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SUMMARY 

The radiation environment in synchrotron beamlines is dominated by gas 

bremsstrahlung radiation (BR), produced by inelastic scattering of high energy 

electrons with residual gas molecules inside the vacuum chamber of storage ring. The 

gas BR channel to beamline along with synchrotron radiation and produce scattered 

photons and photo-neutrons on interaction with the beamline components. Thus the 

radiation scenario is complex because of the mixed radiation field of photons and 

neutrons with broad spectral range and sharp angular distribution. The thesis is 

focused on the studies of these radiation components and to optimize the radiation 

shielding for synchrotron beamlines. The spectral behavior, angular distribution and 

depth dose profile of the gas BR in electron storage rings are studied in the energy 

range 1 - 3 GeV using FLUKA Monte Carlo code. From the study, an optimized 

emission angle of 0.1 mrad is established for scoring dose due to gas BR. The effect of 

residual gas composition (in vacuum chamber) on energy distribution, angular 

distribution and absorbed dose rate of gas BR is also investigated. From the studies, 

empirical relations for gas bremsstrahlung dose have been proposed. The proposed 

empirical relations show better agreement to the reported experimental data than the 

existing empirical relations. The simulation techniques are then applied for radiation 

shielding evaluation of the bending magnet and undulator based beamlines on Indus-2 

synchrotron source. Absorbed dose due to direct and the scattered synchrotron 

radiation in beamlines are studied. Investigation on energy response of 

thermoluminescence (TL) detectors (CaSO4:Dy and LiF:Mg,Ti) used in dosimetry of 

synchrotron beam is reported. The effect of dosimeter material thickness and metal 

filters used in personnel dosimetry applications are discussed. From the study, it is 



II 
 

concluded that LiF:Mg,Ti TL material shows better flat response than CaSO4:Dy and 

therefore seems to be a better TL material for dosimetry in synchrotron beamlines in 

comparison to CaSO4:Dy based dosimeters. Effect of high gamma ray dose on 

CaSO4:Dy TL dosimeter is studied using X-ray Absorption Near Edge Structure 

(XANES) spectroscopy which gives direct evidence of Dy3+ to Dy2+ transition on 

gamma ray irradiation and confirms Nambi’s redox model. Also, linear increase in the 

area under the white line of XANES spectra with increasing dose has been observed 

for high dose up to 1 kGy which suggests XANES technique for evaluation of high 

dose from CaSO4:Dy TL dosimeter, where the conventional TL dosimetry technique 

fails. The design aspects of a free air ionization chamber for application as a standard 

for dosimetry in synchrotron beamlines and for calibration of conventional dosimeters 

have been described. The design of a synchrotron beamline for carrying out radiation 

physics and safety research in the low energy region is also reported in the thesis. 
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Chapter 1 

 

Introduction 

 
Synchrotron radiation sources (SRS) are advanced light sources capable of providing intense 

photons called as synchrotron radiation. These sources are powerful tool for scientific studies 

such as elastic and inelastic scattering, x-ray absorption spectroscopy, resonant reflectivity, 

photoelectron spectroscopy, x-ray fluorescence, imaging, etc. Thus these facilities are in great 

demand by the scientific community worldwide. This demand is in terms of extracting scientific 

data on materials through various experiments in relatively short time, up to the lowest possible 

detection limit and achieving high signal to noise ratio which otherwise is impossible with 

conventional x-ray sources or laboratory sources.  

SRS provides photon intensity of the order of 1016 photons/s/mrad2/mm2/0.1% Bandwidth 

whereas that of conventional x-ray sources is 108 photons/s/mrad2/mm2/0.1% Bandwidth only. 

Advanced SRS like Free Electron Laser (FEL) facilities are able to achieve enhanced photon 

intensity typically up to 1020 photons/s/mrad2/mm2/0.1% Bandwidth. In these facilities high 

energy electrons (~ GeV) are allowed to move under the influence of transverse magnetic fields 

for the generation of synchrotron radiation, which is in the relatively low energy regime (up to 

tens of keV). Bremsstrahlung x-rays (whose energy extends up to the energy of electron) are also 

generated due to the interaction of the electrons with structural materials of the accelerator and 

gas molecules in the vacuum chamber. Both the radiations are highly directional. Synchrotron 
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radiation is used for carrying out various experiments whereas bremsstrahlung x-rays are 

unwarranted and pose a major radiation hazard in the facility, in addition to the synchrotron 

radiation. The radiation environment in synchrotron facilities is quite complex due to the 

presence of synchrotron radiation, bremsstrahlung radiation and their secondary radiations, 

posing a challenge to radiation protection in these facilities. Besides, the radiation environment is 

facility specific and has strong dependency on parameters like beam energy, vacuum condition 

and structural components of the accelerator facility. Safe operation of such facilities requires 

proper identification of radiation hazards and its accurate quantification for mitigating them 

effectively. The chapter describes the characteristics of SRS, properties of synchrotron radiation, 

radiation environment in beamlines and the challenges faced in radiation dosimetry. The aim of 

the present work reported in the thesis and the probable outcome are also summarized at the end 

of the chapter. 

1.1 Synchrotron radiation source 

Synchrotron radiation sources (SRS) or synchrotron light sources are high energy electron 

accelerators producing intense photon beam in the energy range from infrared to hard x-ray [1-

3]. The SRS produced photon beam can be ~1011 times more intense than conventional 

laboratory x-ray sources [4]. Ultra high intensity, low divergence and energy tunability have 

made these sources demanding in the field of materials science, bioscience, environmental 

science and industrial applications. These light sources are unique tools to study structural, 

physical and chemical properties of materials like crystal structures, magnetic properties, local 

structural environment, elemental composition, oxidation state, bond length, etc. through various 

spectroscopic techniques like x-ray diffraction, photoelectron spectroscopy, photo-absorption 

spectroscopy, x-ray fluorescence, etc [5-7]. In addition, coherent time structure of synchrotron 

radiation (~picosecond pulses separated by nanosecond) allows time resolved studies of physical 
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and chemical properties. The polarization property of synchrotron photons has been utilized to 

study the magnetism including magnetic circular dichroism [5-8].  

Synchrotron radiation was first observed in a 70 MeV synchrotron at General Electric Research 

Laboratory, New York on 24th April 1947. Later on synchrotron radiation was observed in many 

high energy electron storage rings but the radiation was considered as parasitic energy loss. 

These facilities are called as first generation SRS. Later on, storage rings completely dedicated 

for utilization of synchrotron radiation, generated only from dipole magnets were developed and 

are called as the second generation SRS. Subsequently advanced storage rings were designed 

using periodic magnetic elements called as the insertion devices for increasing the photon flux. 

These facilities are called as the third generation SRS, where the intensity of synchrotron 

radiation is many order higher than the second generation sources. Down the time line, with 

technological improvements, higher intense synchrotron sources based on Free Electron Laser 

(FEL) came up, which are called as the fourth generation light sources. These fourth generation 

light sources can cover a broad range from vacuum ultra violet (VUV) to hard x-rays with 

intensity 5 - 6 orders higher than the previous generation light sources and also provide pulsed 

beam (~ picosecond) with high degree of coherence [5-8].   

Synchrotron radiation source comprises of an injector linac (or a microtron), booster synchrotron 

and a storage ring. High energy electrons (~ MeV) from the injector linac (or microtron) are fed 

to the booster synchrotron, where it attains desired energy (~ GeV) and finally these electron-

bunches are injected to the storage ring. The storage ring is configured as a periodic arrangement 

of magnetic elements like dipoles, quadrupoles, sextupoles etc. forming a lattice (or unit cell). 

The lattice is repeated to form the closed ring of appropriate circumference. The dipole magnets 

in the storage ring play a major role by providing radial acceleration and thereby maintaining the 



Chapter-1 
 

4 
 

electrons in a closed orbit. Under the influence of transverse magnetic field of dipole magnets, 

the relativistic electrons move in circular path and emit synchrotron radiation tangentially to the 

circular path. Besides dipole magnets, intense synchrotron radiation is also produced with the 

help of insertion devices, where the electrons are allowed to move in a sinusoidal path under the 

influence of the periodic arrangement of permanent magnets. The radiated power loss by the 

electrons in the form of synchrotron radiation is compensated by the energy provided through 

radiofrequency (RF) cavities placed in the storage ring. As a result the energy of electrons is 

maintained at a constant value in the ring and radius of closed orbit is maintained. The 

production of synchrotron radiation from electrons passing through a dipole and an insertion 

device in a synchrotron storage ring is schematically shown in figure 1.1.  

 

Figure 1.1: Schematic layout of a storage ring showing synchrotron emission from a dipole 

(BM) and an insertion device (ID) (not to scale) 

As per classical electromagnetic theory, an accelerated charged particle will emit energy in the 

form of electromagnetic radiation. The radiated power from the charged particle is calculated 

using Larmor’s equation as given below [5]. 
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                       ----------------- (1.1) 

Here P, E, q, a, c respectively represent power loss, energy, charge, acceleration of charged 

particle and velocity of light in vacuum.  From equation (1.1), the radiated power is proportional 

to the square of the acceleration. Thus the radiated power loss by light charged particle (electron) 

is ~ 106 times higher than heavy charged particle (proton) of the same energy and therefore, high 

energy electron (or positron) storage rings are best suited for synchrotron light sources. A 

comparison table for design parameters of six synchrotron radiation sources is given in table 1.1 

[9-13].  

Table 1.1: Design parameters of six synchrotron radiation sources 

Parameter  
ALS 

(USA)  

Indus-2 

(India)  

NSLS-II 

(USA)  

SSRL  

(USA) 

APS 

(USA

SPring-8  

(Japan) 

Beam Energy (GeV)  1.9  2.5  3.0  3.0  7.0  8.0  

Stored Current (mA)  500  300  500  500  100  100  

Stored Particles (x 1012)  1.6  1.1  8.2 2.4  2.3  3.0  

Ring Circumference (m)  197  172.3  792  234  1104  1496  

Beam emittance,        εx  

(nm-rad)                  εy 

2.0 58.1 0.55 10.0 3.1 3.4 

0.04 5.81 0.008 0.014 0.04 0.0068 

Design Lifetime$ (hrs)  8  24 ~ 3 20  54  150 

Wiggler ID Field, B (T) 2.1 5 3.5 2 1 1 

ID Ec (keV)=0.665BE2  5  21 21  12  33  43  
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$Note: Beam lifetime is usually defined as the time during which the stored beam current decays 

to 1/e of its initial value, assuming a pure exponential decay of stored beam. Abbreviations used 

in the table are listed below. 

