
Agenda:
• This tutorial on synchrotron radiation (SR) will use two existing accelerators, of different purpose, as 
examples of SR sources of completely different nature;

• The aim is to show how these differences affect the design and operation of their respective vacuum 
systems;

• A short introduction to the formalism of SR theory and some relevant formulae is given;

• The two accelerators are: LHC p-p collider at CERN, Geneva, and the ESRF synchrotron radiation light 
source, located in Grenoble, France;

• It will be shown how the fact that one has protons as the source and one electrons greatly influences 
the properties of the SR they generate, and the way their vacuum systems are designed;

• Relevant formulae are then applied to the two machines, and peculiar features are discussed; 

• Conclusions;

• References to documents easily found on internet are given during the tutorial.

JUAS 2018, Archamps, France
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Sources: Schwinger; Sokolov-Ternov; 

Fundamental paper by J Schwinger: 
it gave for the first time quantitative
and qualitative insights into the
properties of radiation emitted by
relativistic charged particles moving in a
magnetic field.

Followed by second paper…

… while in the meantime Sokolov and
Ternov in the USSR had come to similar
results expanding the breadth of knowledge
(radiative polarization of electrons and
positrons in a magnetic field).
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As the velocity v increases, the emission of photons from an
electron subjected to an acceleration perpendicular to its
velocity vector changes and goes from being “isotropic” to
being highly skewed and collimated in the forward direction
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Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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• 7/8 of total power into Hor. Polarization;
• 1/8 into Vertical Polarization
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Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL; V. Baglin (IPAC-11); Author: SYNRAD+ simulation;

<- LHC ->IPAC-11 
Conference paper, V. 

Baglin et al.; 

MC simulation, SYNRAD+ -
> author, with parabolic fit 

within |gY|<1 range
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Author: Montecarlo Simulation with SYNRAD+

8Message: there are MANY photons which are generated at very large angles!!
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Author: Montecarlo Simulation with SYNRAD+
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SR Flux and Power Spectra

Vertically-integrated Flux and Power

SR Flux Distribution at 10 m distance, on 
50x40 mm2 screen

Source is 1 mm-long dipole trajectory

Flux distribution above:
• View 1: log scale (~ 6 orders of magnitude);
• View 2: linear scale;
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Practical Formulae, as a function of rel.factor g:

Integrated Photon Flux, F  :                                         (ph/s/mA)

Integrated Photon Power, P:                                              (W/mA)

Critical Energy, ecrit :                                  (eV)

kf, kp = fraction of photons with energies above a given threshold;
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Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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How can spectra and fluxes be calculated efficiently and fast?

•Several numerical algorithms have been developed during the years:
•This one, is particularly fast:

•Note: compared to the CDC 7600 supercomputer of the early 80’s, the same code 
running on just one core of a modern multi-core CPU looks like a rocket: 1.6M 
values/sec vs 38600 values/sec, an improvement of > 40: 

This means that today montecarlo simulations of SR are computationally-
affordable even on laptop and desktop computers.

Source: “Efficient computation of synchrotron radiation spectrum”, 
H.H. Umstatter,  CERN/PS/SM/81-13, 1981
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Source: “Efficient computation of synchrotron radiation spectrum”, 
H.H. Umstatter,  CERN/PS/SM/81-13, 10/03/1981

The FORTRAN code: ->

Calculation of…

… by means of a Chebyshev
series expansion
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Sources: LHC ->IPAC-11 Conference paper; ESRF -> “Blue Book” 

kf, kp = fraction of photons with energies above given threshold:

• It has been observed that only photons whose energy is above a given threshold
are capable of generating gas desorption (see P. Chiggiato’s lecture, previous 
JUAS).

• In literature, it is often the value of Ethr ~ 4eV which is chosen (work function)

• During energy ramping of the LHC from 450 GeV (SPS extraction energy) to 3500 
GeV, some vacuum gauges installed in the warm sections of the machine have 
indicated a sudden rise around 2500 GeV, as shown here below
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16.5 TeV~ 23%
(@HE-LHC, 20 T magnets)

7.0 TeV~ 52%

3.5 TeV~ 86%

2.5 TeV~ 97%

4 eV FLUX 
CUT-OFF %

Photon Flux Cut-Off vs Critical Energy

Critical Energy ESRF (eV):   20,504
CUT-OFF ~ 8%

Fig.11 Percent of photons at all 
wavelengths greater than l vs l/lcrit
(“Spectra and Optics of SR”, G.K. Green, BNL 50522, 1976)
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LHC Crit.Energy(eV) --->        2.0      5.5  8.2             43.8                        573.9
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4.0 TeV~ 80%



Machine Parameters:

Type Energy(GeV)   BMField(T)  BMRadius(m)   Rel.Factor Ecrit(eV)

LHC: p-p collider 450~7000       0.54 ~ 8.33      2803.95        480 ~ 7460    0.012 ~ 43.8

ESRF: e- light src.   6.0                  0.86             23.366             11,740           20,504

