es| _ juas

Joint Universities Accelerator School

JUAS 2018, Archamps, France

Case Study: Comparison Between LHC and ESRF Synchrotron
Radiation Power, Fluxes and Spectra
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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.
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Sources: Schwinger; Sokolov-Ternov;

PHYEICAL REVIEW

VOLUME 75,

NUMBER 112 JUNE 15, 1949

On the Classical Radiation of Accelerated Electrons

JuLIAN SCHWINGER
Harvard Untversily, Cambridge, Massachusells
(Received March 8, 1949)

‘This paper is concerned with the properties of the radiation
from a high energy accelerated electron, as recently observed
in the General Electric synchrotron. An elementary derivation
of the total rate of radiation is first presented, based on Lar-
mor's formula for a slowly moving electron, and arguments of
relativistic invariance. We then construct an expression for
the instantaneous power radiated by an electron moving
along an arbiteary, prescribed path. By casting this result
into various forms, one obtains the angular distribution, the
spectral distribution, or the combined angular and spectral
distributions of the radiation. The method is based on an
examination of the rate at which the electron irreversibly
transfers energy to the electromagnetic field, as determined by
half the difference of retarded and advanced electric field
intensities. Formulas are obtained for an arbitrary charge-
current distribution and then specialized to a point charge.
The total radiated power and its angular distribution are ob-
tained for an arbitrary trajectory. It is found that the direc-

E:’\RLY in 1945, much attention was focused on
the design of accelerators for the production of
very high energy electrons and other charged par-
ticles.! In connection with this activity, the author
investigated in some detail the limitations to the
attainment of high energy electrons imposed by the
radiative energy loss® of the accelerated electrons.
Although the results of this work were communi-
cated to various interested persons,4 no serious
attempt at publication® was made. However, re-
cent experiments on the radiation from the General
Electric synchrotron® have made it desirable to
publish the portion of the investigation that is
concerned with the properties of the radiation from
individual electrons, apart from the considerations
on the practical attainment of very high energies.
Accordingly, we derive various properties of the
radiation from a high energy accelerated electron;
the comparison with experiment has been given in
the paper by Elder, Langmuir, and Pollock.

I. GENERAL FORMULAS

Before launching into the general discussion, it
is well to notice an elementary derivation of the
total rate of radiation, based on Larmor’s classical
formula for a slowly moving electron, and argu-
ments of relativistic invariance. The Larmor
formula for the power radiated by an electron that

LSee L. I. Schiff, Rev. Sci. Inst. 17, 6 (1946).
*D. Iwanenko and I. Pomeranchuk, Phys. Rev. 65, 343

(1944).
*Edwin M. McMillan, Phys. Rev. 68, 144 (1945).
4John P, Blewetr, Phys. Rev. 69, 87 (194
# Julian Schwinger, Phys. Rev. 70, 708 (m
#Elder, Langmuir, and Pollock, Phys. Rev, 74, 52 (1948).

tion of motion is a strongly preferred direction of emission at
high energies. The spectral distribution of the radiation de-
pends upon the detailed motion over a time interval large
compared to the period of the radiation. However, the narrow
cone of radiation generated by an energetic electron indicates
that only a small part of the trajectory is effective in producing
radiation observed in a given direction, which also implies
that very high frequencies are emitted. Accordingly, we
evaluate the spectral and angular distributions of the high
frequency radiation by an energetic electron, in their de-
pendence upon the parameters characterizing the instan-
taneous orbit. The average spectral distribution, as observed
in the synchrotron measurements, is obtained by averaging
the' electron energy over an acceleration cycle. The entire
spectrum emitted by an electron moving with constant speed
in a circular path is also discussed. Finally, it is observed that
quantum effects will modify the classical results here obtained
only at extraordinarily large energies,

is instantaneously at rest is

2t pdvy? 2 dp)

@)=
Now, radiated energy and elapsed time transform
in the same manner under Lorentz transformations,
whence the radiated power must be an invariant.
We shall have succeeded in deriving a formula for
the power radiated by an electron of arbitrary
velocity if we can exhibit an invariant that reduces
to (I.1) in the rest system of the electron. To ac-
complish this, we first replace the time derivative
by the derivative with respect to the invariant
proper time. The differential of proper time is
defined by

ds?*=dif =1/ {da*+dy*+ds?),

(L1)

or

ds = (1 —v/ )t (1.2)

Secondly, we replace the square of the proper time
derivative of the momentum by the invariant
combination

(dp/ds)*—1/c*(dE/ds)™

Hence, as the desired invariant generalization of
(1.1), we have

-]
=§?:E(mc)[() ( )J (1.3)

The conventional form of this result is obtained on

1912

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...