[ALS: Advance Light Source, Lawrence Berkeley National Laboratory, Berkley, USA; Indus-2: 

Indus-2 synchrotron facility, Raja Ramanna Centre for Advanced Technology (RRCAT), India; 

NSLS-II: National Synchrotron Light Source II, Brookhaven National Laboratory, USA; SSRL: 

Stanford Synchrotron Radiation Laboratory, Stanford Linear Accelerator Center (SLAC), USA; 

APS: Advance Photon Source, Argonne National Laboratory, USA; SPring-8: Super Photon 

ring 8, RIKEN, Japan] 

The properties of synchrotron radiation like broad spectral range, high intensity, high 

collimation, polarization and pulsed nature immensely attract scientific community. Therefore 

dedicated beamlines are designed and developed on SRS for utilization of the synchrotron 

radiation. The details of the synchrotron beamline will be discussed in the following section.   

1.1.1 Synchrotron radiation beamline 

A synchrotron beamline is an arrangement of optical elements like mirrors, monochromators, 

slits, filters etc. to transport synchrotron beam from the source point to the sample at the 

experimental station, typically 10 to 50 m from the source point. The synchrotron beam is 

tailored to the experimental requirements like beam size, photon flux, energy, polarization, etc. 

in the beamline. Each synchrotron radiation facility has many synchrotron beamlines and each 

beamline is designed depending on the experimental requirement. For application of soft x-ray 

photons, the complete beamline is maintained under vacuum condition, whereas in hard x-ray 

beamlines the samples can be kept at atmospheric condition in air. The schematic layout of a 

typical beamline is shown in figure-1.2.  
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Figure 1.2: Schematic layout of a synchrotron beamline (not to scale) 

For any synchrotron beamline, front end acts as the interface between the storage ring and the 

beam line. The front end has various safety and beam defining components like fast closing 

shutter, water cooled shutter, safety shutter, collimator, fixed mask etc. The safety shutter is 

made up of a thick densimet block and acts as a radiation stopper. In hard x-ray beamlines, the 

front end is connected to the beamline through water cooled beryllium window (typically 200 

µm thick) placed at the end of the front end. The entire beamline is housed in a shielded hutch. 

The beamline hutch is usually divided into three sections; the optics hutch, the intermediate 

hutch and the experimental hutch. The optics hutch which joins the front end of the beamline 
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primarily comprises of major optical components like pre-mirror, Double Crystal 

Monochromator (DCM) etc. The collimated, monochromatic beam from the DCM enters the 

intermediate hutch where the beam is focused to the experimental station using post-mirror. The 

final and most important part of the beamline is the experimental hutch, where the synchrotron 

radiation/hard x-ray beam comes in air and incident on samples placed on a sample stage. The 

operation of the beamline is controlled from a control room, outside the experimental hutch. 

However, it may be noted that the beamline configuration mentioned above is typical and may 

change depending upon the requirement of the experiment. Because of high radiation hazard, all 

the beamline components are enclosed inside the shielded hutch. The details of the radiation 

environment in synchrotron beamlines will be discussed in the following section.  

1.2 Radiation environment in synchrotron radiation facility 

In electron storage rings, relativistic electrons are allowed to circulate in vacuum envelope 

maintained at ultra high vacuum (~nTorr). During circulation, electron beam gets diverted from 

orbital path due to a) elastic collision between electron and residual gas molecules (Touschek 

scattering) (b) inelastic electron-gas collision (bremsstrahlung) and (c) intra-beam electron-

electron collisions resulting in electron beam loss [14-15]. The interaction of electron beam with 

structural materials (and/or gas molecules) in vacuum chamber result in the production of 

bremsstrahlung radiation, electrons, positrons and photoneutrons through electromagnetic 

cascade process [16]. In addition to the synchrotron radiation, the bremsstrahlung x-ray 

dominates the radiation environment in synchrotron beamlines. The types of radiation 

encountered in synchrotron beamlines and their properties are discussed in the following section. 

1.2.1 Bremsstrahlung radiation 

As per classical electromagnetic theory, an accelerated charge will emit electromagnetic 

radiation. Therefore the electron on interaction with the atomic nucleus gets accelerated due to 
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coulomb interaction and emits out electromagnetic radiation, called as bremsstrahlung radiation. 

The process is also known as free–free emission since the radiation corresponds to transitions 

between unbound states of the electron in the field of the nucleus [17]. The process of 

bremsstrahlung emission is shown in the figure 1.3. 

 

 

 

 

 

 

Figure 1.3: Generation of bremsstrahlung radiation 

Bremsstrahlung radiation is also treated as the radiative energy loss by charged particles and is 

the dominant mechanism of energy loss by high energy electrons, interacting with materials. The 

radiative energy loss by electrons per unit length in the medium is mathematically given by 

following expression [18]. 
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Here N = Number density of absorber atoms, Z = Atomic number of the absorber atom, m0 = rest 

mass of electron, e = charge of electron, c = velocity of light, E = Kinetic energy of electron. 

In case of Indus-2 (2.5 GeV electron synchrotron), the first term inside the bracket of equation 

(1.2), is nearly 36 (>> 4/3) and thus the radiative loss scales approximately as Z2 and ELnE. So 

the bremsstrahlung yield will be higher for high energy electrons and in high atomic number 
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materials. Depending upon the density of interacting medium, the bremsstrahlung can be 

classified in two categories, solid bremsstrahlung and gas bremsstrahlung.  

1.2.1.1 Solid bremsstrahlung 

Solid bremsstrahlung radiation is generated by the interaction of energetic electrons with solid 

materials like metallic vacuum pipes and other structural materials in the storage ring. As a 

conservative approach in radiation protection, solid bremsstrahlung dose rate is calculated 

assuming the interaction medium to be high atomic number and thick target, producing 

maximum yield of bremsstrahlung photons. The thickness of the target (x), in this case is much 

higher than the radiation length (X0). Radiation length is the mean thickness of material in which 

a high energy electron loses (1/e) of its energy through bremsstrahlung process. Thus the 

fractional energy loss by high energy electrons in a medium can be given by the following 

expression [19-21]. 

        0X

E

dx

dE

rad









                   =>  0
0)( X

x

eExE


         ----------------- (1.3) 

Here E0 is the incident electron energy. The bremsstrahlung energy spectrum is extended up to 

the incident electron energy (E0). The bremsstrahlung spectrum in the forward direction (00) falls 

off as ~ k-2, where k is the photon energy and falls off at a faster rate at higher angles. Hence the 

spectral intensity of bremsstrahlung radiation depends on energy of the electron, atomic number, 

thickness of the target and also on the angle of observation. The bremsstrahlung photon intensity 

initially increases with increasing target thickness until the self-absorption modifies this increase 

to a broad maximum, followed by an exponential fall at larger thicknesses [19]. The intensity of 

bremsstrahlung radiation peaks in forward direction for incident electron energies, E0 > 1.5 MeV. 

The harder radiation (most energetic photons) is emitted in the forward direction and the 

radiation becomes softer at higher angles. The angular distribution becomes sharper with 



Chapter-1 
 

11 
 

increase in incident electron energy. The characteristic angle of bremsstrahlung is given by the 

following empirical relation [19]. 

)(

100
)(deg

02
1 MeVE

ree                        ----------------- (1.4) 

Here θ1/2 = angular width of the forward lobe of bremsstrahlung at half intensity. 

The normalized total photon differential yield per incident electron is given by the following 

empirical relation [21]. 
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Here θ = angle of observation (degree). From equation (1.5), first term reflects sharp fall of 

intensity at smaller angles and the second term shows slow variation at wider angles. The first 

term is due to the high energy photons, confined to smaller angles and the second term represents 

a slow fall because of the low energy photons. From the above relation, it is clear that the 

bremsstrahlung dose will also have a strong angular dependence. Swanson has suggested three 

rules of thumb for estimation of bremsstrahlung absorbed dose rate at one meter from a high Z 

thick target, normalized to incident electron beam power and are listed below [19]. 

a) θ = 0°,  E0 < 20 MeV :    2
0

211
.

20 EmkWGyhD   

b) θ = 0°,  E0 > 20 MeV:    0
211

.

300 EmkWGyhD 

      -------  (1.6) 

c) θ = 90°,  E0 > 100 MeV:    50211
.

 mkWGyhD  

 Where 
.

D = Absorbed dose rate and E0 = Incident electron energy (MeV). 

Recent study on bremsstrahlung dose rate from thick targets for electron energies 450 MeV to 3 

GeV has reported overestimation in dose calculation using equation (1.6-b) [22]. Thus the 
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bremsstrahlung dose has a strong dependency on target material, target thickness and also on the 

angle of observation. 

1.2.1.2 Gas bremsstrahlung 

As discussed earlier, relativistic electrons are circulated inside the storage ring to produce 

synchrotron radiation. The storage rings are maintained at ultra high vacuum (nTorr) to reduce 

electron beam loss due to scattering with gas molecules in the vacuum chamber. Inelastic 

scattering of electrons with residual gas molecules will produce bremsstrahlung radiation, called 

as gas bremsstrahlung. The gas bremsstrahlung radiation has a broad spectrum ranging up to the 

energy of primary electron beam. These photons channel to beamline along with the synchrotron 

radiation and pose radiation hazard to beamline users [23-24]. These high energy photons as 

compared to synchrotron photons (~ keV) require special attention for their mitigation especially 

in the case of insertion device beamlines. Hence gas bremsstrahlung is treated as major radiation 

hazard in synchrotron beamlines. Schematic layout of a beamline showing the channeling of gas 

bremsstrahlung radiation into the beamline is given in figure 1.4. 

 

Figure 1.4: Schematic diagram of a beamline showing channeling of gas bremsstrahlung 

radiation from storage ring (not to scale) 
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Since the density of residual gas molecules is very small compared to thick solid targets, the gas 

bremsstrahlung radiation can be treated as thin target bremsstrahlung and is emitted out in a very 

narrow cone (~mrad). Although the number of residual gas molecules is very small, the 

production of gas bremsstrahlung is significant due to the millions of turns taken by the electrons 

per second through the vacuum pipe. Similar to solid bremsstrahlung radiation, the gas 

bremsstrahlung also has a broad spectrum ranging up to the primary electron energy. Because of 

strong angular distribution, broad energy range and mixed with intense synchrotron radiation, 

gas bremsstrahlung radiation poses challenges in detection and measurement.  

The probability of an electron with energy E0 to produce a photon of energy between k and k+dk 

while interacting with an atom of atomic number Z, is given by the following expression [23] 

),()1(4 2 zf
k

dk
ZZrdk ek                        ------------ (1.7) 

Where,      
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And α = Fine structure constant (1/137), re = Classical radius of electron (2.82 x 10-13 cm) are 

constants and ν = k/E0 is the normalized energy of the emitted photon. 

