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A Synchrotron-light for Experimental Science and Applications in the Middle
East (SESAME), was decided to be built in Jordan as a gift by Germany, based on
BESSY 800 MeV synchrotron in Berlin after upgrading to serve as a seed for a new
research center in 1998.

The initial proposal for SESAME issued in 1999 to move BESSY to the Middle
East in a modified form to high performance machine that would cover a broad
spectral range, including hard X-rays. For diat BESSY-1 is changed to six - fold
symmetry by changing the circumference from 64 to 100 meters and modification
of bending magnets, thus the energy was increased to 1 GeV.
To reach hard X-ray the intention was to introduce two 13 - pole super-
conducting wigglers with magnetic field 7.5 tesla, these wigglers provide a critical
energy of 5 KcV and useful flux up to 20 KeV. However these wigglers have
some disadvantages :1) they are costly. 2) need a special knowledge for running
and 3) have an influence on beam behavior.
In 2000 - 2001 appeared a scientific need of more beam lines in this spectral
range (most users require hard X-ray). The simplest way of doing this is by
getting hard X-ray from bending magnets. This is possible by increasing the
energy to 2 GeV.
Since Jordan will provide the building as a copy of the ANKA (60m x 60m)
Synchrotron Light Source with 2.5 GeV storage ring. The design of SESAME
project has been worked with maximum circumference 124m. It is a 8 - fold
symmetry machine with energy 2 GeV. By using gradient bending magnets it is
possible to have 12 for the installation of insertion devices and furthermore a
reduction of natural emittance down to 18 nmrad. This is realy the art of
synchrotron light source. This was done in July 2002.
To enhance the hard X-ray capability to be more in line, it was suggested to
increase the energy up to 2.5 GeV.
The option of 2.5 GeV machine is to explore its use with 2 in vacuum undulators,
and of running the 2.5 machine at 2 GeV if that is needed for ultra-high
resolution VUV - and SXR experiments.
These conditions will serve to operate beam lines to study:

Protein Crystallography
Small angle X - Raj' Scattering
Spectroscopy of Gases and Solids
EXAFS
Powder Diffraction
Infra Red Spectroscopy
Pharmaceutical R and D
Medical Imaging

and others.
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1 .Characteristics of Synchrotron Radiation (SR)

Introduction:

The SR- radiation in general is characterized by the following terms: a) Spectral range, b)
photon flux, c) Photon flux density, d) Brilliance ar'l, e) Polarization.
a)The photon flux: is the overall flux collected by an experiment and reaching the sample.
b)The photon flux density: is the flux per area at the sample.
c)Thc brilliance: is the flux per area and opening angle.
Many authors have established the theory of synchrotron radiation (emitted from a stored
beam in the bending magnet wiggler and undulator).According to Schwinger theory the
shape and intensity within radiation emitted by a radial accelerated relativistic electron
beam is given by equation (1) and show in figure(l)

H

Figure 1: Characteristics of (lie synchrotron radiation emitted by a relativistic electron
moving on a circle.
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<I> = photon flux (number of photons per second)
0 = observation angle in the horizontal plane
li' = observation angle in the vertical plane
a = fine structure constant - (1/137)

- 3 9 -



y = election energy / mec
2(me = electron mass, c = velocity of light)

co = angular frequency of photons (h to= photon energy =: e)
I = beam current
e = electron charge = 1.601*10"'9 coulomb
y = co / coc = d ec (coc = critical frequency = 3y3c/2 p)
Ec= critical photon energy (=3hc y 12 p)
p = radius of instantaneous curvature of electron trajectory -- E/ecB in practical units,
p(m) 3.3356* (E/GeV)/(B/T)
c = speed of light (=2.9979* lOWs)
E = electron beam energy
B = magnetic field strength
£c= h coc[ec(KeV) = 0.665*(E/GeV)2* (B/T)]
X = yH' (normalized angle in the vertical plane)
Z = y( 1 + X2)3/2/2

The subscripted K's are modified Bessel functions of the second kind. Equation
(1) is the basic formula for the calculation of the characteristics of the synchrotron
radiation. The polarization is given by the two terms within the square brackets.

