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Abstract

The paper presents simulation results of Self-Amplified Spontaneous Emission (SASE)
FEL at the TESLA Test Facility (TTF) at DESY. One-dimensional, time-dependent pro-
gram package FEL1D was used for simulations. When simulating linear mode of operation,
we have used actual number of electrons in the beam, N =~ 6 x 10° to calculate initial
shot noise conditions at the undulator entrance. The results of linear simulations are com-
pared with rigorous results of SASE FEL theory developed by R. Bonifacio et al. (Phys.
Rev. Lett. 73(1994)70). It was found that there is good agreement between simulation and
analytical results. We also performed calculations of autocorrelation functions of the first
and the second order, temporal and spectral characteristics of the output radiation of TTF
FEL operating in linear and nornlinear SASE mode. These results could be of use for po-
tential users to define the range of experiments which could be performed with SASE FEL
radiation.
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1 Introduction

Self amplified spontaneous emission free electron laser (SASE FEL) is being planned
to construct at the TESLA Test Facility at DESY [1]. One of the problems of the
SASE FEL design consists in calculation of the output characteristics of such an
FEL amplifier starting from noise. At present, only so called steady-state theory
of an FEL amplifier is well developed. This theory describes the case when FEL
amplifier amplifies electromagnetic radiation generated by external master oscillator.
The amplitude and frequency of the input signal are controlled by experimenter. It
is assumed that the signal of master oscillator has narrow bandwidth with respect to
the bandwidth of the FEL amplifier. Under these initial conditions the amplitude of
the amplified wave does not depend on time and depends only on coordinates. This
was the main factor which has allowed to develop a wide range of reliable theoretical
approaches for calculation of characteristics of conventional FEL amplifier (see, e.g.
review papers [2—4]).

Steady-state theory of the FEL amplifier provides rather limited possibilities for
precise description of SASE FEL [5,6]. Strictly speaking, the only rigorous result,
provided with the steady state theory is calculation of characteristics of the beam
radiation modes of the SASE FEL. Due to a high gain of SASE FEL at DESY, about
70 dB, the only TEMgyo mode is survived having maximal gain. Characteristics of this
mode do not depend on the nature of input signal and are determined by parameters
of the FEL amplifier. So, it becomes possible to calculate field gain, transverse field
distributions in Fresnel zone (i.e. inside the undulator) and directivity diagrams of
radiation power in Fraunhofer diffraction zone (i.e. in experimental area) [5,6].

Temporal and spectral characteristics of SASE FEL output radiation are of great
practical importance for potential users. Unfortunately, the steady state calculations
allow only to estimate them. To obtain more specific information about temporal and
spectral properties of SASE FEL radiation, three-dimensional, time-dependent codes
should be used. At present, only one-dimensional theory of SASE FEL is relatively
well developed [7,8]. In this paper we present the simulations of 6 nm option SASE
FEL at DESY using one-dimensional, time-dependent codes constructed on the base
of program package FEL1D [9].

The linear simulation code is based on the FEL equations written down in linear
approximation. This code allows to perform rigorous simulation of initial conditions.
When performing linear simulations of SASE FEL, we have used actual number of
electrons in the TTF beam, N = 6 x 10°, to calculate initial shot noise conditions at
the undulator entrance. The results of linear simulations are compared with rigorous
results of SASE FEL theory [7,8]. It was found that there is good agreement between
simulation and analytical results. On the base of linear simulations we have estimated
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the “effective” power of shot noise at the undulator entrance, which constituted the
value about 100 W.

The nonlinear simulation code is based on macroparticle method. When performing
nonlinear simulations we can not use actual number of the particles due to limited
capabilities of computer. To overcome this problem, we have used technique proposed
in ref. [10] when initial conditions are modelled with small number of macroparticles
distributed by special method. The nonlinear simulation code also has been tested
by means rigorous results of SASE FEL theory.

