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Workpackage L
L-2 Startup of hard X-ray background calculation  (bremsstrahlung)

Bremsstrahlung radiation is generated when electron beam is interacted with collimators, 
beam diagnostic devices and residual gas. Bremsstrahlung radiation overlaps with the 
FEL radiation. Bremsstrahlung causes beam energy losses and widens beam energy 
spread. The study should be carried out to distinguish bremsstrahlung contribution into 
radiation at the undulator exit.

L-3 The study of the spontaneous background radiation

In the long chain of the undulator sections installed to ensure FEL radiation growth 
development spontaneous radiation is being emitted providing essential background to 
FEL radiation.  Spontaneous background radiation increases beam energy spread and 
drives out part of the beam from the FEL resonant condition due to energy losses thus 
degrading FEL radiation growth. Numerical simulation study along with analytical 
calculations allows estimation of the spontaneous background radiation role.
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SPONTANEOUS BACKGROUND RADIATION

•increases beam energy spread 

•drives out the beam from the FEL resonant condition 

•provides essential background to FEL radiation 

The spontaneous radiation in the long chain of the undulator
has been  simulated by SPECTRA code [2]. Analytical 
methods has been used [3,4].



FEL main specifications

LinearvariableVariablePolarization

Gapenergy and gapenergy and gapWavelength tuning

0.1-0.70.7-2.8/1.8-70.7-2.8/1.8-7Wavelength [nm]

5.82.1 /3.42.1 /3.4Beam Energy [GeV]

AramisPorthosAthosUndulator

Beam parameters

8.98.98.9Bunch length rms [mm]

2.72.72.7Peak current [kA]

0.350.350.35Energy spread [MeV]

0.430.430.43Emittance [mm-mrad]

200200200Bunch charge [pC]

5.82.1 / 3.42.1 / 3.4Energy [GeV]

AramisPorthosAthosUndulator



9.49.49.4FODO period [m] 

151010Average beta function [m]

75 mm75 mm75 mmQuadrupole length (effective length)

35 T/m35 T/m35 T/mQuadrupole nominal gradient 

50 T/m50 T/m50 T/mQuadrupole max gradient

1.2 (peak)1-3.21-3.2K value 

4.2 – 20 6.5  - 506.5  - 50Gap [mm]

72.5 cm70 cm70 cmEffective drift length

3.975 m4 m4 mActive undulator length

265100100Undulator periods
1.5 4 4 Undulator period length [cm]

141414# Modules

SASESASESASEOperation mode

NdFeBSmCb/NdFeBSmCb/NdFeBMagnetic material

planar/invac.APPLE IIAPPLE IIUndulator type

0.1-0.70.7-2.8/1.8-70.7-2.8/1.8-7Wavelength [nm]

5.82.1 /3.42.1 /3.4Energy [GeV]

AramisPorthosAthosUndulator

SwissFEL undulators design parameters



SwissFEL chematic layout

2.1 GeV 3.4 GeV 5.8 GeV

0.7-2.8 / 1.8-7 nm

0.7-2.8 / 1.8-7 nm

0.1-0.7 nm

ATHOS

PORTHOS

ARAMISLINAC-2 LINAC-3 LINAC-4



Wavelength and photon energy
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Flux on axis

Units: [photons/(s/mr2/0.1%bw)] 

)2/1(
2

2
2 K

n
u

n +=
γ
λ

λ

uNL λ≠



Flux [photons/(s mr2 0.1%bw)] at the central axis for ARAMIS
undulator. Curves corresponding to the fundamental and odds 
harmonics are presented (n=1,3,5,7); note that flux is 0 for even 
harmonics. Tuning range of the undulator strength K is 1.2 – 4.7;

n=7
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Flux [photons/(sec x 0.1%bandwith)] integrated over central cone versus undulator
strength K for ARAMIS undulator. Curves corresponding to the fundamental and its 
odds harmonics are presented (n=1,3,5,7); note that flux is 0 for even harmonics.
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ARAMIS undulator radiation total power versus K parameter



ARAMIS undulator radiation total power versus K parameter.



Spectral brightness is the photon flux in the phase space volume (usually is given 
in the units of photons/s/mrad2/mm2/0.1%bw)
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SPECTRA GUI with ARAMIS undulator parameters



SIMPLEX GUI with ARAMIS undulator parameters



Flux density on axis (Photons/s/mm2/(0.1%bw)) vs. radiated photon 
energy. The fundamental (12.4MeV) 3rd and 5th harmonics are presented. 
Electron beam emittance and energy spread are 0. (SPECTRA)



a)

b)

c)

Flux density on axis 
(Photons/s/mm2/(0.1%bw)) vs. 
radiated photon energy. 
a)Electron beam emittance and 
energy spread are 0; b)Electron 
beam energy spread is 0.