PHYSICAL REVIEW D VOLUME 7, NUMBER 6 15 MARCH 1973

Classical Radiation of Accelerated Electrons. II. A Quantum Viewpoint*

Julian Schwinger
University of California, Los Angeles, California 90024

(Received 27 November 1972}

The known classical radiation spectrum of a high-energy charged particle in a homogen-
eous magnetic field is rederived. The method applies, and illuminates, an exact (to order
@) expression for the inverse propagation function of a spinless particle in a homogeneous
field. An erratum list for paper I is appended.

.. Wwhile 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

Introduction and Overview

Electron Orbit

- — — —

; Accelerati
v ™ >
® > -
Case Il : %-I
Gm[:%«‘l reos ir

Figure 1.5. Emission patterns of radiation from electrons in circular motion; Case I: at a low velocity
compared to the velocity of light; and Case II: approaching the velocity of light,

1.3. ANGULAR DISTRIBUTION OF INSTANTANEOUS RADIATION POWER 1

9

3 Fig. 1.4. Ba (a) and H 3 (b) plane sections of the indicatrix of SR at f = 0.01 (1), 8 = 0.3 (2),
and f = 0.5 (3).
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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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October 2009

SECTION 2

SYNCHROTRON RADIATION

2.1A CHARACTERISTICS
OF SYNCHROTRON RADIATION

Kwang-Je Kim

Synchrotron radiation occurs when a charge moving at relativistic speeds
follows a curved trajectory. In this section, formulas and supporting
graphs are used to quantitatively describe characteristics of this radiation
for the cases of circular motion (bending magnets) and sinusoidal motion
(periodic magnetic structures).

We will first discuss the ideal case, where the effects due to the
angular divergence and the finite size of the electron beam—the
emittance effects—can be neglected.

A. BENDING MAGNETS

The angular distribution of radiation emitted by electrons moving through
a bending magnet with a circular trajectory in the horizontal plane is
given by
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photon flux (number of photons per second)

observation angle in the horizontal plane

observation angle in the vertical plane

fine-structure constant

electron t:m:rgyf‘mec2 (m, = electron mass, ¢ = velocity of light)

angular frequency of photon (€= % @= energy of photon)

beam current

electron charge = 1.602 x 10~19 coulomb

da, =g,

= critical frequency, defined as the frequency that divides the
emitted power into equal halves,
=333c/2p

= radius of instantaneous curvature of the electron trajectory (in

practical units,

plm] = 3.3 E[GeV/B[T])

electron beam energy

magnetic field strength

). (in practical units,

& [keV]=0.665 E2 [GeV] B[T])

In
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The subscripted K's are modified Bessel functions of the second kind. In
the horizontal direction (= 0), Eq. (1) becomes

%5

_3a 2Awl
dédy B 7

~Hy(y), (2)

42 @ e

=0
where

Hy(y) = PK35(y12) . (3)
In practical units [photons-s=!-mr—=2.(0.1% bandwidth)-!],

dF,

13 .2 ,
daiy =1.327x1013 E2 [GeV JI[AJH (v ).

e

The function H,(y) is shown in Fig. 2-1.

From now on, 0 is the horizontal observation angle, and ¥ the
vertical one, with respect to the plane of the orbit
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Sources: X-Ray Data Booklet, LBNL: "Spectra and Optics of SR", BNL
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October 2009
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Fig. 2-1.  The functions G(y) and H(y), where y is the ratio of photon
energy to critical photon energy.

The distribution integrated over yis given by

dig 3 Awl
—=—ay—-G ) 4
a6 2:1_“7 P 1(v) (4)
where
G = ¥| Kspay . )
y

In practical units [photons-s=!-mr-1-(0.1% bandwidth)-1],

B _, 4571013 £/ GeV JI[ AJG, (
P 1 )
The function G(y) is also plotted in Fig. 2-1.
Radiation from a bending magnet is linearly polarized when observed
in the bending plane. Out of this plane, the polarization is elliptical and
can be decomposed into its horizontal and vertical components. The first

2-4

and second terms in the last bracket of Eq. (1) correspond, respectively, to
the intensity of the horizontally and vertically polarized radiation. Figure
2-2 gives the normalized intensities of these two components, as
functions of emission angle, for different energies. The square root of the
ratio of these intensities is the ratio of the major and minor axes of the
polarization ellipse. The sense of the electric field rotation reverses as the
ateiirakobicruation Angl e Chane s fTol ROSIUY Gl DCPAlY Con mun mam mum
Synchrotron radiation occurs in a narrow cone of nominal angular width I
~1/% To provide a more specific measure of this angular widih, in terms of

BT OO oL o 11T S T (s T ST
half-angle oy,as follows:
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Fig. 2-2. Normalized intensities of horizontal and vertical polarization
components, as functions of the vertical observation angle y;
for different photon energies. (Adapted from Ref. 1.)