Using linear and nonlinear simulation codes we calculated autocorrelation functions
of the first and the second order, temporal and spectral characteristics of the output
radiation of TTF FEL operating in linear and nonlinear SASE mode. These results
could be of use for potential users to define the range of experiments which could be

performed with SASE FEL radiation.

2 Fluctuations of the beam current

In this paper we describe SASE mode of FEL operation using one-dimensional model
and reasonable question arises how correctly such an approximation describes real
processes occurring in SASE FEL at DESY. The answer on this question is positive.
Indeed, we should remember that SASE FEL at DESY is a high gain device, providing
power gain about 70 dB. Due to the high gain, the only fundamental TEMg, radiation
mode is survived having maximal gain. It means that at sufficient undulator length
there is total transverse coherence of the output radiation. On the other hand, one-
dimensional model assumes that plane electromagnetic wave is amplified along the
undulator which also has full transverse coherence. So, we can conclude that with an
accuracy of some numerical factor of the order of unity the physics of FEL process
in actual SASE FEL is described correctly with such a model.

In the case of SASE FEL there 1s no external electromagnetic wave at the undulator
entrance, but from the very beginning there is modulation of the electron beam which
is defined by shot noise in the electron beam. As we mentioned above, in SASE FEL
at DESY the only fundamental TEMg, mode is survived which has full transverse
coherence. It means, that when considering input shot noise, we should take into
account only its fraction having full transverse coherence. The value of this initial
modulation could be calculated as follows. Let us consider a monoenergetic electron
beam with a current Iy. Then we remember that the electron current is constituted
by moving electrons:

1(t) = ("6)2’950 —t), (1)
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where §( ) is delta-function, (-¢) is the charge of the electron and i is arrival time
of the electron to the undulator entrance. It is seen that due to the random arrival
of electrons, the value of the current fluctuates in time and only its value, averaged
over an ensemble, will be equal to the mean value Iy. The beam current I(t) and its
Fourier transform I(w) are connected as follows:

I(t)=% [ Tw)eita

oo

I(w)= j e I(1)dt = (—e) ;ei‘"‘* . (2)

—00

So, using this simple physical picture we can calculate the mean squared value of the
Fourier harmonic, averaged over an ensemble (for w # 0):

<) I{w) Po>=< 3 Y et t) 5= N, (3)
L

where N = I,T/e is the average number of electrons passed through undulator en-
trance during the time interval T'. It is important to notice that the double sum in
eq. (3) is reduced to such a simple result due to the fact that time moments {; are
statistically independent. Expression (3) could be also written in the following form:

<| I(w) P>=elT . (4)

3 Rigorous results of SASE FEL theory

In the framework of one-dimensional model and when the effects of space charge
field and energy spread in the beam could be neglected, an FEL operation could be

described in terms of the gain parameter I' and the efficiency parameter p (see, e.g.
refs. [3,4]):

oo [27r2j01{2A3J]‘/3 AT -
- IiAey? ’ p= an’

where A is the undulator period, K = el H, /2rmc? is the undulator parameter,

H,, is the undulator magnetic field, jo is the beam current density, (—e) and m are

the electron charge and mass, Iy, = mc®fe ~ 17kA, w is the radiation frequency,

Ayy = Jo(v) — J1(v) and v = K?/(4 + 2K?). In this paper all formulae are written

for the case of a planar undulator.



TESLA FEL Report 1996-07

In the previous section we have shown that due to shot noise there is density modula-
tion of the electron beam at the undulator entrance. It follows from the steady-state
theory of the FEL amplifier that if the electron beam modulated at frequency w is
fed to the undulator entrance, this initiates the amplification process of electromag-
netic wave having the same frequency. One-dimensional model assumes that plane
electromagnetic wave E = E(z)exp[iw(z/c —t)] + C.C. is amplified in the FEL am-
plifier. In the linear high-gain regime the amplitude of electromagnetic field grows
exponentially with the undulator length:

E(z) oc expl[Az] (6)

where A is the growing root of eigenvalue equation (Re A > 0):
A(A +1C)? = T3, (7)
Here C = 27 /Ay —w(1 4+ K%/2)/(2¢¥*)] is detuning of particle from resonance. Near

the exact resonance, at | C |« T', we have the following solution for the growing root
(see, e.g., ref. {4]):

. 3 (e .1, 4C
ReA = 7(1 — '9—), ImA = 5(1 — -5-_), (8)

where A = A/T, ¢ = C/T = (wo — w)/2pwo is detuning parameter and wp =
drey? f{A(1 + K?/2)] is resonant frequency.