LI Radiation from bending magnet.
The photon of synchrotron radiation from the bending magnet is given by
integration of eq.(l) over the whole vertical angle. In the horizontal plane the
emitted cone is constant and therefore the photon flux is proportional to the
accepted angle 9 in the horizontal plane:

do s*0.\%BW.mard

Here the photon flux is proportional to the beam current (I), the energy (E),and
the normalized function which depends only on the critical photon energy ec,
which is given by :

ee = 0 .655 KeV * (E I GeV ) 3 * (,B IT) (3)

The intensity of the synchrotron radiation in the middle of the radiation cone (0 =
o and ¥ = o). is given by the central intensity:

(4)
dQi¥

It is seen that the radiation cone is getting narrower with higher energy. The
central intensity is proportional to the square of the energy . The opening angle at

critical photon energy is a^(y=l) = 0.331 mard . (5)
{t[GeV})
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1.2 Radiation from a Wiggler
The wiggler is a special magnet with alternating directions of the magnetic field
and the trajectory of the electron through a wiggler is like a snake, it is a
sinusoidal oscillation. The arrangement of the magnets is a so called " Hybrid
Design(HYB)". The trajectory of electron beam in such a wiggler is a wavy line.
The arrows symbolize the emitted radiation and it follows that an overlapping of
the radiation cone will occur.
The characteristics of the synchrotron radiation from the wiggler are the same as
for bending magnet, and so the critical energy (ec) determines every thing.
To reach the same spectral range as from the bending magnets (given by (ec)
eq.(3)), the magnetic flux density within the wigglers must be the same as within
the bending magnets, or for shifting the radiation spectrum to higher photon
energies, even higher. These fields can reach up to 2.5 tesla, and if using super-
conducting devices up to 3 tesla the photon flux as well as the central intensity of
radiation emitted by the wiggler is the same as from the bending magnet but more
intensive by a factor (Np); where (Np) - is the number of poles within the wiggler.
The number (Np) can reach 5O.The photon flux as well as the flux density emitted
from these wigglers at SESAME are compared with that from the bending magnet
and shows that wiggler is roughly by of a factor 50 more intensive, for the flux
density it is a factor 20 - 25.The optimum length of wiggler has only be around 2-
3 meters because the outer regions of wiggler don't have any significant
contribution to the brilliance.

1.3 Radiation from an Undulator
The opening angle (a,,, )of the synchrotron radiation from the bending magnet at
the critical photon energy (ec )is according to eq.(5) roughly:

E
0.655/yorl/y , y = (6)

The maximum slope of the electron trajectory in a wiggler is:
X'=K/y ' (7)

For values of (K)are in the range between 1 and 2 the deflection angle in a
wiggler is within the angle of the synchrotron radiation.

K = 0.934.(B/T)*( V cm) (8)
K - is the deflection parameter.
For this special case the radiation from different periods interfere coherently, thus
producing sharp peaks with the result of completely different characteristics. This
radiation is called undulator radiation and the corresponding insertion devices are
called undulators.
Undulators are devices like wigglers but with a smaller K-values(between 1 and

The undulator emits radiation only at characteristic photon energies given by:

s = 0.949KeV*(E/GeV)2*-— —-—— (9)
(AUiul/cm)*(l + K 12)

with the bandwidth
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^ - = - 1 - (10)

where:
n = Harmonic number (n = 1 , 3 , 5 , 7 )
Nund =N umber of periods.
?wUnd =Period length of the undulator.
K =Deflection parameter (see Equation) (8).
The opening angle of the undulator radiation cone as indicated in figure (l)is:

For the illustration of the characteristics of the undulator radiation, the following
example shall be used:
E = 2 GeV, XUnd = 40 mm, K = 2 and N = 50.
ei= 0.316 KeV and e9=2.85KeV.
?ei=6.32eV and ? e9 = 6.32 eV.
o-,(l) = 0.0443 mard and aT(9) = 0.0148mard
The flux of the undulator radiation within the cone of the harmonics is given (in practical
units) by:

ct>,,,Jn.K) = 1.432* 10u *NUlld *(// A)*Qn(k)[phokm</(s*0.\%BW)] (12)

- According to eq.(12) the flux of the undulator radiation is proportional to the number
of periods(Nunij), the current(I), and the function Q,i(k).

- It is independent of the energy of electrons. To reach high photon flux (also for higher
harmonics), the deflection parameter (K) should be in the range of 2 to 3.

- The photon spectrum is (according to eq.(9)) proportional to the square of the energy
and inversely proportional to the period length (A,). In order to reach X-ray radiation
the electron energy has to be in the range of 4 to 6 GeV with a period length (k =
40. mm).