The gas bremsstrahlung production has strong atomic number dependence of Z(Z+1), the same 

as in the case of solid bremsstrahlung (see equation (1.2). Rossi suggested an analytical formula 

to calculate the gas bremsstrahlung spectrum from air and as per the formula, the number of 

photons with energy k and k+dk produced by an electron with energy E0 passing through an air 

thickness of 1 g cm−2 is given by [25] 
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Here NA = Avogadro’s number (6.023 x 1023), A = molecular mass of air (28.9 g mole-1) and Z 

= effective atomic number of air (7.23). The multiplier 2 accounts for the fact that over 99% of 

air is made of diatomic molecules.  

1.2.2 Synchrotron radiation 

Synchrotron radiation is also a source of high radiation hazard in synchrotron beamlines because 

of its high intensity and broad spectral range. The major properties of synchrotron radiation from 

bending magnet and insertion devices [5-8], which play crucial role in dosimetry, are discussed 

below. 

1.2.2.1 Properties of synchrotron radiation from bending magnet 

a) High intensity: Synchrotron radiation intensity or flux is many orders higher than 

conventional x-ray sources and thus reduces experimental time significantly. Usually flux is the 

unit used to quantify intensity of x-ray photons however, synchrotron community uses special 

term “Brightness or Brilliance” as a measure of the intensity of synchrotron radiation. Spectral 

flux and brilliance are defined as follows. 

bandwidth

ceaccepHmradpersphotons
Flux

%1.0

tan)()/(
  

22 ][][ mmmrad

Flux
Brilliance


  

Where (mm)2 and (mrad)2 represents transverse area and divergence of the source particles (i.e. 

electron bunch) respectively. Smaller bunch size or the angular divergence of the electron beam, 

more will be the intensity of the synchrotron radiation. The order of brilliance of x-ray tubes, 

bending magnet, insertion device and FEL synchrotron sources are of the order of 108, 1012, 1016, 

1020 photons/s/mrad2/mm2/0.1% BW [3,6].  
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b) High collimation: The emission pattern of synchrotron radiation can be understood from the 

theory of radiation emission by accelerated charged particles and its relativistic transformation. 

The emission patterns of radiation by non-relativistic and relativistic charged particles 

undergoing centripetal acceleration are shown below. 

          

 

 

 

 

Figure 1.5: Radiation pattern from (a) non-relativistic and (b) relativistic charged particle 

under centripetal acceleration 

The radiation emitted by accelerated charged particle moving at velocity, v << c, is similar to 

that of an oscillating dipole radiation which has maximum intensity in the direction 

perpendicular to the acceleration vector and no emission along the direction of acceleration. The 

emission pattern is independent of velocity of charged particle. However in the case of 

relativistic charged particle (v ≈ c), the emission pattern gets transformed to a narrow cone in the 

direction of motion of the charged particle. The vertical opening angle depends on the velocity of 

charged particle as follows [5]. 
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Because of this narrow emission angle, synchrotron facilities provide high intense photon beam 

on very small area of experimental sample. In the case of bending magnet radiation, a fan of 

synchrotron beam is produced in horizontal direction as the electrons produce radiation cone 

tangentially at each point of its curved path. Whereas, in insertion device based sources, both 

horizontal and vertical collimations are retained.  

c) Broad and continuous spectrum: Spectral range of synchrotron radiation usually extends 

from infrared to hard x-ray and thus provides selection of energy as per the experimental 

requirement using monochromators and filters. The spectral distribution of bending magnet 

source is a continuous function and can be characterized by the critical wavelength (λc), which 

divides the spectrum into two parts of equal radiated power. The corresponding energy is called 

as critical energy (Ec) and mathematically expressed as [6,7] 

][][665.0
][

][
218.2)( 2

0

3
0 TBGeVE

m

GeVE
keVEC 


    -------------- (1.11) 

Here E, B and ρ represent energy of electron beam, magnetic field of bending magnet and 

bending radius of electron beam respectively. 

Due to very small emission cone ( )1   of radiation in tangential direction, an observer in 

laboratory frame sees a pulse of light for a short duration )( 3 t as the electron passes by. 

Thus the frequency of these light pulses will be same as the electron revolution frequency and in 

frequency domain, the spectral distribution (i.e. Fourier transformation of t ) becomes broad and 

continuous [6,7]. The spectral distribution [8] of bending magnet radiation in the horizontal 

plane can be expressed as  

   
)2/(][][1033.1)( 2
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22

0
13 xKxAIGeVExN   
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2 BWmrad

sphotons

     
----------- (1.12) 

Where x = E/Ec and K2/3 (x/2) is modified Bessel function.  
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The universal curve for spectral distribution of synchrotron radiation from a bending magnet as a 

function of E/Ec is shown below [26]. The energy dependencies of the two regions (shown in the 

curve) are approximate.  

 
Figure 1.6: Spectral distribution of synchrotron radiation from a bending magnet 

d) Polarization: In spatial distribution, synchrotron radiation from bending magnet is linearly 

polarized in the orbit plane whereas, elliptically polarized in above and below the orbit plane and 

thus provides useful tool to study magnetic behavior of experimental samples.  

e) Pulsed time structure: Since the longitudinal electron bunch size and separation between 

two bunches are tunable, it provides flexibility in changing the pulse structure of synchrotron 

radiation for studying time evolution phenomena in samples. Small light pulses of picoseconds 

duration separated by nanosecond interval are very useful for time resolved experiments. The 

electron bunch length decides the synchrotron beam ON time and the bunch separation decides 

the OFF time. 
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1.2.2.2 Properties of synchrotron radiation from insertion devices  

Insertion device (ID) is an array of periodic permanent magnets with alternating magnetic fields, 

used to enhance the brilliance of the synchrotron beam by several orders of magnitude as 

compared to that of bending magnet radiation. Electrons while passing through the alternating 

magnetic field oscillate in horizontal plane and emit synchrotron radiation. Thus these multiple 

deflections of electron increase the intensity of synchrotron radiation as compared to the bending 

magnet source. The energy range and intensity of synchrotron beam can be customized by 

varying the magnetic field through the movement of the upper and lower jaws (containing 

magnetic poles). The insertion devices are of two kinds, wigglers and undulators, characterized 

by its deflection parameter (K), given by the expression [6,7]  

  
][][934.0

2
TBcmB

cm

e
K uu

e

 


                  ---------------- (1.13) 

Here λu represents the period length of magnetic element. Physically, the deflection parameter 

signifies the maximum angular deflection of the electron beam. The deflection parameter for 

wiggler is K ≫1, while that of undulator is K~1.  

Because of higher magnetic field in wiggler, the electron follows a curved trajectory with a 

smaller radius of curvature in comparison to dipole magnet. Thus the critical energy and spectral 

range of synchrotron radiation beam gets extended towards higher energies. Because of larger 

emission angle, the synchrotron photons emitted at different poles do not interfere and the net 

intensity increases only by a factor of 2N (where N stands for number of periods). However in 

the case of undulator, the emission angle is very small (because of weaker magnetic field) 

resulting in interference effect and the net intensity increases by a factor of N2 and the spectral 

behavior is quasi-monoenergetic with peaks called as harmonics. The fundamental wavelength of 

radiation observed at an angle θ with respect to the axis of the undulator is given as [5-7]. 
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 Ku                          ---------------- (1.14) 

In addition to the fundamental wavelength, higher harmonics of shorter wavelengths (λn=λ/n) are 

emitted. However on the axis (θ =0) only odd harmonics are emitted. The number and intensity 

of harmonics increase with K. Since K linearly depends upon magnetic field strength, energy of 

emission can be customized by varying the distance between upper and lower jaw of undulator. 

The high collimation (in vertical and horizontal directions) and the constructive inference effect 

increase the brightness of radiation from undulator. Pattern of radiation emission from different 

sources [adopted from Ref [5]] is shown in figure 1.7. 

 
 
Figure 1.7: Radiation pattern from bending magnet, wiggler and undulator 
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1.2.3 Photo-neutrons 

After bremsstrahlung radiation, the next major contributor to the radiation dose in high energy 

electron storage ring is photo-neutron. Photo-neutrons are produced as a result of interaction of 

bremsstrahlung radiation (high-energy photons) with accelerator structures. Since the energy of 

the bremsstrahlung photons is extended up to the incident electron energy and is well above the 

threshold for neutron production in interacting medium, neutrons are ejected out from the 

nucleus. Even very high energy bremsstrahlung photons (hundreds of MeV or higher) open up 

channels for (γ,n), (γ,2n), (γ,np) etc. reactions. Electrons with energy higher than threshold 

energy for neutron production, on direct interaction with nucleus can also produce neutrons via 

virtual photon reactions. The photo-neutron processes dominate over the electro-neutron 

production because of 100 to 200 times higher cross section. The expression for neutron yield 

per incident electron of energy E0 in terms of photon differential track length is given as follows 

[19].    
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                        ---------------- (1.15) 

Here σn(k) is photo-neutron cross-section from (γ,n), (γ,2n), (γ,np)  reactions. 
dk

dL
 is the photon 

differential track length distribution representing the total track length of all photons having an 

energy in the interval k and k+dk and ρ is the density of the medium. 

Three major photo-neutron production mechanisms based on the photon energy are giant 

resonance, quasi-deuteron effect and photo-pion decay. The processes are briefly described 

below. 

1.2.3.1 Giant resonance mechanism 

Photons with energy between neutron production threshold and ~ 30 MeV produce neutrons 
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primarily through 'giant photonuclear resonance', where the electric field of the photon transfers 

its energy to the nucleus and induces an oscillation between group of protons and the group of 

neutrons. The giant resonance cross-section has a large maximum at photon energies ~20-23 

MeV for light nuclei and 13-18 MeV for medium and heavy nuclei. For A > 40, the width of 

resonance peak is approximately given by [19] 

3/1
0 80)(  AMeVk                          ---------------- (1.16) 

The integrated cross-section from threshold to 30 MeV can be expressed as, 
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                           ----------------- (1.17) 

Where )(kn is the photo-neutron cross-section as a function of photon energy and N = A-Z. The 

neutron spectrum form the giant resonance process has two components. The first one arises 

from the absorption of the photon to form a compound excited nucleus, which gives an isotropic 

evaporation spectrum (similar to fission neutron spectrum) with an average neutron energy of 1- 

2 MeV approximately. The second component is the direct emission neutrons with energy above 

3-4 MeV. In the spectrum, nearly 86 % neutrons are evaporation neutrons whereas, the direct 

emission accounts for only ~14% in case of medium to high Z materials.   