The solution of initial-value problem in a high-gain limit for the case when modulated

electron beam is fed to the entrance of a planar undulator has the form (see, e.g. [4],
Appendix B):

i) )

where E{w, z) and j(w) are, respect.ivély, Fourier components of electric field of the
wave E(t,z) and of the beam current density j(¢) at the undulator entrance. Nor-
malizing factors Ey and jo are given with the expressions:

Ey = 870"y 14/ (MwcK Ayj) Jo=1/S,

where S is the transverse area of the electron beam. We have mentioned above that
transversely coherent fraction of input shot noise is defined by the total beam current,
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S0

Hw) _ I(w)
s (10)

The radiation pulse energy, averaged over an ensemble is defined as

T o
_c5 2 _es i 2
<W >= 4“6/<E (t,z)>dt—-—-41r20/<| E(w, 2) [*> dw. (11)

Substituting eqs. (9) and (10) into eq. (11) and taking into account eq. (4), we can
calculate the radiation power P =< W> /T averaged over an ensemble and the
normalized efficiency # = Pou/pPs [11]:

j= LT epivE (12)

3/ V32N,
where B, = ymc®] /e is the electron beam power, £ = 'z and Ny = 271 [ew,.

It follows from eq. (11) that the spectral density of the radiation energy is propor-
tional:

d<W> ¢S - 2 501 A2
= 1 <| E(w, 2) "> exp[v33(1 — C?/9)] . (13)

So, we can write the expression for the spectrum bandwidth (half width at half

maximum) of the SASE FEL [12]:

—

“o

In2 p
W - 14
L VY 1)

The value of the p parameter is much less than unity, so it follows from expression
(14) that SASE FEL selects only narrow frequency band from input “white” noise.
As a result, there is some correlation in time in the output signal. To describe cor-
relation phenomena, the notion of autocorrelation function is introduced. The first
order autocorrelation function is defined as:

< E(t,2)E*(t+1,2)+ C.C. >
2 <| E(t,2) >

Bi(r,z) = (15)
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For the narrow band linear system with symmetric frequency characteristic, the first
order autocorrelation function could be written in the form: '

}o d(Aw) <| E(z, Aw) |*> cos[(Aw)T]
Bi(r,2) = == - , (16)
_{0 d(Aw) <| E(z, Aw) |2>

where Aw = w — wp. Taking into account eq. (13) we finally obtain the first order
autocorrelation function for the output radiation of the FEL amplifier starting from

By(#) j exp [V32(1 — C?/9)] cos(20#)dC o exp [-972//33] , (17)

where 7 = pwor. It should be noticed that when writing down eqs. (16) and (17) we
used an assumption that the bandwidth of the linear system is small with respect
to the value of wy which allows one to extend the lower limit of integration over Aw
from —wq to —co.

Defining the autocorrelation time 7y, by the condition of decreasing of the first order
autocorrelation function by factor of 2, we get [13):

ry

e = % V3In?2 (18)

So, we can conclude that the output radiation of SASE FEL has appearance of
wavepackets series (or spikes [7,8]). The length of each wavepacket is about ery;; and
there is no correlation between wavepackets. These wavepackets move with respect to
the electron beam with relative velocity v, — v;, where v, = dw/dk is group velocity

of wavepacket and v, is the longitudinal velocity of electrons. Remembering that
k =wfc+ImA (see egs. (6) and (8)), we obtain [8]:

U_Cl+1d1mf\ _fo 2
T 27?4 | 3z)’

where v2 = 42/(1+ K?/2). It is interesting to notice that spikes slip along beam three
times slower than normal slippage rate ¢ — v, = ¢/2+2.