-The gap would be 11 mm and the magnets of the undulator are outside the vacuum.
Smaller period length can be reached only by reducing the gap, this is possible by
putting the undulator inside the vacuum and is called " Vacuum Undulators" . The
smallest period length can be reached with superconducting magnets. These types are
called ;' Mini - Undulator".

2.Injector and Synchrotron Layout.
Within a storage ring currents of some hundred mA are stored. This current

produces the synchrotron radiation delivered via the optical elements to the
investigated samples. Each storage ring of a synchrotron light soucre needs an
injector because it is not possible to produce in one accelerator high currents and
bring them up to energies of several GeV.So the acceleration has to be made in steps.

- First, the electrons will be produced in a gun , with a current of some hundreds of
mA and injected into the pre-accelerator ( microtron in our case), which delivers a
beam of 10 to 100 mA.
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- Second , the pre-accelerator delivers the beam to the booster synchrotron which
accelerates the beam up to hundreds of MeV (800 MeV) or some GeV in 100 or
1000 ms. The curent within the synchrotron is some tens of inA.

- Third , the booster delivers the beam to the storage ring. According to the ratios
of the circumferences from the booster synchrotron and storage ring. The beam
within the storage ring will be accumulated until the desired beam current is
reached. In order to get a current in the storage ring of 400 mA at least 400 to 600
shots from the synchrotron are needed. This procedure takes some minutes. The
beam energy is then ramped to the desired final beam energy.

- The electrons must be successively delivered from one accelerator to the next one.
The specifications of the various accelerators are very different, i.e. each machine
has its own equilibrium emittances and machine functions. Therefore it is
necessary to match them appropriately so that an optimal beam transfer can occur.
For SESAME the transfer line between the pie-injector and booster synchrotron
will be the same as at BESSY lbut anew transfer line from the booster to the
storage ring is needed. For injection to the storage ring a design based on a fast
injection system is needed for high accumulation efficiency. On the other hand
because SESAME will be a compact storage ring , a 2.5GeV machine with 125
meters circumference, there is not long enough straight section to put all the
injection elements, and the successive injections are designed inside the storage
ring to save space.

2.1 Microtron.
The preinjector of BESSY 1 was a 22 MeV classical microtron figure (2).
The characteristics of this microtron are listed in table (I).

2.2 Booster Synchrotron
The booster synchrotron fig (3) has a six fixed symmetry straight segments.
The characteristics of the booster are listed in table (2), with new systems of
magnets' power supplies. The booster used is the booster of BESSY 1.

2.3 Layout of the Storage Ring.
SESAME , a 2.5 GeV syncluotron radiation source with a circumference of about
125 meters and the einiltance of 24 nrn. rad and a nominal current of 400 mA is
dedicated to deliver photons to different expermintal need of the Middle East
Region.
The design of the vacuum of SESAME follows the chamber concept of recently
built SR-sources in the world. The machine consists of three main parts : Storage
ring , Booster and Beam Lines.

As had been mentioned the booster is an 800 MeV synchrotron which is
filled by a 20 MeV microtron. The injection in the storage ring is done at 800
MeV and then the energy of the electrons is ramped up to 2.5 GeV. Three kickers
are foreseen for the injection process. The Radio-Frequency RF-system of the
machine consists of two pairs of cavities with 250 kW klystron.

Fig (4) shows the overview of the Storage Ring, Booster , and RF-
cavities.
There exist three different types of beam lines on the SESAME machine: zero, six
and twelve degrees beam lines.
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The zero degree beam line is specified for the photons which are produced by the
insertion devices like wigglers and undulators, while both six and twelve degrees
beam lines are dedicated to the synchrotron radiation from the bending magnet as
shown in figure (5). Each bending magnet has a curvature of 22.5°, to 12° beam
line has been chosen as the closest possible one to the middle of dipole where the
size of the beam is minimal.
Figure ( 6 ) shows the layout of the injection straight.

3.The Radio Frequency System (RF).
In an electron storage ring the electrons lose some energy by emitting synchrotron

radiation when they are deflected in magnetic field (bending, wigglers and undulators). It
is the task of the RF-system to restore this energy loss. In the storage ring SESAME and
in the booster, where the electrons are accelerated up to the nominal energy of the storage
ring, the RF- system must also provide the power to accelerate the beam. Given that the
revolution frequency of the electrons in a storage ring is in the radio frequency (RF)
range, it is self evident that the energy restoration must also take place in this (OF) range.
Thus a (RF) system with enough power to achieve this purpose must be provided. In
addition , the (RF) system has the function to provide stability to the beam and large
energy acceptance to get a long lifetime. As the length of the electron bunch depends on
the characteristics of the (RF) voltage , one finds that the pulse length and the repetition
rate of the emitted (SL) also depend on the (RF) frequency.