Case Study: Comparison Between LHC and ESRF Synchrotron Radiation Power, Fluxes and Spectra

Machine Parameters:

Type Circumf.(m)   Inom(mA)    Ph.Flux(ph/s/m)        Ph.Power(W/m)

LHC: p-p collider 26,658.9        584       6.56E+15 ~ 1.02E+17          1.1E-4 ~ 0.22

ESRF: e- light src.   844.4            200              6.60E+18            6,687.0  
(63,700 @SC Wavelength Shifter)
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Sources: LHC ->IPAC-11 Conference paper ESRF -> “Blue Book” (unpublished) 
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LHC “beam screen”:

Linear power density: 14 mW/m @ 3.5 TeV
222 mW/m @ 7.0 TeV

ESRF “crotch absorber”:

Linear power density: 72 kW/m @ 6 GeV (pt.B)

Surface power dens.: 17.7 kW/cm2 (pt. A)

ESRF “quadrupole chamber”:
(most common shape)

Linear power density: 0.28 ~ 2.0 kW/m
Surface power dens.: 0.03 ~ 1.0 kW/cm2

H2O-cooled Cu absorber electron beam-
welded to 2mm-thick stainless steel sheet16
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LHC p-p collider:
•Beam Energy: 450 -> 7000 GeV (injection from SPS to nominal ramp, now limited at 3500 GeV)

•Beam Current: 584 mA (nominal, i.e. 2808 bunches of 1.15E+11 p/each)

•Circumference: 26,659 m
•All “arc sections” are cryogenically cooled at 1.9 °K
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HE-LHC ~ 20 T field… FCC Design Study  (now 13.5 TeV, 16 T)
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LHC = 120.0 x ESRF
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ESRF, 3rd generation synchrotron radiation light source:
•Beam Energy: 6 GeV
•Beam Current: 200 mA (uniform, 16-bunch, single-bunch, hybrid filling modes)

•Circumference: 845 m
• “Warm” machine, all magnets are resistive ones, at room temperature
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ESRF, 3rd generation synchrotron radiation light source:
•Beam Energy: 6 GeV
•Beam Current: 200 mA (uniform, 16-bunch, single-bunch, hybrid filling modes)

•Circumference: 845 m
• “Warm” machine, all magnets are resistive ones, at room temperature
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• Insertion Device vacuum chamber 
(CV5073);

• Extruded Aluminum 6063 T6;
• Elliptical cross-section, 57x8 mm2

axis, specific conductance ~1 
l*m/s ONLY!

• NEG coated;
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ESRF, 3rd generation synchrotron radiation light source:
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In-vacuum undulator
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ESRF, 3rd generation synchrotron radiation light source:
Careful and detailed SR ray-tracing is mandatory!
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ESRF, 3rd generation synchrotron radiation light source:
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ESRF, 3rd generation synchrotron radiation light source:
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ESRF, 3rd generation synchrotron radiation light source:
Two different radiuses on same dipole
-> Two different SR spectra
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ESRF, 3rd generation synchrotron radiation light source:
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Source: O.B. Malyshev, pers. comm.
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ESRF, 3rd generation synchrotron radiation light source:
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ESRF, 3rd generation synchrotron radiation light source:
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ESRF, 3rd generation synchrotron radiation light source:
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ESRF, 3rd generation synchrotron radiation light source:
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Optimization of the pumping geometry for the new crotch absorber of the ESRF; 
doubly-inclined teeth, to reduce the power density

present version 
(300 mA max)

new version (up to 
500 mA)

Change of position of 
IP/NEG pump and 

orientation of abs jaws
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ESRF, 3rd generation synchrotron radiation light source:
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ESRF, 3rd generation synchrotron radiation light source:

The CAD drawing/model is imported into 
a MC code (Molflow in this case) which 

is then run in order to calculate 
conductances, pressure, pumping speeds, 

etc…
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LHC: 

Cryogenic machine, therefore…

-> Limit thermal load to cryo
system

-> Large radius of curvature in
dipoles

-> Low critical energy, linear
power and density (W/m and
W/mm2) , no special absorbers
needed

-> Intercept SR on beam-screen
at higher T

-> Mask cold bore from SR

-> Use “built-in” cryopump to take
care of outgassing (in cold
arcs), and NEG-coated
chambers in Long-Straight
Sections (room Temp.)

ESRF:

Room temperature machine, with 
high-brightness beam, optimized 

to generate SR, therefore…

-> Absorb 100% of SR on
carefully designed absorbers

-> Make accurate analysis of SR
power, linear and density
(W/m and W/mm2), custom
absorbers needed!

-> Beware of power densities
exceeding SR absorbers’
material specs!

-> Install as many pumps as
possible along the machine

-> Use NEG-coated chambers in
places where low-conductance
chambers cannot be avoided
(e.g. undulators, wigglers)

Vacuum Conclusions of SR Analysis:
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BONUS SLIDES

Total power (up), Parallel Polarization (bottom left), and Vertical Polarization (bottom right)