To obtain more specific notion about properties of output radiation, one should per-
form numerical simulations of start-up from noise. Nevertheless, analytical results,
obtained in this section, serve as a primary standard for testing of numerical codes.
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4 Method for time-dependent simulation

Time-dependent algorithm for simulation of FEL amplifier should take into account
the slippage effect which connected with the fact that electromagnetic wave moves
with the velocity of light ¢, while the electron beam moves with longitudinal velocity
v,. Electron motion in the undulator is a periodic one, so the radiation of each electron
E(z,t) is also periodic function:

B(z,t) = f(z—ct) = fz —ct + 1) ,

with period

c—v, Aw 14 K%/2
~ = Ao g5 (19)

A=Ay ~ =
Uy 272 2y

It seems to be natural to construct the following algorithm [7,8]. Suppose, we have
electron bunch of length /. We divide this length into Ny, = /A boxes. FEL equations
are used in each box for calculation of the motion of the electrons and evolution of
the radiation field within one undulator period, i.e. within AZ = AyI'. The using
of steady-state FEL equations averaged over undulator period is justified by the
fact that FEL amplifier is resonance device with a narrow bandwidth (see eq. (14)
remembering that p < 1). Then we should take into account the slippage effect, i.e.
that electromagnetic radiation advances the electron beam by the wavelength A while
electron beam passes one undulator period. It means that radiation which interacted
with electrons in the j th box slips to the electrons located in the next, 7 + 1 th box.
Then procedure of integration is repeated, etc.

This algorithm allows us to calculate the values of radiation field for each box as
function of longitudinal coordinate z. Time dependence of the radiation field has the
form:

E(z,t) = E(z,t)e™ole/0 4 C.C. (20)

at any position along the undulator. Here we explicitly segregated slowly varying
complex amplitude E(z,t). Remembering that at any fixed point z of the undulator,
time interval between the arrival of radiation connected with to adjacent boxes is
equal to At = tj43 — t; = M/c, we have discrete representation of E(z,t;).

Spectral characteristics of output radiation are of great practical importance. To
calculate them, we use Fourier transform:
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1 — ,
E(z,t)= 3 f E(z,w)e ' dw
-00

E(z,w) = ] Bz, U)e™ " + C.C.)dt . (21)

Taking into account that the radiation field E(z,1) is calculated in discrete moments,
we obtain:

_ O s mrs g
E - =7 E(J) —2mijAwfwy

(o) = S50 B,
where Aw = w — wg and w > 0.

The spectral density of radiation energy is given by the expression:

dW eS -
m = Z;EE(Z,AW)E (Z, AUJ) , (22)

which is related with the total! radiation energy in the pulse as:

T oo
W = z—i 0/ E*(z, t)dt - !o %d(aw) , (23)

The first and the second order autocorrelation functions, By(7) and Bsy(r), are cal-
culated in accordance with the definitions:

T . P

[dtE(t,z2)E*(t+1,2) + C.C.
Bi(ro)=— ,

2 [dtE(t, z)E*(t, 2)
0
T . .

T fdt| B, z) || E(t+71,2) [

By(7,2)= 2 (24)

Lfdt | B¢, 2) |2]2

5 Parameters of 6 nm option of SASE FEL

General design of 6 nm option of SASE FEL at DESY is presented in ref. [1]. The
driving beam for SASE FEL will be produced by 1 GeV superconducting linear
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Table 1
Parameters of TTF FEL / 6 nm option /

Electron beam

Energy, & 1000 MeV
Charge in the bunch 1nC

Peak current, Iy 2500 A

rms bunch length, o, 5% 1073 cm
Normalized rms emittance , €, 2% 1074 cm rad
External g-function, 300 cm

rms beam size in the undulator, ¢, 5.5 x 1072 cm

Bunch separation 111 ns

Number of bunches per train 7200

Repetition rate 10 Hz
Undulator

Type Planar

Period, A, 2.73 cm

Peak magnetic field, H,, 4.97 kGs
Radiation

Wavelength, A 6.42 nm
Reduced parameters

Gain parameter, T 9.7 x 1073 em™?