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;
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Author: Montecarlo Simulation with SYNRAD+

Distribution of the Synchrotron Radiation

Fan vs Vertical Angle
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Message: there are MANY photons which are generated at very large angles!!
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Case Study: Comparison Between LHC and ESRF Synchrotron Radiation Fluxes and Spectra
Author: Montecarlo Simulation with SYNRAD+

® | SynRad+ 1.4.20 (Nov 30 2017) [ESRF_BM_1mmArc.syn7z]
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Sources: X-Ray Data Booklet, LBNL: "Spectra and Optics of SR", BNL

X-RAY DATA 1
BOOKLET _

Practical Formulae, as a function of rel.factor v:

Integrated Photon Flux, F : F =4.1289E +14.y-1(mA)-k. (ph/s/mA)

Integrated Photon Power, P: p— 6.0344E—12-%- 1(mA)-k, (W/mA)
o(m

Critical Energy, e..s ' e, =2.9596E —7- A (eV)
p(m)

k¢, k, = fraction of photons with energies above a given threshold;
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Source: “Efficient computation of synchrotron radiation spectrum”,
H.H. Umstatter, CERN/PS/SM/81-13, 1981

How can spectra and fluxes be calculated efficiently and fast?

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

. . . . . EUROPEAN ORGANTSATION FOR NUCLEAR RESEARCH
f) The highest speed is obtained if one computes dlrectlydlks/a by a

" Chebyshev series instead of separate computation of Kp/3 and fRi/s.

Since it is not known whether Chebyshev expansion coefficients of CERN/PS/$M/81-13

10.3.1981.
Ksya exist in the literature they are given in the following listing

of subroutine SYNRAD, rounded to 10 digits after the decimal point.
Coefficients of 19 - 20 %igit Ezecision areg?wen in the following
LB N B N N N _§ | -_— LN N N ] L B N N N N N N |
table. They have been computed by linear combination of Luke's
Icoefficients for Ka/; and [Ki/s.  SYNRAD calls no external subroutine
Iand uses no array in order to gain more speed. Tt is about 400 times

Ifaster than method a. On the IBM it evaluates fKs/3 in 7.6°10 °

i _ . . EFFICIENT COMPUTATION OF SYNCHROTRON RADIATION SPECTRUM
sec. on the CDC 7600 in 2.6-10 5 sec. (i.e. 38600 values in 1 sec.

Icomputing time). H.H. Umstdtter

*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.

10
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”
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Case Study: Comparison Between LHC and ESRF Synchrotron Radiation Fluxes and Spectra
Sources: LHC ->IPAC-11 Conference paper; ESRF -> "Blue Book"
k¢, Kk, = 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).

* Inliterature, it is often the value of E,,. ~ 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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Photon Flux Cut-Off vs Critical Energy

4 eV FLUX
CUT-OFF %

Fig.11 Percent of pho’ron.é.a"r all
2.5 TeV~97% wavelengths greater than & vs A/A .

("Spectra and Optics of SR”, 6.K. Green, BNL 50522, 1976)
:3.55 -rfi\/”' 2365343 i R RN

40 TeV~ 80% =%

ﬂ“/ﬂ“c = ecrit /e
L A(e)(um) =1.239842/ e(eV ) |-

JATN

501

7.0 TeV~52% +€

bt

40+

16.5 TeV~ 23% »<

(@HE-LHC, 20 T magnets)

1 ily 10 i.,&c 100

LHC Crit Energy(eV) > 20 5582 438 ° 5739

Critical Energy ESRF (eV): 20,504
13 CUT-OFF ~ 80/0



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

Machine Parameters:

Type Enerqy(GeV) BMField(T) BMRadius(m) Rel.Factor E..ix(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

Machine Parameters:

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

LHC: p-p collider 26,6589 584 6.56E+15 ~ 1.02E+17 1.1E-4 ~0.22

ESRF: e- light src. 8444 200 6.60E+18 6,687.0

(63,700 @SC Wavelength Shifter)

14
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Sources: LHC ->IPAC-11 Conference paper

ESRF -> "Blue Book” (unpublished)

Proceedings of IPAC2011, San Sebastign, §|

TUPS019

SYNCHROTRON RADIATION IN THE LHC VACUUM SYSTEM

V. Baglin, G. Bregliozzi, TM. Jimenez, G. Lanza
CERN. Geneva, Switzerland

Abstract

CERN is currently operating the Large Hadron Collider
(LHC) with 3.5 TeV per beam. At this energy level. when
the protons trajectory is bent the protons emt
synchrotron radiation (SR) with a crifical energy of
55eV. Under operation, SR induced molecular
desorption is routinely observed in the LHC arcs, long
straight sections and experiments. This contribution
recalls the SR parameters over the LHC nng for the
present and nominal beam parameters. Vacuum
observations during energy ramp, after accumulation of
dose and along the LHC ring are discussed. Expected
pressure profiles and long term behaviours of vacunm
levels will be also addressed.