1.2.3.2 Quasi-Deuteron Effect 

Photon in the energy range 30-300 MeV produce neutrons through quasi-deuteron effect, where 

the photon interacts with a neutron-proton pair rather than the entire nucleus unlike giant 

resonance mechanism. The wavelength of photon ( ~ 30 MeV) closely matches with the average 

inter-nucleon distance and the photon interacts with pairs of nucleons. Because of the non-zero 

electric dipole moment, only neutron-proton pair interacts with the incident photon and thus this 

interaction is termed as quasi-deuteron effect. The cross-section reduces with further increase in 
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photon energy. The cross-section for this process is an order of magnitude less than the giant 

resonance peak. The contribution of this effect to the neutron spectrum is to add a high-energy 

tail to the giant resonance spectrum. The energy of neutrons from quasi-deuteron effect may go 

up to half of the incident electron energy, above which only negligible neutrons may be present. 

1.2.3.3 Photo-Pion effect 

The photo-pion production starts at photon energy about 140 MeV, rest mass energy of pion. The 

photo-pion cross-section has a number of resonance peaks within ~ 1.1 GeV. The gamma-

nucleon reactions responsible for pion production are [20] 

0  pp      (Eth = 135 MeV)  

 
  np      (Eth  = 140 MeV)   -------  (1.18) 

 pn       (Eth = 140 MeV) 

The neutrons produced via photo-pion effect are more energetic than giant resonance neutrons, 

but their number is only a fraction of the giant resonance neutrons.  

1.2.4 Electromagnetic cascade 

The complex radiation field encountered in any high energy electron accelerator is the 

manifestation of electromagnetic (EM) cascade. Interaction of high energy electrons with any of 

the accelerator components will generate bremsstrahlung photons and these photons will produce 

electron and positron pairs through pair production. These interactions go on multiplying with 

the depth in medium and result in a cascade or shower of electrons, positrons and photons within 

the absorber medium. The number of particles in the cascade approximately doubles at each step 

until the electron energy falls below the critical energy (Ec) and the electron preferably 

undergoes collision. Similarly when the energy of bremsstrahlung photons within the cascade 
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reduces to a low value where the cross-section for pair production is comparable with that of 

Compton scattering, the shower development stops and the particles exponentially attenuate due 

to Compton scattering and photoelectric absorption. Therefore the depth dose profile has a build 

up at initial depth followed by exponential fall. The schematic representation of EM shower 

generation and the corresponding depth dose profile are shown in figure-1.8. 

 

 

 

 

 

 

 

 

 

 

Figure 1.8:  Electromagnetic cascade and the corresponding depth dose in medium. 

Electromagnetic shower in copper and lead generated by 1 GeV electrons was experimentally 

studied where the authors have measured the energy absorption in thin absorbers using LiF 

thermoluminescence dosimeters (TLD-700) [27]. In the forward direction (in the direction of the 
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electron beam), the absorbed dose in the exposed material increases initially up to a certain depth 

and then decreases. This dose build up effect has been studied extensively in the past and dose 

maximum in tissue phantom (dose equivalent index) was evaluated. The dose equivalent index is 

the maximum dose in 30 cm water (or tissue) phantom and can be assigned as the dose to the 

exposed human body [19-20].  

The radiation environment in synchrotron beamline is therefore very complex due to mixed 

radiation field with broad energy spectrum and sharp angular distribution. The radiation 

environment is also dependent on the operating condition of storage ring as well as the beamline. 

In shielding point of view, the radiation hazards in synchrotron beamlines can be classified as 

mention in the table 1.2 below. 

Table 1.2: Degree of importance of radiation hazards in synchrotron beamlines 

Type of beamline Gas bremsstrahlung  Synchrotron  Photo-neutrons 

Bending magnet Minor Major Minor 

Insertion device 

Undulator 

Wiggler 

 

Major 

Major 

 

Minor 

Major 

 

Major 

Major 

Note: ‘Minor’ represents the case where that particular hazard is not potentially dangerous and 

can be mitigated with minor efforts. 

1.3 Dosimetry at synchrotron radiation beamlines 

Gas bremsstrahlung is considered as the primary radiation hazard in synchrotron beamlines 

because of its high energy nature. The gas bremsstrahlung photons on interaction with the 

beamline components produce scattered photons and photo-neutrons. In insertion device 

beamlines, the gas bremsstrahlung dominates radiation hazards whereas, the radiation 

environment in bending magnet beamlines is dominated by synchrotron radiation. Primary and 

scattered synchrotron radiations from beamline components are also potential source of radiation 
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hazard. Thus the radiation scenario in a synchrotron beamline is complex because of mixed 

radiation field of photons and neutrons with broad spectral range and sharp angular distribution. 

Radiation dosimetry in such radiation environment is very challenging due to limitations in 

conventional detector system in terms of energy response (up to few MeV), angular dependency 

and interference between the radiation types [24]. Therefore Monte Carlo packages like FLUKA, 

EGS, MCNP, etc. have been extensively used for quantifying the radiation environment in 

synchrotron beamlines of APS, NSLS-II, SPring-8, CLS, ILSF, SSRF, etc. synchrotron facilities. 

Radiation dosimetry studies performed at various synchrotron facilities are discussed in the 

following subsections. 

1.3.1 Gas bremsstrahlung radiation dosimetry  

The gas bremsstrahlung radiation dose in high energy electron storage ring was initially reported 

by Rindi in 1982. Using equation (1.7), the suggested theoretical expression for the number of 

photons of energy between k and k+dk emitted per second per unit path length by electrons with 

beam current I (in e/s) inside a storage ring at pressure P (Torr) and temperature T (K) is given 

below [23]. 
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    (cm-1 s-1)         --------------  (1.19) 

The theoretical expression was compared with the measured gas bremsstrahlung spectrum at 

ADONE storage ring [28] and found to have good agreement except at very high energy due to 

poor resolution of the spectrometer. From equation (1.19), the energy spectrum was found to 

have 1/k dependency for a large range of k and extended up to the energy of the primary 

electrons.  

Many researchers have studied the properties of gas bremsstrahlung like energy spectrum, 

angular distribution and corresponding dose rate in high energy storage rings. Most of reported 
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studies have used Monte Carlo simulation techniques to quantify the gas bremsstrahlung 

radiation. The reported experimental studies have highlighted the measurement issues due to 

factors like broad energy range, narrow emission angle of gas bremsstrahlung radiation and also 

due to the interference of accompanying intense synchrotron radiation.  

The gas bremsstrahlung radiation was found to be highly forward-peaked with a characteristic 

emission angle (angle at which the intensity becomes 1/e of the maximum intensity) given as 

follows [30]. 
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Rindi has also reported the measurement of gas bremsstrahlung dose in 1.5 GeV ADONE 

storage ring using LiF thermoluminescent dosimeter (TLD-100), with Co-60 calibration [23]. 

The measurement of gas bremsstrahlung spectrum and depth dose profile inside 30 cm water 

phantom in 2.5 GeV storage ring (Photon factory) using scintillation counter has been reported 

by S. Ban et al in 1987 [29]. Later on in 1989, the authors have extended the work using 

theoretical estimation of gas bremsstrahlung intensity, absorbed dose and shielding requirement 

for storage rings up to 10 GeV [30].  In 1990, a semi-empirical relation for estimating absorbed 

dose rate due to gas bremsstrahlung from storage ring was generated using EGS4 electron-

photon Monte Carlo Code by Tromba and Rindi and is given below [31]. 
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Here E0 = Electron energy (MeV), P = Pressure of the ring (Torr), Patm = Atmospheric Pressure 

(= 760 Torr), I = Beam current (electrons/sec), L = length of straight section (m) and r = distance 

from the centre of the straight section (m).  
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The proposed equation (1.21) was based on data generated for primary electron energies ranging 

from 500 MeV to 10 GeV passing through air target at atmospheric pressure using EGS4 Monte 

Carlo code. In this study, the angular distribution of gas bremsstrahlung photons showed large 

broadening due to multiple scattering of electron with air molecules at atmospheric pressure. But 

in actual case, the number of molecules at ultra high vacuum condition is very less as compared 

to air at atmospheric pressure. Therefore Ferrari et al. in 1993, modified the empirical relation by 

artificially suppressing the multiple Moller scattering effects in air (at atmospheric pressure) 

using FLUKA Monte Carlo code. The empirical relation was established by simulation carried 

out for electron energy ranging between 100 MeV to 1 GeV and straight section lengths of 1 to 

50 m. The suggested empirical expressions for fluence rate and absorbed dose rate are given 

below [32].  
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Where d is the distance of the reference point from the end of the straight section (m).  

In most of the simulation studies, characteristics of gas bremsstrahlung radiation were evaluated 

with air target (at atmospheric pressure) as a representative of vacuum chamber in storage ring 

and the results were normalized to the actual pressure (nTorr) in vacuum chamber. In real 

scenario, the composition of residual gas inside vacuum chamber at ultra high vacuum (UHV) 

condition is significantly different from atmospheric air composition. The composition of 

atmospheric air is dominated by nitrogen whereas, the residual gas inside vacuum chamber is 

dominated by hydrogen and gases containing carbon. In past, few simulation studies attempted to 

generate gas bremsstrahlung radiation in National Synchrotron Radiation Research Center, 
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Taiwan (NSRRC) storage ring and Iranian Light Source Facility, Tehran (ILSF) storage ring for 

the residual gas composition using FLUKA Monte Carlo code [33,34]. The studies were focused 

to evaluate radiation shielding due to gas bremsstrahlung in the respective storage rings. 

However dependency of gas bremsstrahlung dose on residual gas composition has not been 

established for actual vacuum conditions of different storage rings. 

1.3.2 Synchrotron radiation dosimetry 

Radiation dosimetry for synchrotron radiation needs special considerations due to its high 

intensity and low energy spectrum from few keV to about 100 keV. In hard x-ray beamlines, 

samples are exposed to synchrotron beam in air, and hence there exists a potential radiation 

hazard due to primary and scattered radiation around the sample location. The photons in keV 

energy range are highly absorbing and can result in very high skin dose on exposure to direct 

synchrotron beam. Photoelectric effect being the most dominant mechanism of interaction, most 

of the passive detectors shows strong energy response depending on its atomic number and 

energy of the incident photon. Energy and dose response of various radiation detectors like LiF 

based thermoluminescence materials, MOSFET detector and radiochromic films have been 

studied using synchrotron radiation [35-39]. These studies emphasized on the requirement of 

correction factor for accurate dose measurement depending on the energy and intensity of 

radiation in synchrotron beamlines. In addition, TL efficiency, energy attenuation co-efficient, 

light (TL) attenuation coefficients are also important factors in synchrotron dosimetry [36,37]. 