Efficiency parameter, p 2.1 x 1073

accelerator [14]. The required value 2.5 kA of peak current will be achieved after three
sequential stages of bunch compression. The undulator will be a hybrid permanent
magnet one with a total length up to 30 m. To keep the beam size small in the
undulator, additional focusing (FODO-lattice) will be used. Parameters of the FEL
have been optimized using steady-state theory [5,6]. Design parameters of the SASE
FEL at DESY are presented in Table 1.

The transverse phase space distribution of the particles in the beam is assumed to be
gaussian and the beam is matched with the magnetic system of the undulator. The
beam current density is given by the expression:

30,5) = 5 exp(—r? 20%), (25)

r

10
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where o, = /e, /7, I(s) is the beam current, s = z — v,t, €, 15 the normalized
emittance, 8 is the beta function and v is the relativistic factor.

In the present study we consider two models of axial distribution of the beam current,
stepped profile with I(s) = Iy and length Iy = V2ro, and gaussian profile with
I(s) = Iyexp(—s*/202)/\/270,, where I, is the peak beam current (see Table 1).
When writing down 1-D FEL equations, we substitute the beam current density by
effective value j(s) = I(s}/(2rc?). It means that the actual beam with transverse
gaussian distribution of the beam current density is modelled by the electron beam
with constant (along transverse direction) beam current density having transverse
area S = 2wol.

6 Linear mode of operation

In sections 5 and 6 we present description of time-dependent algorithms. All formulae,
presented below, are written for the case of stepped axial profile of electron beam.
Extending of these formulae to the case of an arbitrary gradient axial profile could
be performed in a simple manner.

When performing numerical simulations, we neglect the effects of space charge and
longitudinal velocity spread in the beam. The length of the electron beam 1, is as-
sumed to be rather large, I, > (1 + K?/2)/(24'T'). We also assume that fluctuations
of the beam current density define the value of input shot noise signal. It means that
we neglect the effect of the longitudinal velocity fluctuations connected with finite
energy spread in the beam. One can show that the ratio of the noise signal due to the
fluctuations of the velocity to the shot noise signal is of the order of ¢4 /£%p%, where
og is the energy spread in the beam. This ratio is always less than unity, because the
safety margin of FEL amplifier assumes that % /€% < p%.

Linear time-dependent simulation algorithm is organized as follows. We divide the
electron beam into Ny, = I/ boxes. Linear steady-state FEL equations are used in
each box for calculation of the evolution of the radiation field within one undulator
period, i.e. within Az = A\, T (see, e.g. [4]):

B EG)

= I A (26)

where E0) = E [ Eq is reduced electric field of electromagnetic wave in the j th box and
Eo = 8np*y* 14 /(AwcK Ays). Here we assume that electron beam is monoenergetic.
Simulation of time-dependent effects is performed with the algorithm described in

11



TESLA FEL Report 1996-07

section 4. When constructing numerical simulation code, it is more convenient to
rewrite eq. (26) in the following form:

a4 L dEG) ;
d;,?; = B , = = a(f), (27)

To find the evolution of the beam bunching agj ) and electromagnetic field, we should
define initial conditions at the undulator entrance at z = 0. At the entrance of
the undulator there is no radiation field and fluctuations of the beam current density
caused by shot noise in the electron beam play the role of input signal. If total number
of the particles is equal to N, then the number of particles per one box is equal to
Ny = N/N,. To calculate initial conditions, we distribute N particles randomly in
each box. Amplitude and phase of the beam bunching are calculated in accordance

with relation:

, N» .
P sa = N;1' Y exp(—igy”)
k=1
dasj )
dz

=0 0 ) (28)

where ‘ql;,(j ) = 2#553 ) /A is the electron phase and sg ) is axial coordinate of the particle
in the bunch. The initial condition on the derivative of the density modulation has
been set equal to zero, because the effect of the velocity fluctuations at the undulator

entrance could be neglected as we discussed above.