INTRODUCTION

The Large Hadron Collider (LHC). currently under
operation at CERN. is designed to push further our
understanding of parficle physics [1]. This is the first
proton storage ming which i1s producing a significant
quantity of synchrotron radiation (SR) which affects the
vacuum system. At 7 TeV per beam and with nominal
beam current. the LHC photon flux will be about 3 times
larger than LEP200, the previous CERN headlight
machine operating with electrons and positrons
However, being a proton machine, the dissipated power
by SR will be much lower than LEP200 ie 0.2 Wim
against 1 kW/m. To achieve 7 TeV per beam in the 27 km
circumference tunnel the arc dipole field must equals
8.3 T Thus, the superconducting technology is required to
circulate a current of 11.85 kA in the Nb-Ti cables. These
cables are cooled down to 1.9 K to increase further their
performances.

The arc vacuum system is made of a cold bore held at
1.9 K housing a beam screen designed to infercept the
‘beam induced heat load at higher temperature to minimise
the eryogenic budget. Along each cell of 102 m long, the
temperature of the beam screen is increasing from 5-8 K
to 20 K. By design. the available cooling capacity to
extract the dynamic heat load on the beam screen varies
from 1.5 to 2 W/m per aperture. Under SR bombardment.
desorption of hydrogen is stinmulated Consequently, the
molecules are physisorbed and accumulated on the beam
screen swrface. In a closed system operating at 5 K. the
growth of a monolayer of hydrogen leads to a saturated
vapour pressure of about 10% mbar. a value by far too
large for a storage ring. So. the beam screen is perforated
by slots to provide pumping of the desorbed gas onto the
cold bore. Figure 1 shows a picture of the LHC arc beam
screen. The beam screen is made of non-magnetic copper
plated stainless steel Its transparency is ~ 4 %. Saw teeth
are produced in the horizontal plane to perpendicularly

07 Aceelerator Technology

T14 Vacuum Technology

EDMS no 1168511

intercept the SR, minimising the forward reflectivity and
photoelectron vield Shields, designed to protect the cold
bore by intercepting the electron moving along the
vertical dipole field lines, are clipped onto the cooling
capillaries.

Figure 1: the LHC beam screen.

Due to the present interconnection design. the LHC
energy is limited to 3.5 TeV per beam before upgrade to
nominal after the next long shutdown.

LHC PARAMETERS

When a charged particle is accelerated longitudinally or
transversally it produces a radiation For a relativistic
particle, this radiation is highly peaked in the forward
direction with 1/y opening angle. In a synchrotron. the
radiation 15 emufted tangentially fo the orbit in the
horizontal plane. The energy of the emutted photons varies
from infra-red to gamma rays 7o from meV to MeV. The
radiation spectrum is characterised by the critical energy.
£ energy at which the SR power spectrum is halved in
two. About 90 % of the emitted photons have energy
lower than the critical energy.

The SR main parameters can be computed from
formulas, see e.g. [2]. Here, practical equations are given
for protons beam at a given beam current. I and energy. E.

The critical energy is expressed by (1) with h. the plank
constant, c. the speed of light. p. the bending radis and y
the relatrvistic factor.

g =3LEr _3gs535007 BT 6]
2r p olm]

The average power emitted by the beam per unit of
length is given by (2) with e the elementary charge &, the
vacuum permittivity and m, the proton classical radius.

. E' . o E[GeIT
By [Wim]=——=— S1=7.7010 Imd] 2
° Seplmge’ | 27 2pfm] @
The photon flux.T . is expressed by (3).
503 1 E[Gel]
= LI=7.01710% =—=1[m4] 3
Thecp o ] e

Arc Magnets

The LHC are lattice is of FODO type. The beams are
circulating in two beam lines separated by 194 mm. Each
of the dipole emits SR along its magnetic length (14.3 m).

1563

SYNCHROTRON RADIATION
POWER DISTRIBUTION
IN THE ESRF STORAGE RING
VACUUM CHAMBERS

* FAN DRAWINGS

* POWER DISTRIBUTION ON THE ABSORBERS

Update March 2004 B.OGIER -B. PLAN - L. ZHANG
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Linear power density: 14 mW/m @ 3.5 TeV

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

LHC “beam screen”:

222 mW/m @ 7.0 TeV

BEAM SCREEN AT 5520 K
USING 2 COOLING CHANNELS

16

TO PROVIDE PUMPING BY THE
1.9K COLD BORE

ESRF "quadrupole chamber”:
(most common shape)

Linear power density: 0.28 ~ 2.0 kW/m
Surface power dens.: 0.03 ~ 1.0 kW/cm?
H,O-cooled Cu absorber electron beam-
welded to 2mm-thick stainless steel sheet

ESRF “crotch absorber”:

Linear power density: 72 kW/m @ 6 GeV (pt.B)
Surface power dens.: 17.7 kW/cm?