The observed variations in the degree of supralinearity, dose response curves, glow curve 

patterns in various dosimeters like LiF:Mg,Ti, Li2B4O7:Cu, BeO and CaSO4:Tm with incident 

photon energy have emphasized on the requirement for characterization of dosimetry devices in 

synchrotron radiation [38,39]. Thus the calibration of dosimeters through a primary standard 

device like free air ionization chamber [40,41] for low energy photons is essential for dosimetry 
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at synchrotron beamlines. Various standard laboratories like BIPM, NIST, PTB, NPL, ENEA 

etc. have established free air ionization chambers (FAIC) for calibration of dosimetry systems at 

low energy photons in the range 10-50 keV. These are particularly useful for calibration of 

secondary standard detectors used in dosimetry at medical diagnosis and radiotherapy facilities. 

Studies for radiation dosimetry at synchrotron facilities using FAIC are very rare. However a few 

researchers have tried to measure air kerma using free air ionization chamber at synchrotron 

beamlines [41-45]. Absolute air kerma measurement using a free air ionization chamber at 

beamline of ELETTRA synchrotron source has been reported in literature [41]. Various designs 

of FAICs have been established by several standard laboratories for low energy x-ray dosimetry 

but the most commonly used ones are parallel plate type. Synchrotron facility, SPring-8 has 

designed a parallel plate FAIC as an intensity monitor for synchrotron radiation up to 150 keV 

[42]. Depending on the energy and intensity of the radiation field, FAICs have been designed to 

carter radiation dosimetry studies in synchrotron facilities.  

1.3.3 Photo-neutron dosimetry  

The photo-neutron generation in synchrotron beamline has been studied using Monte Carlo 

codes, EGS4, MARS and FLUKA at beamlines of synchrotron sources like APS, SSRL, 

NSRRC, etc. Relative yield of neutrons and neutron dose from lead, copper, iron, tungsten and 

aluminum targets due to for gas bremsstrahlung have been studied for 0.5 to 10 GeV electrons 

[46]. From the study, neutron yield has been found to be proportional to the Z0.8, where Z is the 

atomic number of target. The authors have also pointed out that the relation may not be very 

general for other materials as the observed neutron yield from silicon target (commonly found in 

mirrors and monochromators) was only half of that from an aluminum target. The authors also 

proposed a simple scaling method for estimation of neutron yield and dose in synchrotron 

beamlines from gas bremsstrahlung radiation with the approximations like neutron yield from 
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high Z thick target and fluence to dose conversion factors for giant resonance neutrons only [46]. 

The study has also highlighted the dependence of photo-neutron yield on target (beamline 

components) diameter, angular divergence of gas bremsstrahlung photons, which can vary from 

facility to facility. Few measurements were reported on photo-neutron dose at undulator 

beamlines in NSRRC, SPring-8, APS synchrotron light sources [33,47-49]. Gas bremsstrahlung 

and associated photoneutrons in synchrotron beamlines of SPring-8 (8 GeV, 100 mA) 

synchrotron radiation facility were studied using EGS-4 code [47,48]. The complexities in 

quantification of photo-neutron dose have strongly motivated many researchers for independent 

evaluation of photo-neutron dose in synchrotron beamlines and have been reported in literatures 

[48-51].  

1.4 Radiation shielding evaluation for synchrotron radiation beamlines 

Depending on the beamline components and storage ring parameters, radiation shielding of the 

beamline needs to be evaluated. The intensity, spectral behavior and angular distribution of 

scattered radiation varies from beamline to beamline depending on the radiation source (bending 

magnet or insertion device), usable energy spectrum (white, pink or monochromatic) and the 

beamline optical design. Thus large numbers of independent studies have been performed to 

evaluate the radiation environment and respective shielding requirements for bending magnet 

and insertion device beamlines in synchrotron facilities like APS, NSLS-II, SPring-8, CLS, 

ILSF, etc. For synchrotron beamline shielding design applications, dedicated analytical codes 

like PHOTON and STAC8 have been developed to evaluate synchrotron radiation energy 

spectrum, its scattering effects due to different optical elements and shielding parameters [52-

54]. A comparison study on the analytical codes (STAC8, PHOTON) and Monte Carlo codes 

(FLUKA, EGS4) used in shielding calculations due to synchrotron radiation in bending magnet 

and wiggler beamlines was reported by Liu et al [55]. From the study, STAC8 code was found to 
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have good agreement with FLUKA code in calculating synchrotron spectrum for bending magnet 

beamline at SSRL (3 GeV, 500 mA storage ring), while an underestimation was observed at high 

energy part of the spectrum calculated using PHOTON code. Also from the study, the calculated 

dose equivalent due to scattered synchrotron from silicon mirror showed a good agreement 

between FLUKA and EGS4, whereas STAC8 overestimated the dose by a factor of 2 to 5 and 

PHOTON underestimated [55]. The gas bremsstrahlung stop for undulator beamlines of 7 GeV 

electron synchrotron at Advanced Photon Source (APS) was evaluated using FLUKA Monte 

Carlo code [51]. Based on the study, 18 cm thick tungsten bremsstrahlung shield followed by 15 

cm polyethylene neutron shield has been suggested. Empirical relations for surface dose rate as a 

function of electron beam energy (0.5 GeV to 10 GeV) due to scattered gas bremsstrahlung  

radiation in the angular range 145 to 180 degree in lead, copper, tungsten, silicon and aluminium 

targets have been reported using EGS4 Monte Carlo code [46,56]. Energy distribution of back 

scattered gas bremsstrahlung photons (produced by 3 GeV electrons) from lead target was found 

to be within 10 MeV. Radiation safety design on account of primary/scattered synchrotron 

radiation generated from optical elements of insertion device beamlines at various synchrotron 

facilities has been studied by many researchers using PHOTON code [57,58]. The angular 

distribution of scattered synchrotron radiation from scatterer and the effect of ground shine 

(scattered synchrotron radiation by a concrete floor of the beamline hutch) in SPring-8 (8 GeV, 

100 mA) and X-ray Free electron laser (XFEL: 8 GeV electron Linac, 30 nA) were also 

evaluated using EGS-4 and STAC8 code [59,60]. The shielding requirement for various insertion 

device based beamlines at Canadian Light Source (2.9 GeV, 500 mA) due to secondary gas 

bremsstrahlung radiation generated by beam shutter (Copper), silicon crystal and gas 

bremsstrahlung stop (Lead) etc. were evaluated using EGS-4 code [60-64]. In these simulation 
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studies, shielding evaluation was performed by scoring radiation dose in water phantoms placed 

around the hutch wall. Similarly radiation shielding calculations for the synchrotron beamlines at 

National Synchrotron Light Source (NSLS)-II (3 GeV, 500 mA) were studied using EGS4 and 

STAC8 computer programs assuming 3 cm thick copper and 0.1 cm aluminum as potential 

scatterer for bremsstrahlung and synchrotron radiation [66].  Radiation levels and corresponding 

shielding requirement for experimental hutch due to gas bremsstrahlung and synchrotron 

radiation at 14.35 GeV Free electron laser facility (Linac Coherent Light Source- LCLS) was 

evaluated using FLUKA Monte-Carlo code [67]. FLUKA code was also used in evaluation of 

the shielding requirement for gas bremsstrahlung and synchrotron radiation in beamlines hutches 

of NSLS-II, Stanford Synchrotron Radiation Light source (SSRL), Iranian Light Source Facility 

(ILSF), Shanghai Synchrotron Radiation Facility (SSRF) etc. [68-72]. 

From these studies, it is clear that the radiation scenario in synchrotron beamlines are very 

specific to the facility as it depends on operating condition of storage ring as well as the 

beamline components. The primary radiation has a strong dependency on the storage ring 

parameters whereas, the secondary and scattered radiation are strongly dependent on the 

beamline components. Monte Carlo codes like EGS-4, PHOTON, FLUKA, etc. have been very 

useful for the shielding evaluation of the synchrotron beamlines worldwide. Independent 

evaluation of radiation shielding is essential for mitigating the primary and scattered radiation in 

every synchrotron beamline. 

1.5 Radiation dosimetry at Indus synchrotron facility 

Radiation monitoring and mitigation are essential requirements for running a radiation facility. 

Several studies have been performed in past to assess the impact of high energy radiation on dose 

rates indicated by radiation monitoring systems in Indus synchrotron facility [73-77]. The detail 

description on Indus synchrotron facility is given in Appendix-A. Underestimation of the dose by 
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a factor of 2-4 due to the high-energy bremsstrahlung photon radiation by conventional radiation 

monitors in Indus-1 storage ring (0.45 GeV, 100 mA)  was highlighted by Haridas et al. based on 

depth dose measurements [73,74]. Studies on dose build up in water phantom for Indus-1 and 

Indus-2 (2.5 GeV, 300 mA) electron synchrotrons were also reported in order to evaluate the 

dose received by accidentally trapped radiation worker inside the storage ring area [75]. The 

authors also highlighted the requirement of proper build up medium for absorbed dose 

measurement using bare detectors like thermoluminescent dosimeter (TLD) or thin walled ion 

chamber during accidental beam loss at Indus-1 and Indus-2 storage rings. Measurement of 

direct and transmitted bremsstrahlung spectrum in energy range 300 keV to 12 MeV was 

measured using 50.8 mm x 50.8 mm BGO detector to study the spectral degradation on account 

of hybrid shielding around Indus-1 storage ring. From the study, the average energy of the 

transmitted bremsstrahlung spectrum was found to be 3.3 MeV and hence no build up medium is 

required for radiation monitoring outside the shielding wall. However build up medium is 

essential for dosimetry of unshielded high energy radiations in the storage ring area [76]. 

Bremsstrahlung dose in storage ring area due to accidental beam loss in Indus-1 was also 

experimentally measured using indigenously developed 17 cc cylindrical ion chamber with 5 mm 

perspex wall and found to be 5.69 mGy/event [77].  