CONCLUSIONS

Peak brilliance SPECTRA value is 4.3x10^27 ,  while FEL brilliance is 1.1x10^33 in 
(Photons/s/mm^2/mrad^2/0.1%bw)

SPECTRA allows precise calculations of spectral, angular and spatial distributions as 
well as  polarization parameters of the radiation produced by long chain of the undulators 
taking into account finit beam emittance and energy spread.



Bremsstrahlung on the residual gas



(Fig. 27.10 from PDG report 2008, [2]); Energy loss per radiation 
length in lead as a function of electron or positron energy. Electron 
(positron) scattering is considered as ionization when the energy loss 
per collision is below 0.255 MeV, and as Møller (Bhabha) scattering 
when it is above [2].



Bremsstrahlung on residual gas

Residual gas                           CO

Atom. Weight                         28

Effective Z                             7.14

Density 1.25 10^-3 g/cm3

Rad. Length 37.4 g/cm2

Beam pipe strait length            >~100m
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Electron critical energy dependence on the atomic number of the chemical 
elements, for solids and liquids (solid line) and gases (dashed line). At 
energies above critical one bremsstrahlung prevails over ionization.



(Fig. 27.11 from PDG report 2008, [2]): The normalized bremsstrahlung cross 
section k dσLPM/dk in lead versus the fractional photon energy y = k/E. The vertical 
axis has units of photons per radiation length.



Gas pressure is measured in mbars (1bar = 100000 Pa) or Torrs (1Torr = 133.322 
Pa). Note that normal atmospheric pressure is equal to 101325 Pa (760 Torr), it 
also is being used as a gas pressure unit (atm).

Full screening limit in the bremsstrahlung process for CO gas is 36 MeV
(Formula 8). Beam pipe strait section length adjacent to the undulator section is 
about 200 m (Fig. 6) and calculated travel distance of electron beam (in the units 
g/cm2) under the modest vacuum pressure 10-6 Torr would be d = 3.29x 10-8. 

The number of photons with energies between k1 and k2 radiated by an electron 
traveling a distance d<<X0 is
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590.2322.2

640.2132.4
700.1972.6

750.1832.8

800.1703

860.1603.2

910.1503.4

960.1423.6

1020.1343.8

1070.1284

1120.1224.2
1180.1164.4

1230.1114.6

1280.1064.8

1340.1025

1390.0985.2

1440.0955.4

1500.0915.6

1550.0885.8

Energy loss rate[MeV/(g/cm2)Photon angle [mrad]Electron energy [GeV]



2. �10  7 4.�10  7 6.�10 7 8. �10 7 1.�10  6P�Torr�
5�104
1�105

5�105
1�106

5�106

Photons�bunch
E�5.8 GeV

Number of radiated photons per bunch with the energies versus residual 
gas pressure.



10 11 10 10 10  9 10  8 10  7 10  6 P�Torr �0.01

0.1

1

10

100

1000

�E �keV� E0�5.8 GeV

Mean energy loss for the electron traversed strait section of the vacuum chamber. 
Under the pressure p=10-7 Torr mean energy loss is equal to RMS energy spread 
300keV.



2.�10  7 4.�10  7 6.�10  7 8.�10  7 1.�10  6
P�Torr�10  7

10  6

10  5

10  4

W

Bremsstrahlung radiation probability for the electron traversed strait section
of the vacuum chamber. Under the pressure p=10-7 Torr radiation probability 
is 5.1 x 10-5 .



For the certain technology of beam pipe (stainless steel vacuum chamber 
with Titanium-Nitride (TiN) inner coating) the residual gas predominantly 
consists of CO. If another technology is chosen calculations should be 
repeated for new gas.

Bremsstrahlung radiation opening angle is large and photons can hit the 
walls of beam chamber. Photons emitted by 5.8 GeV electron travel 9mm 
in transverse direction in 100m path.

There are always very energetic photons in radiation spectrum with 
energies up to energy of the primary electron that can cause 
electromagnetic shower when they hit the vacuum chamber walls. 

For the 200 PC bunch charge there are 1.25x109 electrons in the bunch. In 
the moderate vacuum 10-8 Torr  7.5 x 104 photons (with the energies more 
than 300 keV) per bunch are being radiated. Thus about 0.6 % of 5.8 GeV
electrons energies are being changed by the greater value than initial 
energy spread.

CONCLUSIONS