(pt. A)
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Case Study: Comparison Between LHC and ESRF Synchrotron Radiation Fluxes and Spectra

LHC p-p collider:
*Beam Ener'gy: 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

300K 300K-80K BOK-20K 20K-4.5K  4.5K-1.9K

POINT 4

e L Vg S
= = /amn= Sy POINT 6
A A = & ‘
4 ~~  SECTOR 34 e cMS SECTOR 56 2t J_L
//%{) b ) .
,// J gk “:%
L SECTOR%B

\
| 1"
 SECTOR 23 il
IIII'
7}
)| /
POINT2 | sPs 5

ATLAS 15 Oct 2009
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Comparison of SR Flux Spectra: LHC vs ESRF
@ Nominal Currents: LHC=584 mA.: ESRF=200 mA

HE-LHC 16.5 TeV 2.41E+17

ESRF 6.0 GeV 6.60E+18

~ 20T field... FCC Design Study (now 13.5TeV, 16 T)

Ecrit(ESRF)
20,504 eV

10' .
14 [

A e =
~ 10" | s - :
Q - "“\\ ) \
E 1012 : 2.5TeV >, \ \ L16.5T6V_
> - | \ 7.0TeV |
= 1 011 B E(TeV) eqp (eV) | \
= = 0.45  0.011 | |\ \
% 1010 - 2.5 2.0 \ \
3 - 3.5 5.48 S '
TH o [ 7.0 43.8 ‘\ 3.9TeV \ “|
S 10 - 16.5  574.0 ) \
o .8 | | \ \ \ \
S 10 \0.45TeV \ \ \ !
v 7 F I \

10 L LIl | |||||||| L LIl | ‘IIII [ | |||||||I [

0.01 0.1 1 10 100 1000 10000 100000
Linear Flux (ph/s/m)

LHC 7.0 TeV 1.02E+17 F.. ( eV
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Comparison of SR Flux and Brilliance: LHC vs ESRF

@ Nominal Currents: LHC=584 mA; ESRF=200 mA
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Case Study: Comparison Between LHC and ESRF Synchrotron Radiation Fluxes and Spectra

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

> B weesifou

A Light for Science

=~

o

The ESRF is an international research institute for cutting-edge science with photons:
Discavery of the structure and dynamics of our complex world, doven to the single atom.

News and features
Pioneer of imaging techniques receives
ESRF Young Scientist Award

10-02-2012

The Young Seientist of the
Year Award 2012 nas
presented to Irene Zanette
on 7 February, during the
annual ESRF Users Meeting,
Irene was chosen for the
award far her work on “The

X

of & 2D grating
for directional dark-field ... Read More...
Picasso meets Einstein - the ESRF
produces an art exhibition

08-02-2012
Three-dimensional X-ray
images turned into an oil
painting, malecules and
phonans inspiring the shape
of & sculpturs, a time-lapse
mosaic of what scientists
see at work - the ESRF and
the European Commissian have joined forces
to shed light on the . Read More...

ESRF and Saha Institute agree on
cooperation

17-01-2012

The ESRF and the Saha
Institutes of Nuclsar Physics
(SINP) in Kolkata (India)
have agreed to strengthen

collaboration in al fislds of
synchrotron radiation
science. A Memarandum of Understanding was
signed on 16 January .. Read More...

Hore news

1

4
Spotlight on science
Nanochemical imaging of antimalarial
drugs in Plasmodium falciparum infected
red blood cells

07-02-2012
Few strategies are available
for label-free imaging in
bilagical systems with high
spatial resolution and high
sensitivity. Researchers at
the Université Lille 1 in
collaboration with
colleagues from INSERM and the ESRF repart
for the first time th .. Read More...

Coupling of single molecule magnets to
ferromagnetic metals

e
m' Wit dimensions dose 1o a
nanometre and the ability to

Q store one bit of infarmation,
molecules that possess
bistable magnetic states
could represent the ultimate
evolution of digital memory.

Experiments at the ESRF have unravelled how
such tiny meta ... Read More...

The compliant behaviour of germanium
nanocluster arrays on free-standing
silicon nanostructures

03-01-2012

“Don't change a winning
team” is & widely known
sport paradigm an
short-term success,
However, it is also evident
that success on the
long-term is no langer
quaranteed when teams do not further
develop. In this respect, a coach must sooner

overation | Technologies | Jobs |
‘

/

Quick Links 15 January 2012
| Wearr ullil 26-27 April 2012
» User portal
» staff login

» Storage
status

» How te get here
» Documentation
» Ask an expert

» Collaborating

institutes

() ESRF en bref

Proposal deadline:
1st March 2012
LTP deadline:

Review Committees:

N Seminars
ring
[& Relating Micro-
structure to Macro-
properties

28-02-2012

more seminars.

Béckéd bv 21 partner countries, the:European svﬁchrotron produces_thé World's mostintense X-

SYNCHROTRON RADIATION FACILITY Sk o

BP - 220 - 38043 Grenoble http://www.esrf.fr |i=S5ss -
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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

Insertion Device vacuum chamber
(CV5073);

* Extruded Aluminum 6063 T6;

 Elliptical cross-section, 57x8 mm?
axis, specific conductance ~1
1*m/s ONLY!