Besides area radiation monitoring, personnel dosimetry is another essential part of radiation 

safety program for any radiation facility. Thermoluminescent materials have been extensively 

used worldwide for personnel monitoring because of their wide dose range, stable response in 

varying environmental conditions, reusability, low fading and low cost. In Indus facility, 

personnel monitoring of radiation workers is carried out using CaSO4:Dy based 

thermoluminescence dosimeter (TLD) badge. 
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1.5.1 Personnel dosimetry in Indus synchrotron facility 

CaSO4:Dy based thermoluminescence dosimeter (TLD) badge is the standard personnel 

dosimeter being used all over India in radiation facilities like nuclear reactors, radiation 

processing facilities and accelerator facilities for monitoring photon and beta dose. This badge 

contains three CaSO4:Dy PTFE (Teflon) thermoluminescence (TL) discs (diameter-13 mm and 

thickness-0.8 mm) as the radiation detectors. The TL discs are prepared from a homogeneous 

mixture of CaSO4:Dy phosphor powder mixed with Teflon resin in a weight ratio of 1:3. The 

presence of dopant (Dysprosium) at 0.05 mol % in CaSO4 makes the phosphor highly efficient 

for dosimetry applications. CaSO4:Dy being a high atomic number material is nearly 40 times 

more sensitive for Co-60 gamma rays than most commonly used LiF based TL phosphors [78].  

1.5.1.1 Energy response of the TLD badge 

CaSO4:Dy being a high atomic number material, shows strong energy dependence (over 

response) at low photon energies below 120 keV, due to dominance of photoelectric absorption 

[79-81]. To compensate this over response, metal filters are often used for dosimetry 

applications. The energy response of CaSO4:Dy was studied with various combinations of metal 

filters like aluminium, stainless steel, copper, cadmium, tin and lead [81]. From the study, single 

high Z metal filter was found showing poor energy compensation due to its K-absorption edge 

and thus pointed out that better photon energy compensation can be achieved with filter 

combination of a high Z and a low Z material, (low Z material nearer to the TL disc). Based on 

these important aspects, the filter combination of presently used TLD badge for personnel 

monitoring in India was first reported by Vohra et al. in 1980 [78]. This badge was made up of 

three CaSO4:Dy TL disc fixed on an aluminum card. The card was placed inside a plastic 

enclosure such that the TL discs were placed under different filters [metal (Cu+Al) filter, 

Perspex filter and open window (no filter)] from both front and backside. Three TL discs loaded 
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on the aluminium card are placed inside the plastic cassette. The metal and perspex filter 

combinations helps in discrimination of x-ray, gamma ray and beta particles in mixed radiation 

field. Beta response was studied with 90Sr-90Y (Emax = 2.27 MeV), 32P (Emax = 1.71 MeV) and 

204Tl (Emax = 0.77 MeV) radioactive sources and photon energy response was studied with 

Philips 60Co teletherapy machine, laboratory radium source (for gamma exposure) and Siemens 

deep-therapy x-ray machine (for x-ray exposure). The photon energy dependence of this TLD 

badge was studied in the energy range from 30 keV to 1.25 MeV. With the help of metal filter 

(Combination of copper and aluminium), energy response was modified, with a 65% over-

response at about 60 keV and a 25% under-response at 30 keV, compared to a flat response at 

energies above 200 keV. Response of the TLD badge (Adopted from Ref.[78]) is shown in figure 

1.9. 

 

Figure 1.9: Relative response of TLD badge 
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Later on several algorithms have been proposed to extend energy response of the badge 

especially for low energy photons down to 17 keV [82-85]. Extensive studies in past have shown 

that LiF:Mg,Ti TL material (Zeff = 8.14) was found to have better energy response than 

CaSO4:Dy (Zeff = 15.3) because of its tissue equivalence. The energy response of the CaSO4:Dy 

and LiF:Mg,Ti TL materials has been studied in the x-ray regime of 7 to 35 keV by many 

researchers [86-89]. However the response of the TLD badge has not been subjected to studies 

below 30 keV.  

Response of this TLD badge to high energy photon beams encountered at various medical Linacs 

up to 24 MV (effective photon energy ~ 9 MeV) is available in literature. Increase in response of 

the disc (under metal filter) with increase in photon energy was observed due to the energy 

deposited by the secondary electrons produced from the metal filter. Whereas, the decrease in 

response of the discs (bare and under Perspex filter) were observed with increase in photon beam 

energy due to the lack of build-up medium [90]. This study showed that the uncertainty in dose 

estimation using TLD badge has been found to be within 30% for photon of energy up to 15 MV 

(effective photon energy ~ 6 MeV) and beyond 15 MV, suggested for using suitable correction 

factor based on ratio of absorbed dose in TL disc under different filters. The energy of 

bremsstrahlung photons in the experimental hall of Indus-1 (450 MeV) synchrotron facility was 

measured experimentally using the TLD badge and estimated to be in the range of 1 - 4 MeV by 

using ratio of discs under metal and perspex filters [91]. Similarly study on the response of this 

TLD badge to high energy electron beam up to 18 MeV revealed that the disc under metal filter 

showed higher response than discs (bare and Perspex filter) and also the response of disc under 

metal filter was found to decrease with increase in the energy of the electron beam [92]. The 

studies highlighted the complexity in dose estimation using present TLD badge in high energy 
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synchrotron facilities like Indus-1 and Indus-2 because of the mixed radiation environment of 

high energy photons (E ≥ 15-20 MeV) and high-energy electrons having energy of order of 

hundreds of MeV [92,93]. 

1.5.1.2 Dose response of TLD badge 

In TL dosimetry, absorbed dose is estimated from the TL glow curve i.e. TL intensity as a 

function of temperature. The integrated counts under the glow curve are converted to the 

absorbed dose using calibration factor obtained by exposing to the doses with the standard 

radioactive source like Co-60. The CaSO4:Dy disc (in Teflon matrix) is having dose linearity up 

to 30 Gy and beyond 30 Gy, it shows supralinearity followed by saturation [94,95]. Because of 

low energy and high intensity synchrotron radiation, very high dose of the order of kGy/h is 

encountered in direct exposure to synchrotron radiation. Therefore in high dose exposure 

condition, the supralinearity and/or the saturation effects can lead to over or underestimation of 

actual dose. Study on effect of high dose on glow curve pattern of CaSO4:Dy disc has shown 

minimum variations in the glow curves for doses less than 1 Gy (with a single peak at ~ 222°C), 

however wide variations in the shapes of glow curves were observed in dose range 1  to 1000 

Gy, due to nonlinear growth and shift of high temperature shoulder [96]. Estimation of correct 

dose in the supralinear region (> 30 Gy) was also attempted but with limited success [97]. 

Moreover the TL fading increases with increase in dose and has been found to be ~ 9% for dose 

~1 kGy in CaSO4:Dy disc after one month [98], is also detrimental factor in high dose estimation 

using conventional TL dosimetry technique. Thus the estimation of high dose using CaSO4:Dy 

through conventional TL technique is prone to errors due to many nonlinear effects and needs 

special investigations to overcome these challenges. 
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1.6 Summary and thesis motivations 

The radiation scenario in synchrotron radiation sources is complex due to the presence of 

radiations with different characteristics as mentioned below.  

i) Broad spectral energy range of bremsstrahlung photons up to primary particle energy  

ii) High energy photo neutrons  

iii) Intense synchrotron radiation  

iv) Narrow angular distribution of gas bremsstrahlung and synchrotron radiation 

v) Pulsed nature of radiation  

vi) Mixed radiation environment (photons, neutrons, electrons, positrons) 

The dosimetry of these radiations with conventional detection systems is challenging. 

Underestimation of dose from high energy radiation due to lack of proper dose build up inside 

detector medium also makes the measurement inaccurate. Intense synchrotron beam with broad 

spectral range (up to few tens of keV) and high energy gas bremsstrahlung radiation channeling 

into the beam line, complicate the radiation dosimetry. In addition, there is a wide variation in 

dose level of these radiations. Dose rate in scattered bremsstrahlung radiation can be as low as 

µGy/h whereas, the dose rate in direct synchrotron radiation may be in the range of kGy/h. So 

both sensitivity and the dynamic range of dosimetry devices have to be considered for accurate 

dosimetry in synchrotron beamlines. The complexity is further enhanced when these radiation 

interact with beamline components, producing scattered radiation. Therefore the estimation of 

dose becomes difficult due to uncertainty in the path of radiation and the geometry of the 

scatterer. In the past, several attempts have been made to address these issues, but the successes 

have only been partial. Moreover the magnitude of radiation is quite different for different 

facilities even with same energy and beam current because of the variations in vacuum condition, 
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structural components etc. The requirement of energy response correction in detectors is 

essential for proper estimation of dose especially in synchrotron energy range. Issue of high dose 

dosimetry using TL technique also needs special attention, as dose encountered in synchrotron 

beamlines is of the order of kGy, where conventional dosimetry techniques fail to measure dose 

accurately. The available empirical relation for determination of gas bremsstrahlung dose is 

limited for storage ring up to 1 GeV only. Besides the effect of the residual gases (inside vacuum 

chamber) on gas bremsstrahlung radiation dose are important and needs detail investigation. It is 

also felt from literature survey that there is no standardized radiation dosimetry system existing 

today for the kind of radiation environment in synchrotron beamlines. Energy response of the 

existing personnel dosimetry system in Indus-2 is established for energy range 30 keV to 3 MeV, 

whereas the energy of synchrotron beam regularly used in Indus-2 beamlines is lower than 30 

keV.   

Therefore it is strongly felt that significant amount of experimental and simulation studies are 

required to generate data for understanding radiation environment, addressing radiation 

dosimetry issues and radiation shielding schemes for synchrotron beamlines in 3rd generation 

light sources. The aim of the present work is given as follows: 

1. To study the effect of residual gas composition of storage ring on gas bremsstrahlung dose 

and bring out a suitable relation to estimate dose rate accurately. 

2. To study the energy response of conventional TL dosimeters in synchrotron radiation 

especially in the energy range <30 keV for accurate dose estimation. Also a primary standard 

detector needs to be designed for absolute dosimetry at synchrotron beamlines and calibration 

of various dosimeters. 
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3. To look for an alternative method to TL technique for estimation of high dose from CaSO4:Dy 

dosimeters. 

4.  To quantify radiation dose in Indus-2 synchrotron beamlines and apply them for radiation 

shielding of the beamlines. Also a dedicated synchrotron beamline is required to address the 

gray areas in radiation safety research studies on ozone generation, Linear Energy Transfer 

(LET) for low energy photon, radiobiology, radiation damage of materials etc. 

The thesis is organized in seven chapters and the contents of the chapters are briefly discussed 

below. 

Chapter 1: Synchrotron radiation sources, synchrotron beamlines and the radiation environment 

in synchrotron facilities are discussed. The review status on dosimetry studies for various 

synchrotron radiation beamlines is also discussed. The present status of dosimetry studies at 

synchrotron beamlines of Indus-2 and the gray areas are highlighted. 

