =1

matched beam @, =0, B, =k
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1-D formulation
The on axis magnetic field in a linearly polarized undulator is

B, =0, Bysin(k,z), 0]

Linear light polarization in the electron orbit plane (X, z) is generated
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laser wave length, wave number and frequency
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1-D FEL equations — continuous e-beam approximation A<<o
e.m. field feels electrons with the same current density J .

From Lorentz force and Maxwell equations, averaging over an undulator
period:
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W =¢ + s
¢ =(ky +ks)I5 ¥, (t')dt' ~ ot dimensionl ess electron phase
v, denotes average over the undulator period

S

> Indicates average over electrons in a y period

e normalized electric field amplitude [I ‘1J
fy Bessel function factor
ek

J2mgc?
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J electron beam current density

e = f = Jo(£)—31(£) Jg.q cylindrical Bessel function

¢ Isthe electron’s phase relative to the e.m. wave.




Foundamental parameters characterizing the power evolution are:

="l LN2Ef 2 small signal gain FEL coefficient
9o |0 b




The gain is a simple function of g,

ls s the field intensity halving the small signal gain.

3] mgc? :
Pe = E-? = y[J| =2Nggls e—beam power density
L, = Ay gain length
. 472\/§p

P- = pPr saturated power (maximum achievable power )

Po
Py Input seed power

Zp =L, In[gPF] saturation length




linear undulator

A= 0.028m K= 2.133 P,= 1. 0*10°MW
o, .= 1.0*10"° p= 2.64*0""

A= 496.5nm
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Radiation parameters

A K 2
ﬂfo = u2 (1+—),
2y 2

Wy = 2”%0 resonant wavelength and frequency (central emission)

0)0—0)

—1 dg .
Ae = AL=V - yv=L—=2=2xN detuning parameter
S 0( AﬂN) d gnp

Z )

- ) -
f(v)= _smc(%)] spontaneous emission line shape
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Macroparticle electron variables (7::s:)

N Initial values 7: from a Gaussian distribution around ¥

/4

N, initial values ¢, from equipartition of the interval |-z, z]

Shot noise microbunching are taken into account with small
variations of ¢; following the procedure of

« W. M. Fawley, Phys. Rev. Special Topics- Acc. and Beams 5
(2002) 70701

« C.Penman, B. W. J. McNell, Optics Comm. 90 (1992) 82




e.m. field variables €. ¢,
e.(z=0) from an initial seed
2(N, -N.)+2  coupled differential equations

Z Integration by Adams-Bashforth-Moulton predictor corrector
lterative method:

predictor step Adams-Bashforth of order 2, corrector step
Adams-Moulton of order 3

A set of similar equations holds including sub-harmonic
generation with amplitude and phase €, .,




Approximate treatment of emittance
In pure 1-D treatment the transverse electron velocity averaged over

an undulator period is:

2

= + — V2K —= f, siny
.. d :

entering In d—f equation.

In 3-D space a macroparticle may be characterizedby ( X, P, ¥, P,:7.¢ ).

The transverse velocity, assuming as above a plane wave for the e.m. field, Is
the sum of the above term plus a contribution H which in a transport treatment
IS a constant of motion (except for term 0(56)).

To account for this contribution we assume (7, ¢;, H;) as macroparticle where

H, is a discretized value of H with an assigned weight determined by all the
values of (X, P, Y, P,)givinga contribution around H,




The equation for & becomes

dz : 2y°

2
de _ _kotk, {“Kz +72H+(

k] _ 2K = fsmw}

S

Forsmall » wvariations, H may be considered constant .




Diffraction correction

The longitudinal mode transverse size may be accounted for by introducing

P AoAy
Ry

(*) G.Dattoli et al. J. Appl. Phys. 95 (2004) 3206

diffraction correction parameter ()

which has the effect of reducing the Pierce parameter.

pPL = F P ul)p

FuP o u? )= o+ u )es y?)]_%

In a 1-D approximation this is equivalent to a reduction of the density
current J
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The optimal wavelength A, is chosen in order to minimize the gain
length in the exponential part of power growth. The same is done in
most of 3-D codes (GENESIS, GINGER, MEDUSA, TDA3D). The
saturation power is a sensitive function of wavelength within the gain
band and small differences in the choices for the wavelength can result
In relatively large variations in saturated power

The saturation length Z is less affected by this uncertainty.

The following table shows the results of different codes for the same set of
simulation parameters.

S. G. Biedron et al., Nucl. Instrum. Methods A 445 (2000) 110.

S. G. Biedron et al., Phys. Rev. Special Topics-Acc. and Beams 5 (2002)
30701




Results comparison

Code Optimum A, LsaT Psat
(nm)
GENESIS 517.78 15.5 69
GINGER 519.0 15. 103
MEDUSA 518.82 14. 109
TDA3D 517.78 15.4 69
PROMETEO 518.07 14.7 121.3
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Pulse propagation in oscillator

. . 2L, .. : :
If time interval between e-bunches is CC It is assumed a cavity mismatchoL =0
The center of mass of the e.m. pulse does not have always the velocity ¢ because

for a length L, = N4, it travels together with electrons at velocity V:
In this case the space retard of the e.m. center of massis R =A= NA,
With a &L shift of the mirror:

oL Cavity mismatch ( >0 for cavity shortening )

6= Aol Cavity detuning parameter

JoA
R=A-20L Retard




e-bunch
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pulse range (bunch length unit) pulse range (bunch length unit)

e-bunch
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E= 500.0Mev A = 5.6cm K= 250 N=50 g,= 1.709
0,= 5.0*10"" 7= 040 pu_=203*10" 6=-1.0 6=—4.68*10"
A= 0.122um o,= 3.000*10'um

10 20 30




R.T. VALUES

pulse range
1.80%10° um

harmonic number n=5

1.0= 4.90*10° MW/cm®

1.0
0.9
0.8




linear undulator P,= 3.293*10‘MW
A,= 3.30cm K= 3.092

0,,= 1.00*107° p= 2.620%10°°

A= 518.07nm