* NEG coated;
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ESRF, 3rd generation synchrotron radiation light source:

vou are here: home — the european light source — wirtual tour — how synchrotron light is produced 7

How synchrotron light is produced ? 20

last modified 16-10-2008 08:57

= Beamline
|

.‘..

Booster
synchrotron

Storage ring
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ESRF, 3rd generation synchrotron radiation light source:
Careful and detailed SR ray-tracing is mandatory!

SYNCHROTRON RADIATION
POWER DISTRIBUTION
IN THE ESRF STORAGE RING
VACUUM CHAMBERS

* FAN DRAWINGS

* POWER DISTRIBUTION ON THE ABSORBERS

Update March 2004 B.OGIER -B. PLAN - L. ZHANG
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ESRF, 3rd generation synchrotron radiation light source:

Introduction

The basic synchrotron radiation sources are the bending magnets, which cover 2z radian
angle. At the ESRF a major part of this synchrotron radiation is removed by water cooled
heater absorbers installed mnside the vacuum chambers of the Storage Ring. The power
distribution on the absorbers is a basic data for the design of the vacuum chambers as well as
the absorbers.

Additional sources of synchrotron radiation are Insertion Devices (ID's) placed mn the straight
section, between two successive bending magnets. At the ESRF the synchrotron radiation
from the insertion devices has, in most cases, a very small horizontal opening angle so that it
does not touch any components of the Storage Ring.

This document 1s intended to give out the power density and the spot size of the synchrotron
radiation on all the absorbers of the ESRF Storage Ring vacuum chambers. Only the
synchrotron radiation from bending magnets has been considered.

Basic Formula

The synchrotron radiation from a bending magnet in the ESRF has a much smaller vertical
size and divergent angle than the horizontal ones. This synchrotron radiation can be
considered as a horizontal divergent blade. The power distribution 1s then described by the
angular power density which 1s defined by the power per unit angle in the horizontal plane,
and a vertical Gaussian height.

The angular power density P, 1s given by
Py=4224BE’I m

where E: electron beam energy. in GeV

) & electron beam current intensity, in A
B:  magnet field intensity of the bending magnet, in T
Py :  angular power density in horizontal plane. in W/mrad

NJ
an

In the case of the ESRF, E=6 GeV,[=200mA =02 A, (nomuinal values)

o for the standard bending magnet B =0.857 T,

Py =156.38 W/mrad
o for the soft end magnet B=0.40T,

P, =72.99 W/mrad

The linear power density P; on the absorber 1s then
Py= Py sin(p)/d 2
where d 1s the distance between the source point and the absorber, in meter, §§ the incident

angle of photon beam on the absorber (see Figure 1), P; in W/mm.

The photon beam size on an absorber 1s characterised by the vertical Gaussian height &
(mm) which 1s calculated by

a=\}‘a§, +(od)? + (%)2 = Jos +(c" d)’ €))

where o:  vertical standard deviation of the e-beam at source point (mm)

o' vertical angular standard deviation of the e-beam at source point (mrad)
c": total effective vertical angular standard deviation at source point (mrad)
d: distance between source point and the absorber (m)

y:  =1957E (GeV)

For a coupling factor of 1% and a vertical emittance &, = 4 10™"! m rad in the case of the
ESREF,

Gop=37 um
¢'=1.07 prad
y =1.174 10*
Dty g |
o= .'o"'+/3 =85.2 urad
v Y
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ESRF, 3rd generation synchrotron radiation light source:

The surface power density on the absorber P, is given by

5

=3 @
ag

-

Py (2) = Byexp(—

with peak power density per unit surface area :

Py =—F (5
—_— — L _— —_— _— —_— —_— —_— _— —_— _— —_— _— L
I Once the distance d between the source point and the absorber 1s defined as well as the

incidence angle {3 of the synchrotron radiation on the absorber, the power densities Py, P, and I
spot size on the absorber can be calculated by equations (2)-(5).

Geometrical calculation
There are two types of dipole bending magnets per cell in the ESRF storage ring :

1) with downstream soft end B1
2) with upstream soft end B2

7

(%, %)

0y

case 1 : dipole magnet Bl

case 2 : dipole magnet B2

Figure 1 : Co-ordinate systems

The co-ordinate systems concerning the two types of dipole magnets are shown in Figure 1.
The origin of the co-ordinate system is always at the exit of the magnets, the axis-x is
parallel to the electron beam 1n the straight section. The absorber 1s defined by a certain
number of key points and inclined angles y = a + § of surface to the axis-x (or to the electron
beam trajectory in the straight section).

It 1s easy to give out the co-ordinates of a pomt on the absorber (x, y) and the angle y. The
associated source point (X, y.) and the angle « between the photon beam and the electron
beam (see Figure 1) can be calculated from the co-ordmates (x, y) and the geometrical
parameters of the bending magnets.