Cavities:
A cavity is a resonant structure, a metallic empty volume. Inside it an electromagnetic

field resonant at certain given frequencies that are determined by the geometry of the
structure. The cavities have a cylindrical geometry, are made of high conductivity copper
and they have some holes to allow the electrons to enter and exit the cavities in its way
around the accelerator ,to feed the (RF) power into the cavity, to install pick tip coils for
diagnostics and to install vacuum pump. One of the cavities is shown in figure (7).

The cavity is connected to the wave guide system with RF-amplifier, which feeds the
high frequency power P gen from the amplifier into the cavity.

This RF- power builds up an electric field, which accelerates the beam. The electron
bunch within the cavity has a fixed relationship to the electric field , given by the
synchronous phase Phi(o) the electron is in average getting back the energy losses
according to the emission of synchrotron light.

\
Phl(o)

Plii(0)=Synclirorious pluso
q-Ucav / Uo-Ovcr voltage faclor

Figure 7 Schematic drawings for the explanations ot used expressions [or Ilic UF syUcni
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The phase Phi(o) has to be at the falling slope of the electromagnetic field as
shown in figure(7). For SESAME it is intended to use a 500 MHz system with a wave
length of exactly 0.6 meter. The inter number is called harmonic number. According
to the conservation of power, the power of the generator is equal to the beam, cavity ,
and reflected power:

"gen ~ " c a v + r beam ' 1 red-

Pcav = U cav/(2Rs)

"beam " 1 U o

where, Rs - is the shunt impedance of the cavity,
I - is the current of the stored electrons in the accelerator,
U o - are the energy losses according to synchrotron radiation by

traveling through the bending magnets, wigglers and undulators or
other insertion devices.

These losses are given as :
e = 88.5 KeV*E4/p
^O. 633 KeVVE2*Bm

where: E -is the energy of electrons in [GeV],
p -is the deflection radius in the dipole in [m|,
I -is the electron current in [raA],
Bm-is the peak field in [tesla],
L -is the length of insertion device in [mj.

The reflected power (P ren = o) is zero, if the coupling factor of the input coupler has a
value of:

Popt = 1 + (Pbeanv Pcav)

More than one cavity will be installed in the SESAME and due to this fact it is
necessary to adjust the phase of the microwave inside each cavity in order that all of
them act coherently accelerating the beam.

The phase between the cavities is determined by the path length of the electron
orbit between them , taking into account that the velocity of the electron is the
velocity of light.

The parameters of the RF- system of the stored beam lil'e : bunch length the ,
synchrotron frequency and energy acceptance are function of the main parameters of the
storage ring, are summarized in (able (5).

The results of calculations of the voltage and power for the RF-System of SESAME for
energies 2 and 2.5 GeV are summarized in tables (3,4)

At the beginning SESAME will start with energy ol"2GeV.
The limits of the cavities are given :-
Ucav = 630 kV, Pcav = 60 kW and Pinput = 120 kW.
These limits are reached according to table (4) with 2 wigglers and a stored beam of 400
mA.
The energy loss per turn (Uo) reaches a value of 390 KeV with 4 wigglers. With an over
voltage factor of 4 and two cavities the required cavity voltage is 780 KeV, what is out of
specifications of the cavity. Hence the installation of 4 wigglers at energy of 2 GeV
requires 4 cavities. According to table (4) it is possible to run SESAME up to 2.2 GeV
with a current of 300 mA and the installation of 6 wigglers.
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The corresponding calculations for an energy 2.5 are compiled in table (5). With 4
cavities it is only possible to run the machine without any wigglers. Already the
installation of 2 wigglers at 2.5 GeV exceeds the maximum available voltage in the 4
cavities. With 6 cavities it is possible to operate 6 wigglen; with a current of up to 350
mA.
Figure ( 8) shows the RF - power assembly layout at the first stage 2 cavities .