Chapter 2: Basic concepts in Monte Carlo simulation and its application in dosimetry using 

FLUKA Monte Carlo code are discussed. Fundamentals of thermoluminescence dosimetry and 

material characterization techniques along with the experimental set-ups used in this study are 

also described.  

Chapter 3: Studies for source term determination of gas bremsstrahlung radiation and the effect 

of residual gas composition on gas bremsstrahlung dose from electron storage rings are 

discussed. Improved empirical relations and their understanding have been described. 

Chapter 4: Experimental and simulation studies performed at synchrotron beamlines of Indus-2 

for quantification of dose due to synchrotron radiation are discussed. Design of a primary 

standard (Free air ionization chamber) for synchrotron dosimetry is also discussed. X-ray 

diffraction (XRD) and X-ray absorption near edge spectroscopy (XANES) studies on CaSO4:Dy 
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material to understand the underline mechanism due to high dose exposure are presented. An 

alternate to TL dosimetry technique for high dose estimation is also discussed.  

Chapter 5: Radiation shielding studies on bending magnet and undulator based synchrotron 

beamlines of Indus-2 are presented.  

Chapter 6: Optical elements of a synchrotron beamline and their design criteria are described. 

The design aspects of a synchrotron beamline on Indus-2, dedicated for radiation physics and 

safety research are presented.  

Chapter 7: The summary and conclusions of the work along with the scope for future work are 

presented in this chapter.  
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Chapter 2 

 

Materials and Methods 

 

2.1 Introduction 

Monte Carlo simulation and the experimental techniques used for the reported work in the thesis 

are described in this chapter. Since FLUKA Monte Carlo code was used extensively in the 

present research work, radiation transport theory used in FLUKA code is discussed. 

Thermoluminescence (TL) dosimeters used in the experiments and their TL mechanism are also 

discussed in detail. Experimental investigations like X-Ray Diffraction (XRD) and X-ray 

Absorption Near Edge Spectroscopy (XANES) techniques using synchrotron radiation at Indus-2 

synchrotron facility are covered briefly in this chapter.  

2.2 Monte Carlo simulation techniques 

Over the years Monte Carlo simulation techniques have found many applications in wide variety 

of scientific studies including radiation dosimetry and shielding. Though Monte Carlo simulation 

technique started initially to study neutron diffusion problems, later on it has been extended to a 

variety of complex problems in most of the branches of science and mathematics. Large numbers 

of computer codes based on Monte Carlo techniques have been developed to address complex 

challenges in quantification of radiation dose and evaluation of shielding in high energy 

accelerators. With advanced modern computers, Monte Carlo codes have given insight to the 

complex problems, a priori. Monte Carlo method is a numerical technique based on random 
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numbers to obtain the sample values for the problem variables. Basic principle of operation 

includes repeated random sampling of probability distribution functions of the problem variables, 

till it converges to the correct solution. The result of Monte Carlo calculation is a possible 

outcome of the process with a finite uncertainty value, which can often be reduced by increasing 

random events of the process. Interactions of radiation with constituents of matter being 

statistical in nature have paved its way into Monte Carlo simulations and packages like EGSnrc 

[99], PENELOPE [100], MCNPX [101], FLUKA [102,103] and GEANT4 [104,105],  etc. have 

been developed and applied for radiation transport calculations. High energy particle accelerators 

facilities around the world have used these Monte Carlo packages to quantify radiation 

environment as well as for radiation shield design. Monte Carlo codes like EGS and PENELOPE 

have limited applications for studying transport of electron, positron and photons only whereas 

codes like MCNPX, GEANT4 and FLUKA are more versatile and can handle large number of 

particles including proton, neutron, muon, neutrino and heavy ion etc. A comparison table 

showing overview and capabilities of these three codes is given in table 2.1. 

Table 2.1: Comparison of MCNPX, GEANT4 and FLUKA MC code [50, 101-105] 

Properties MCNPX GEANT4 FLUKA 

Abbreviation Monte Carlo N-

Particle eXtended 

GEometry ANd 

Tracking 

FLUktuierende 

KAskade 

Lab. affiliation Los Alamos National 

Laboratory 

CERN, IN2P3, INFN, 
KEK, SLAC, 
TRIUMF, ESA 

CERN 

INFN 

Language Fortran 90/C C++ Fortran 77 

Release format Source & binary Source & binary Source & binary 

Input format Free C++ main 

Fixed geometry 

Fixed or free 
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Input cards ~120 - ~85 

Parallel Execution Yes Yes Yes 

Electron energy 

range  (GeV) 

10-6 – 100 GeV  10-6 – 105 GeV 10-5 – 106 GeV 

Scoring Cards 

Flux:            Volume 

          Surface 

 Point/Ring 

Yes 

Yes 

Yes 

Yes 

Limited 

No 

Yes 

Yes 

No 

Current Yes Limited Yes 

Charge Yes Yes Yes 

Particle density Yes Yes No 

Reaction rates Yes No Star (inelastic) 

Energy deposition Yes Yes Yes 

Variance reduction 

Region biasing Yes Yes Yes 

Weight cutoff Yes Yes Yes 

Weight window 

mesh 

Yes Yes Yes 

Energy biasing Yes No Yes 

Applications Nuclear criticality 

safety, Fission and 

fusion reactor, 

decontamination, 

radiation shielding, 

detector design, 

radiation dosimetry, 

medical physics,  

accelerator target 

design, radiography 

etc. 

space and cosmic ray, 

nuclear physics, 

accelerator radiation, 

radiation 

computation, medical 

physics etc. 

Radiation shielding, 

target and detector 

design, accelerator 

radiation, activation 

studies, calorimetry, 

radiation dosimetry, 

medical physics, 

Accelerator Driven 

Systems, cosmic rays, 

neutrino physics, 

radiotherapy etc. 
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2.2.1 Radiation transport in Monte Carlo 

In a typical Monte Carlo radiation transport code, each incident particle travels in discrete steps 

and undergoes various interactions along its way. Occurrence and outcome of the interaction at 

each step are decided through a random sampling (using a pseudo-random number generator) 

from the appropriate probability distributions governing the physical process. Therefore random 

number generator is the heart of any Monte Carlo code and the accuracy of the result depends on 

the randomness in the generated data as well as the probability distribution functions available 

for the problem being modeled. The energy and direction of the resultant particles of the event is 

calculated through random sampling of the appropriate differential cross sections. The secondary 

particles (along with their physical parameters) generated at any event are stored in memory 

bank of the code and are transported in the medium in the same manner [106]. All the particles 

are transported in the system until they reach user defined energy limit (transport cut-off). 

Mathematically, Monte Carlo simulation for particle transport is equivalent to the evaluation of a 

definite integral equation called Boltzmann transport equation. The Boltzmann transport 

equation accounts for changes in the phase space number density. Each particle is represented by 

a point in phase space, where each phase space dimension corresponds to particle’s degrees of 

freedom in space consisting of position (x, y, z) and momentum (px, py, pz ) or in energy and 

direction (E, θ, ø). Sometimes time is also considered as a coordinate or as an independent 

variable. The change in phase space number density can be attributed to either creation/loss of 

particle or motion of the particles in phase space. The Boltzmann equation is a balance equation 

in phase space representing change in phase space density (Ψ) in an infinitesimal phase space 

volume as the difference between all production terms and the destruction terms. The production 

terms include source particles, in-scattering, particle production whereas the destruction terms 
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include absorption, out-scattering, decay etc. Mathematical representation of Boltzmann equation 

is given below [107]. 
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Here x represents the phase space coordinates ( tEr ,,,


) and dx  represents the phase space 

volume. 

dxx)( or dEdtdrdtEr 


),,,( : Particle phase space density defined as density of particles in 

volume rd
 about r


, travelling in direction 


d about 


, with energy dE about E  and at time dt

about t. 

t

x

v 
 )(1

: Time-dependent density change, where v  stands for particle velocity 

)(x


: Density change due to translational movement of the particles into or out of the 

volume of space of interest without change of energy and direction 

)( xt : Absorption, where t  is the total macroscopic cross section (or inverse of the mean free 

path) 

)(xS : Source particles 

 


 ')'()( dxxxx
E

S : Change in density due to collision (or scattering) at x, where S  is the 

macroscopic scattering cross section. This also refers to the production term in the volume of 

interest as it contributes to those particles which are in-scattered.  

Instead of explicitly solving this complex integro-differential equation, Monte Carlo approach 

uses random sampling technique to find the average behavior of the particles inside the medium. 

In Monte Carlo method, each particle is tracked from its birth to death through the defined 
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geometry and the outcome of its interactions (or events) is generated from probability 

distribution functions through random sampling. For simplification, most of Monte Carlo 

transport codes assume homogeneous medium, no interaction among particles (only interactions 

with constituents of medium) [107]. A simple algorithm showing Monte Carlo approach is 

shown in figure 2.1.  

 

 

 

 

 

 

 

 

 

Figure 2.1: Simple algorithm on Monte Carlo approach 

Thus Monte Carlo code is basically a software package, which includes the transport algorithms, 

random number generator, cross section data (for generating probability distribution function), 

wide variety of geometrical shapes or bodies for constructing the physical environment of the 

problem, scoring cards (estimators) and the program for analyzing the outcome of simulation.  

Select source particle ),,( Er 


 

randomly 

Select collision sites )(r


 randomly 
 

Select interaction at collision site 
)(r


  randomly 

 

Select outcome of collision ),( E


 
randomly 

 



Chapter-2 
 

48 
 

The radiation environment in high energy accelerators is highly complex due to the high energy 

radiation (in the form of e±, µ±, protons, neutrons, photons etc), mixed field, high angular 

distribution and pulsed nature of radiation. Thus many times the experimental investigations to 

quantify the radiation levels in these facilities become very much challenging due to the 

limitations in conventional detectors. Therefore Monte Carlo packages are used frequently by the 

accelerator community for solving radiation safety problems. FLUKA Monte Carlo code has 

been used extensively in the research work, reported in this thesis. FLUKA code is chosen for 

the simulation studies as the code is extensively used for accelerator based radiation studies like 

shielding, dosimetry induced radioactivity etc. It also has the capability to transport sixty 

different particles in a wide energy range through complex geometries. The transport of 

synchrotron radiation including its polarisation effects and account for bound electron effects are 

the added advantages of FLUKA code. Special scoring options like dose equivalent using in-

built fluence to dose conversion factors, radioactivity generation for complex irradiation profiles 

are also readily available in FLUKA for radiation safety studies. 