Case 1 : dipole magnet B1 :

1) a > 6 : source point on the main bending magnet (B1)

X, =- Ry sin(ar) - (Rz - Ry) sin(0>) (6a)
¥: =-Ra+ Ry cos(a) + (Rz - Ry) cos(B) (6b)

2) « < 8, : source pomt on the soft end magnet

X, = - Ry sin(a) (7a)
v: =-Ra (1 - cos(a)) (7b)

Case 2 : dipole magnet B2 :
3) @ < 0, : source point on the main bending magnet (B2)

X. = - Ry sin(at) (8a)
¥:=-R; (1 - cos(a)) (8b)

4) « > 6 : source pomt on the soft end magnet

X, =-Rosm(a) + Ry - Ry) sin(01) (9a)
v: =-Ri - (R2 - Ry) cos(0;1) + Ry cos(a) (9b)

where R and 6 are respectively the radius and the curvature angle of the magnet, index 1 for
standard magnet and 2 for soft end magnet. At the ESRF.

N
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R;=23366m
R, =50.036m
6, =92.324 mrad
0> =5.85 mrad
On the other hand :
P=Ys
tan(a) = (10)
X=X

5

Substituting x., y. given by the equations (6)-(9) in the equation (10), one gets an equation of
a as below :

fla)=0 (11)

For the example of 3) « < 0 : source pomt on the main bending magnet (B2), f(ct) 1s given
by

fla) = tan(a) (x +R; sm(w)) - y- Ry (1 - cos(at))
Applying the Newton-Raphson method to the equation (11), we can calculate the value of

angle «, as well as the mcidence angle 3 =y — «. Then x., y. are calculated by equations (6)-
(9), and finally the distance d between the absorber and the source pomt :

d=x-x)’+0-3) @@

27

In summary, for any point on the absorber (x, y) with inclined angle y,

1) distinguish the source type (1H, 2H, 1S, 2S)

2) combine one of Eq.(6)-(9) with the Eq.(10), solve the Eq.(11) to find the value of
angle «, as well as the value of f =y -«

3) calculate co-ordinates of the source point (x., y.) with Eq.(6)-(9)

4) calculate the distance d with Eq.(12)

5) calculate the photon beam height ¢ by Eq.(3)

6) calculate the linear power density P; by Eq.(2)

7) calculate the surface power density P, by Eq.(4)

The co-ordinate values (X, y), the angle « between the photon beams and electron beam, the
incidence angle 3, the photon beam size o, the power densities P; and P, are given in the
following tables for the key points of all the absorbers installed in the ESRF Storage Ring
vacuum chambers. Once a beamline 1s installed, the beam port (a water cooled copper
thermal absorber) 1s removed. The maximum power of dipole bending magnet to the
beamline 1s then equal to what should be absorbed by the beam port.

There are 32 cells containing one dipole bending magnet B1 and one B2. The total power
generated by the 2 dipole bending magnets in a cell, or the total power dissipated by the
absorbers 1n one cell including the bending magnet synchrotron radiation power to the
beamlines 1s 29.730 kW. The total dipole bending magnet synchrotron radiation power 1s
then 951.36 kW, nearly 1 MW.
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ESRF, 3rd generation synchrotron radiation light source:

Notation

o o -COMMON PART CELLS-
Tl_xe power distribution on the absorbers installed inside the vacuum chambers of the Storage
Ring s presened s ollowiog. from CV03 to CV15

(sample) (except CELL 03-04-07-15)

Ptn®| Src |Sren®| X Y o B | o Pl Pa | Ptot [CV n®/drawing n®
mm |W/mm|Wmm2d W

s
s

mm mm

1 2 10 614 37.00( 0.199] 0.199| 0.518| 0.05 | 0.04
2 2 | 12728]37.00| 0.166| 0.166] 0.620| 0.04 | 0.02
3 2H 2 12 846 37.34| 0.166| 9.628| 0.625| 2.03 | 1.29 130 | CV03/85.41.0073
4 2| 12848]37.00| 0.165| 9.627| 0.626| 2.02 | 1.29
5 2 13 965( 37.00( 0.151] 0.151| 0.679| 0.03 | 0.02
Some symbols in the notation have been used in the previous sections. Here below 1s a ) 20
summary of the notation. 1-10
Ptn°® number of points, marked in the drawings —
Src synchrotron radiation source type ’g‘ 19 \
Srcn°® synchrotron radiation source number ‘E" 1-10 “-.‘
1H : dipole type 1, n°=1 4 Y
2H : dipole type 2, n°=2 % LY
1S : soft end dipole 1 n°=0 =
2S : soft end diglexz, n° =3 =1 .1018 LN
. : : ; " b
X (mm) co-ordinate X, axis X parallel to the e-beam orbit = Sy
Y (mm) co-ordinate Y, axis Y parallel to radial direction of the ring =
the origin of the co-ordinate system X-Y is at the intersection of *g 110 17 \\‘
e-beam orbit and the exit of upstream dipole magnet (B1) ',;T': ——
o (degree °) angle between X-ray and e-beam orbit .
B (degree ®) X-ray incidence angle on the absorbers e —
c (mm) Gaussian vertical height of X-ray 1-10 16
Pl (W/mm) linear power density on the absorber in the horizontal plan 0 2 4 6 8 10 12 14 1o
Pa (W/mm2)  surface power density on the absorber Distance from dipole (m)
Ptot (W) total power on the absorber