The RF - system will be built up in the following steps:
1. Installation of 2 cavities with power of up to 250 kW m order to operate SESAME at 2.
GeV with 2 wigglers. A schematic layout of this "RF- unit" is shown in figure (8).
2. Installation of an other RF - unit with power up to 250 kW. Overall a RF- power of up
to 500 k\V is now available. It is possible to run SESAME at 2.2 GeV with up to 6
wigglers and current of 300 mA.
3. Installation of another RF- unit with power of up to 250kW. Overall RF- power of up
to 750 k\V is now available .It is possible to run SESAME at 2.5 GeV with up to 6
wigglers and current of 350 mA

Election bunches Cavities Vacuum cliainbei

Input coupler

Wave-guide system

^Water-load

Amplifier

Figure Q : UF-powcr assembly layout i t (lie firil stage willi 2 cat ilits >nd an power of 1 lie
amplifier of up (o 250 k\V in order (o operate SESAME al an energy or I GeV
with I wigglen or 2.5 CeV without any wigglers. This is the "UF-unil" of SESAME

Table -> IIF main parameters of SESAME.

Nominal energy, Eo

Circumference, C
Revolution frequency, f0
1117 frequency, fRF

Harmonic number, h
Momentum compaction factor, a
Natural Emiltancc, c
Energy spread, oE

[GeV)

.ml
[MHz]
[MHz]

[nm rad]

2.0
124.8
2.402

499.654
208

0.00932
15.5

0.92 IOJ

2.5
124.8
2.402

499.G54
208

0.00932
24.3

1.14 IOJ
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4.Radiation Shielding.
SESAME accelerator system is a user-oriented facility with different types of

ionizing radiations of different energies and intensities. The emission of this ionizing
radiation will constitute a health risk, an optimized radiation shield surrounding the
accelerators is needed to provide an appropriate protection against these sources. The
most important rule in ionizing radiation protection is the ALARA principle, which says
that any exposure to personnel should be kept As Low As Reasonably Achievable. This
requires that the radiation shielding design has to be optimized to that the measured
annual eqivalent dose at any point in the facility even immediately outside the shield is
below 5 mSv.

The radiation sources considered in the shielding calculations are:
- Electromagnetic radiation (Brcmsstrahlung): high energy x-rays are generated

in the electromagnetic cascade initiated by the electrons interacting with matter.
The Bremsstrahlung process in an electron accelerator is one of the basic
interaction of electrons with matter which can convert a larger fraction of the
electron beam power into x-ray power, the gamma rays also help to propagate the
cascade. The cascade at high energy propagates mainly in the foreward direction,
however a lateral spread up to 90° has to be considered. The Bremsstrahlung in the
foreward direction is a strong function of the original electron energy E .At
energies below about 20 MeV the output varies as E1, while above 20 MeV it
varies as E.

- Medium energy neutrons (up to 10 MeV): these are generated by giant resonance
reactions of gamma rays with matter. These neutrons are omitted isotropically from
the interaction region.

- High energy neutrons (up to few hundred McV): these are produced by gamma
ray interactions with nuclear components (quasi deuteron interactions , pholopion
production). These neutrons are sligthly foreward peaked.

- Muons : when primary energy beam is higher than about 1 GeV, high energy
unions produced by direct interaction (union pair production) or by decay of pions
and kaons (produced in pholonuclear reactions) have been taken into account.
However their production here is neglected because the cross section is negligible
at the energies that the SESAME will run.
The results of the detailed shielding calculations are presented in table ( 7 ) and
figure( 9 ).
It is seen that the designed sheilding will give a sufficient radiation protection. In
particular, the annual close at any point in the facility, even immediately outside the
shield, will be kept below 5 m Sv.

T;iblc 6 : Details ofSESAME shielding thickness

Accelerator
Microlron &.
Booster
Storage ring

Wall
Outer wall at injection outer
wall elsewhere
Inner wall
Outer wall

• Side wall
• End wall

Roof

Shielding Material
1 in Ordinary concrete
80 cm Ordinary concrete
20 cm Ordinary concrete

80 cm Ordinary concrete
I m Ordinary concrete + 20 cm lead
40 cm Ordinary concrete
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0.2 m

• J

Outer wall shield

Figure 9 : Part of (he storage riiig wilU (he shielding walls.

S.Cost Estimate for upgrading the SESAME to 2.5 GeV
- The cost estimate for upgrading to 2 GeV is 10.100.000 USD.
- Additional cost for upgrading to 2.5 GeV is 2.600.000 USD.

Total estimate is 12.700.000 USD.
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