In Figs.1-4 and in Figs.5-6 we present the results of numerical simulations of lin-
ear regime for stepped and gaussian axial profile of the electron beam, respectively.
To calculate initial conditions at the undulator entrance, we used actual number of
electrons in the TTF beam, N ~ 6 x 10°.

Fig.1 present the plots of temporal structure of radiation pulse power at z = 12 m for
stepped axial profile of electron beam. It is seen that the radiation has appearance
of sequence of spikes. In Fig.2 we present spectral distribution of radiation power.
Fig.3 presents the plot of the first order autocorrelation function B;(r). One can
easily obtain that half width of autocorrelation function is in good agreement with
analytical estimation given by eq. (18). Fig.4 presents the plot of the second order
autocorrelation function Bs(7).

When simulating SASE FEL with steady-state codes, the notion of "effective” power
of input signal is usually introduced. As in the linear high gain limit the average power
of FEL amplifier grows exponentially with undulator length, we can write (see, e.g.

i2
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[4]):

1
Pout = §-P.'m exp(\/'o_’f;) . (29)

The value of Py could be obtained in the following way. First, at fixed undulator
length, we should perform averaging of output power over the total length of the
electron. Then, using eq. (29) we can obtain the value of P,. Calculations, have been
performed at the undulator length of 12 m and provided the value of Py, ~ 100 W. It
is interesting to compare this value with analytical estimation. Using relation (12),
we can obtain estimation for "effective” power of input signal of TTF FEL: P, ~
3p°B,/Ny ~ 100 W (here we have taken into account that # ~ 11 at the length of
undulator 12 m). So, we see that analytical estimation for “effective” input power
provides good accuracy.

It follows from the results of numerical simulations that all the important character-
istics of radiation (dependence of radiation power averaged over the bunch on the
longitudinal coordinate, autocorrelation time, group velocity of wavepackets, etc.)
are in a good agreement with the analytical asymptotics presented in Section 3.
Typical difference of the order of 10 % can be explained by finite number (~ 10?)
of wavepackets (spikes) inside the radiation pulse of TTF FEL. The reason is that
these spikes are uncorrelated and uncertainty in the above mentioned characteristics
must be inversly proportional to the square root of the number of this statistically
independent processes (see, e.g. [8]). In particular, this effect explain an oscillating
behavior around zero value of the tails of autocorrelation functions. In the asymp-
totics of infinitely long electron bunch one would get the exact correspondence with |
the analytical results.

Similar dependencies for the case of gaussian axial profile of electron beam are pre-
sented in Figs.5 — 6. One can get impression about the influence of the bunch shape
on the temporal and spectral characteristics of radiation in linear mode of operation

of SASE FEL.

It should be noted that presented in this section algorithm does not exhaust all the
possibilities to calculate the linear mode of SASE FEL operation and method based on
Green’s function technique could be used, too. In a linear system spectrum of output
signal is defined by the frequency characteristic of the system and the spectrum of
input signal. In the case under study this could be written in the following form:

E(z,w) = G(z,w)j(w) , | (30)

where G(z,w) is the frequency characteristic of the system (Green’s function) and
E(z,w) and j(w) are, respectively, Fourier components of output electric field and

13
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input beam current. The Green’s function could be obtained solving linear equa-
tions of FEL amplifier at given initial conditions at the undulator entrance (see, e.g.
refs. {7,8]). In the case under study initial conditions assume that modulated elec-
tron beam is fed to the undulator entrance (one can obtain that we used particular
expression for the Green’s function in eq. (9), written down for a high-gain limit).
The calculations of the initial noise spectrum of the beam current density could be
performed using eq. (2). Then, using eq. (9) we can calculate the spectrum of output
radiation. The knowledge of E(z,w) allows one to calculate energy spectrum and au-
tocorrelation function and to reconstruct temporal structure of radiation pulse (see
egs. (22), (24) and (21)). Both algorithms (based on the Green’s function technique
and time-dependent) provide identical results. In this paper we have used the time-
dependent algorithm, because it could be naturally extended to the nonlinear case.