CV n°/drawing n° name of vacuum chamber / number of corresponding drawing Source: O.B. MG'YShZV per's. 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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Case Study: Comparison Between LHC and ESRF Synchrotron Radiation Fluxes and Spectra
ESRF, 3rd generation synchrotron radiation light source:

Optimization of the pumping geometry for the new crotch absorber of the ESRF;
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ESRF, 3rd generation synchrotron radiation light source:

Synchrotron Radiation Power Distribution on the Absorbers in the ESRF Storage Ring : Srandard part of a Cell
common parts for all cells except cell 03-04-07-15
=6 GeV. [F200 mA
64 bending magnets with soft end : B=0.857 T. B(softend)=040T
Vertical enmuttance =4E-11 mrad. Vertical dimension at source point 37 um. Angular deviation =1.07 prad

Ptn® | Src | Srcn® X X a B o Pl Pa Ptot CV n°/ drawing n°
mm mimn 2 s mm Wianm | Winm2 W

1 2 10614 37.00 0.199 0.199 0912 0.05 0.02
2 2 12728 37.00 0.166 0.166 1.090| 0.04 0.01
3 2H 2 12846 3734 0.166 9.628 1.101 2.03 0.73 130 CV 03/85.41.0073
4 2 12848 37.00 0.165 9.627 1.101 2.02 0.73
5 2 13965 37.00 0.151 0.151 1.195 0.03 0.01
6 2 14200 37.62 0.151 9.614 1215 1.83 0.60
7 2H 2 14204 37.00 0.149 9611 1.216 1.83 0.60 18 CV 04 /8541.0107
8 2 14620 37.00 0.145 0.145 1.251 0.03 0.01
9 28 2 17750 4490 0.145] 12770 1.517 1.94 0.51 167 CV 06 / fixed absorber
10 2H 2 17 835 26.00 0.083] 12.708 1.522 1.9 ] 85.41.0170

11 1H 1 249| 127.02 5.064] 56936 0214 52.90 98.51] 8160 I CV 06 / crotch absorber
11 1H 1 247) 12148 4939 90.000 0.210 64.51| 122.71 85.41.0170

12 1H 1 406 35.20 2074 30.074 0.126| 55.65| 176.88 '

6a | 22 | 2 18273| 26.64] 0083 29917] 1.560| LT!E'_'I'UE

6 b 2H 2 18 227 0.00 0.000] 30.000 1.553 4.29 1.10] 1759 Beam Port

6 b 1H 1 781| 204.89 5.625| 150.000 0.279 24.11 34.52

6 c 1H 1 732| 169.79 5.064| 149.789 0.255 26.57 41.57

13 1H 1 717| 4646 2.074 9.074 0.151 14.34 37.88] 1833 CV 07 /85.41.0068
14 1 843 31.00 1.403 8.403 0.139 14.54 41.79
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ESRF, 3rd generation synchrotron radiation light source:

I e e I | | The CAD drawing/model is imported into
i qﬁ t a MC code (Molflow in this case) which
./~ wr =|=b s then run in order to calculate

:conduc‘rances, pressure, pumping speeds,
etc...

85.41.0170
CELL 08_85.45.2312

Lottt K R
< F1 » <« F » <« F ¥ < F4% » < F&E » < Fg » < F7 ¥ < F&% * < F3 » < Fi0 | GensAd=s= EEYO0Ls L]
0 0 Tot . Ho.of hits = EY4310225
Frint Ares <P ReDradH Scals Houe Fanl Fiwd HoHe Guit | S b tpnHo £ lenrdipe leza
Zauesck Hinsize LinesSty Salect Uied Aspectk Trace File:crZabsl. kit
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Cryogenic machine, therefore...

->

LHC: :
|
Limit thermal load to cryo :

system |
) o
Large radius of curvature in

dipoles !
|
Low critical energy, linear

power and density (W/m and!
W/mm?) , no special absor'ber's:
needed |

Intercept SR on beam-scr'een:

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-S‘I'r'aighT:
Sections (room Temp.) |

-

Room temperature machine, with
high-brightness beam, optimized

->

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

to generate SR, therefore..

Absorb 100% of SR
carefully designed absorbers

Make accurate analysis of SR:
power, linear and density
(W/m and W/mm?), custom !
absorbers needed! '

densities
absorbers’

Beware of power
exceeding SR
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) J
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