7 Nonlinear mode of operation

Nonlinear time-dependent simulation algorithm is based on similar technique de-
scribed in the previous sections. We divide the electron beam into N, = I,/ A boxes.
Steady-state FEL equations are used in each box for calculation of the motion of the

electrons and evolution of the radiation field within one undulator period, i.e. within
Az = AT (see, e.g. [4]):

dPY 143 = —ED exp(ip) + C.C.,

dpdz = BY) (31)
dEW [ds = a{) (32)

where j =1,... Ny, k=1,... M and M is the number of macroparticles in each box
and B = w(EY — £)/(cy2&T) is reduced energy deviation from nominal value.
Amplitude and phase of the beam bunching are calculated as follows:

} Na .
o = MY exp(—iy) (33)
k=1 :

where z,b,(cj ) is the electron phase.

To take into account slippage effect, we transfer radiation which interacted with
electrons in the j th box into j + 1 th box after each undulator period.

14
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It should be noticed that there is one principal distinction with respect to the case of
linear simulations. Namely, we used actual number of the particles in the TTF bunch
to calculate initial conditions for linear code. In the case of nonlinear simulations we
can not use actual number of the particles due to limited capabilities of computer.
To overcome this problem, we have used technique proposed in ref. [10]. We choose
the number of macroparticles in each box to be equal to M < N). The particles are
distributed over phase 3 in the following way:

h 2w 1
O =k = 5) + @F; —1)8, (34)

where F} is a pseudo-random variable uniformly distributed between 0 and 1 and
6= /3M/N,.

In Figs.7 - 15 and Figs.16 — 24 we present the results of nonlinear simulations of TTF
FEL for stepped and gaussian axial profile of the electron beam, respectively. The
number of macroparticles in each box was equal to M = 20. Spectral distribution of
radiation power has been calculated in the same way as it was described in Section 4.

These plots allow one to trace the dependence of the output characteristics of TTF
FEL on the undulator length. Here we state only the common features. First, tem-
poral structure of the radiation becomes to be more cut up. Second, the radiation
spectrum is broadened after saturation point and spreads to lower frequencies which
is connected with visible beam energy losses. Third, the output radiation power con-
tinues to grow after saturation point. Comparison of the plots presented in Figs.7
- 15 and Figs.16 - 24 shows that in the case of TTF FEL output characteristics of
radiation do not depend significantly on the form of the longitudinal distribution of
the beam current.
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Fig. 1. Temporal structure of radiation pulse at z = 12 m for stepped axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Calculations have been performed with linear simulation

code.
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Fig. 2. Spectrum of radiation pulse at z = 12 m for stepped axial profile of electron beam.
Graph (a) is plotted over the full length of the electron beam and graph (b) presents enlarged
fraction of graph (a). Calculations have been performed with linear simulation code.
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Fig. 3. First order autocorrelation function Bi(7) of output radiation pulse at z = 12 m
for stepped axial profile of electron beam. Circles are the results of calculations with linear
simulation code and solid curve is calculated with analytical formula (16).

2.9 . . .

2.0

1.5

Ba(7)

1.0

0.5 1

0.0 ' : :
0 4 10 15 20

T, fs

Fig. 4. Second order autocorrelation function B,(r) of output radiation pulse at z = 12 m
for stepped axial profile of electron beam. Calculations have been performed with linear
simulation code.
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Fig. 5. Temporal structure of radiation pulse at z = 12 m for Gaussian axial profile of
electron beam. Dash line presents the relative distribution of the electron beam current.
Graph (a) is plotted over the full length of the electron beam and graph (b) presents enlarged
fraction of graph (a). Calculations have been performed with linear simulation code.
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Fig. 6. Spectrum of radiation pulse at # = 12 m for Gaussian axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Calculations have been performed with linear simulation
code.
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Fig. 7. Temporal structure of radiation pulse at z = 9 m for stepped axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents

enlarged fraction of graph (a). Calculations have been performed with nonlinear simulation
code.
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Fig. 8. Spectrum of radiation pulse at z = 9 m for stepped axial profile of electron beam.
Graph (2) is plotied over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Calculations have been performed with nonlinear simulation
code.
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Fig. 9. Temporal structure of radiation pulse at z = 14 m (saturation point) for stepped
axial profile of electron beam. Graph (a) is plotted over the full length of the electron beam
and graph (b) presents enlarged fraction of graph (a). Calculations have been performed
with nonlinear simulation code.
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Fig. 10. Spectrum of radiation pulse at z = 14 m (saturation point) for stepped axial
profile of electron beam. Graph (a) is plotted over the full length of the electron beam and
graph (b) presents enlarged fraction of graph (a). Calculations have been performed with
nonlinear simulation code.
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Fig. 11. Temporal structure of radiation pulse at z = 19 m for stepped axial profile of
electron beam. Graph (a) is plotted over the full length of the electron beam and graph (b)
presents enlarged fraction of graph (a). Calculations have been performed with nonlinear
simulation code.
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Fig. 12. Spectrum of radiation pulse at z = 19 m for stepped axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents

enlarged fraction of graph (a). Calculations have been performed with nonlinear simulation
code.
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Fig. 13. Temporal structure of radiation pulse at 2 = 24 m for stepped axial profile of
electron beam. Graph () is plotted over the full length of the electron beam and graph (b)
presents enlarged fraction of graph (a). Calculations have been performed with nonlinear
simulation code.
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Fig. 14. Spectrum of radiation pulse at z = 24 m for stepped axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Calculations have been performed with nonlinear simulation
code.
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Fig. 15. Dependence of the radiation power (averaged over pulse) on the undulator length for
the case of stepped axial profile of electron beam. Dotted line is calculated with steady-state
code at 100 W input radiation power. Calculations have been performed with nonlinear
simulation code.
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Fig. 16. Temporal structure of radiation pulse at z = 9 m for Gaussian axial profile of
electron beam. Graph (a) is plotted over the full length of the electron beam and graph
(b) presents enlarged fraction of graph (a). Dashed line presents relative distribution of the
electron beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 17. Spectrum of radiation pulse at 2 = 9 m for Gaussian axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Dashed line presents relative distribution of the electron
beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 18. Temporal structure of radiation pulse at z = 14 m for Gaussian axial profile of
electron beam. Graph (a) is plotted over the full length of the electron beam and graph
(b) presents enlarged fraction of graph (a). Dashed line presents relative distribution of the
electron beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 19. Spectrum of radiation pulse at z = 14 m for Gaussian axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Dashed line presents relative distribution of the electron
beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 20. Temporal structure of radiation pulse at z = 19 m for Gaussian axial profile of
electron beam. Graph (a) is plotted over the full length of the electron beam and graph
(b) presents enlarged fraction of graph (a). Dashed line presents relative distribution of the
electron beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 21. Spectrum of radiation pulse at z = 19 m for Gaussian axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Dashed line presents relative distribution of the electron
beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 22. Temporal structure of radiation pulse at z = 24 m for Gaussian axial profile of
electron beam. Graph (a) is plotted over the full length of the electron beam and graph
(b) presents enlarged fraction of graph (a). Dashed line presents relative distribution of the
electron beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 23. Spectrum of radiation pulse at 2 = 24 m for Gaussian axial profile of electron
beam. Graph (a) is plotted over the full length of the electron beam and graph (b) presents
enlarged fraction of graph (a). Dashed line presents relative distribution of the electron
beam current. Calculations have been performed with nonlinear simulation code.
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Fig. 24. Dependence of the radiation flash energy on the undulator length for the stepped
(curve 1) and Gaussian ( curve 2) axial profile of electron beam. Calculations have been
performed with nonlinear simulation code.
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