2.2.2 FLUKA Monte Carlo code 

FLUKA (FLUktuirende KAskade), a general purpose Monte Carlo code was developed and is 

being maintained through a joint project between INFN (Istituto Nazionale di Fisica Nucleare, 

Italy) and CERN (European Council for Nuclear Research, Switzerland) [102]. FLUKA is 

capable of transporting about 60 different elementary particles with energy range from thermal 

energy (neutrons), 100 eV (photons), 1 keV (all other particles) to ~ TeV energy through 

different media [102,108,109]. FLUKA also has provisions for transport of charged particle 

under electric and magnetic fields and can handle both polarized (e.g. synchrotron radiation) and 

optical photons (e.g. scintillation). The code has numerous applications in the following fields: 
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calorimetry, radiation detector design, shielding evaluation, radiation dosimetry and activation 

studies, neutrino physics, medical physics, cosmic ray studies, etc. Application of FLUKA in 

radiation shielding, residual activity, beam dump design and response of detectors for radiation 

safety at 7 TeV proton beam accelerator at Large Hadron Collider (LHC), the highest energy 

particle accelerator has accentuated its capabilities [110]. FLUKA code has been developed 

using FORTRAN 77 language. The complete package is handled through an advanced graphical 

user interface called as Flair used for preparation of input, geometry, scoring and visualization of 

results. FLUKA uses combinatorial geometry (CG) package, through which very complex 

geometries can be built using standard geometrical bodies and regions.  The transport of 

electrons, positrons and photons in FLUKA is governed through Elctro-Magnetic FLUKA 

(EMF), which handles all basic interactions like scattering, absorptions, bremsstrahlung 

emission, etc. Transport of low energy neutrons (E < 19.6 MeV) is performed through a 

multigroup algorithm, in which the cross-section library for neutron with energy range from 

thermal to 19.6 MeV is divided into 72 energy groups of approximately equal logarithmic width 

[102,108,109].  

In FLUKA, users are provided with wide range of scoring cards (estimators) such as USRBDX, 

USRBIN, USRTRACK, USRYILED to evaluate various physical quantities like fluence (spatial 

and energy spectrum), dose, radioactivity etc. The Boundary Crossing estimator (USRBDX) is 

used to estimate the double differential fluence or the current of particles as a function of energy, 

angle at a physical boundary between two space regions. The track length estimator 

(USRTRACK) calculates the fluence as a function of energy based on their path lengths within 

the region volume. Mesh binning estimator (USRBIN) provides spatial distribution of physical 

quantities like fluence, dose, activity etc. Estimator (USRYIELD) is used to find angular 
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distribution of particles. FLUKA can directly score dose equivalent by associating the estimators 

with dose equivalent conversion factors through AUXSCORE command. User can also set the 

cut off parameters through commands, PART-THRes (for hadrons and muons), EMFCUT (for 

electrons, positrons and photons) and LOWBIAS (for low-energy neutrons). Therefore FLUKA 

is an advanced versatile Monte Carlo package for solving radiation safety problems. 

2.3 Thermoluminescence dosimetry 

Thermoluminescence (also known as thermally stimulated luminescence) has been well known 

for a long period of time [111,112]. Thermoluminescence (TL) is a two step process, initially 

excitation through ionizing radiation followed by de-excitation in the form of light photons by 

heating. TL due to exposure from x-rays and radioactive substances was reported by Borgman 

[113]. The observed linear proportionality of TL intensity in specific materials with respect to 

the absorbed dose from ionizing radiation, suggested for potential application in radiation 

dosimetry. The application of TL in radiation dosimetry started in 1940s with conclusive works 

of Daniels et al. [114] and Cameron et al. [115] on LiF TL dosimeters. Properties like small 

physical size, availability in wide varieties, reusability, easy handling, wide dose linearity and 

relative energy independence have encouraged radiation professionals to opt for TL dosimetry 

application. In TL dosimetry, TL intensity as a function of temperature (called the glow curve) is 

generated and the area under the curve is calibrated using standard radioactive sources like Co-

60 or Cs-137.  

2.3.1 Principle of thermoluminescence (TL) 

Theoretical model for understanding TL mechanism in materials was first proposed by Randall 

and Wilkins in 1945 [116] and later on improved by Garlick and Gibson in 1948 [117]. The TL 

mechanism is explained through electronic band model of solids [95,118-121]. As per the band 
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model, energy levels in valence band are completely filled with electrons and the conduction 

band is fully empty for insulators and semiconductors. The valence band and conduction band 

are separated by an energy gap called as forbidden band gap (Eg). In perfect crystal, no electrons 

are allowed to move inside the forbidden gap. However, if structural defects or impurities are 

present in the crystal lattice, there are finite localized states in the forbidden gap, where the 

occupancy of electrons is allowed. These metastable states act as trap centres for electrons (or 

holes) and on heating, TL is emitted out due to recombination of these charge carriers with other 

charge carrier of opposite sign at the recombination/luminescent centre. The simplified 

mechanism of TL phenomenon, explained with the help of energy band model, (Adopted from 

Ref [121]) is shown in figure 2.2.  

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Mechanism of thermoluminescence. T and R represent electron and hole trap 

centres, respectively 

Before irradiation, potential electron trap centre (T) and hole trap centre (R) are empty. During 

irradiation, on absorbing energy from radiation (hν > Eg), electrons move from valence band to 

conduction band. The freely moving electrons and holes either recombine with each other or get 
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trapped at respective trap centres. The direct recombination of free electrons and holes through 

emission of light occurs within 10-8 s. However, the charge carriers trapped in localized states, 

remain there for long time. These trapped electrons and holes can be released from the respective 

trap centres through thermal excitation. After releasing from the trap centres, these charge 

carriers move freely inside the crystal and recombine either through direct transition from 

conduction band to valence band or indirectly by recombining with previously trapped charge 

carrier of opposite sign, emitting luminescence. The temperature at which TL emission is 

observed, gives information of the trap depth and the TL intensity under the glow curve indicate 

the amount of carriers trapped at these sites.  

2.3.2 Theory of thermoluminescence  

The simple two level model showing thermoluminescence through indirect transition is shown in 

figure 2.2 above, where T and R represent electron trap centre and hole trap centre (also may act 

as recombination centre). The probability of an electron escaping from the trap centre T per unit 

time is given by Arrhenius equation as follows. 

   










Tk

E
sp

B

exp                       ----------------- (2.2) 

Where, s = Attempt to escape or frequency factor (s-1) 

E= Trap depth or activation energy 

kB = Boltzmann constant ( 8.617 x 10-5 eV/K) 

T = Absolute temperature 

If the trap depth E >> kBTambient, substantial amount of electrons will remain trapped for a long 

period of time after the radiation exposure. During readout, temperature of the TL material is 

increased and thereby the probability of de-trapping and the recombination rate of electrons are 
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increased. Electrons on recombination with trapped hole centres, leaves the centre in excited 

state, following which light photon is emitted during de-excitation to the ground state.  As per 

Randall-Wilkins model, TL intensity )(tI  is proportional to the rate of change of trapped 

electron density (n) at trap centres [116].  

dt

dn
tI )(                              ----------------- (2.3) 

Where,   
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exp                            ----------------- (2.4) 

From equation (2.4), it can be seen that TL intensity, )(tI increases with temperature due to de-

trapping and subsequent recombination of carriers and reaches a maximum as temperature is 

increased. Thereafter the intensity falls and thus the intensity profile (glow curve) shows a peak 

called as glow peak. Usually TL intensity is measured with a linear heating rate, β = dT/dt. 

Therefore the temperature at any instant is given as. 

tTtT ambient )(                      ------------------- (2.5) 

The famous Randall–Wilkins first-order expression of TL intensity at any temperature T’ can be 

given as follows [116,121]. 
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Here n0 is the number density of trapped electrons at t = 0. From equation (2.6), TL intensity 

increases with temperature and reaches a maximum value at temperature Tm and falls afterwards. 

Therefore at the peak temperature Tm, the condition for maxima (dI/dt =0) gives [121]  
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From equation (2.7), it can be seen that peak temperature Tm is independent of n0 and also 

increases with increase in trap depth (E) as more energy is required to release the charge carriers 

from deeper traps. Also, for a given trap depth (E), peak temperature (Tm) increases with increase 

in heating rate (β).  

However, Randall-Wilkins model on thermoluminescence was based on assumption of 

negligible chances of re-trapping of electrons as compared to the chances for recombination 

during heating. In 1948, Garlick and Gibson [117] proposed a new model considering re-

trapping of electrons during heating and because of the retrapping of electrons, the light emission 

is delayed and the glow curve becomes symmetric compared to Randall-Wilkins model. Glow 

curve pattern for CaSO4:Dy and LiF:Mg,Ti TL discs are shown in figure 2.3. 

     

Figure 2.3: Glow curve patterns for CaSO4:Dy and LiF:Mg,Ti TL discs 

2.3.3 Thermoluminescence materials for dosimetry 

Though a large number of materials show thermoluminescence property, only a few of them 

satisfy criteria for dosimetry applications. For dosimetry applications, TL materials should have 

good accuracy, high sensitivity, low fading, dose linearity and minimum energy dependency. 
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Commonly used TL phosphors in dosimetry include lithium fluoride (LiF), lithium borate 

(Li2B4O7), magnesium borate (MgB4O7), calcium fluoride (CaF2), calcium sulphate (CaSO4), 

beryllium oxide (BeO), aluminium oxide (Al2O3), etc. with suitable dopants. The comprehensive 

discussions regarding preparation and properties of these TL materials are available in literature 

[94, 95, 122, 123]. Some of the important characteristics of the popular TL materaials are given 

in table 2.2 [95]. In personnel dosimetry, the dose is assigned to radiation worker based on the 

TL output from the dosimeter which depends on the energy absorbed in the material. Thus in 

order to have better match between the energy absorbed in the material and the human body, it is 

preferred that the material shall be tissue equivalent i.e. the effective atomic number [124] of the 

material should be close to the effective atomic number of human tissue. Depending on the 

radiation qualities, like energy range and dose range, TL materials should be suitably selected for 

dosimetry applications.  

Table 2.2: Comparison of important characteristics of the TL materials [95] 

Phosphor Glow peak 

temperature 

(oC) 

Effective 

atomic 

number (Zeff) 

Sensitivity Linear dose 

range (Gy) 

Thermal 

fading 

LiF:Mg,Ti 210 8.14 1.0 5 x 10-5 - 1 ~5-10% 

per year 

LiF:Mg,Cu,P 232 8.14 25 10-6 - 10 - 

Li2B4O7:Mn 210 7.4 0.4 10-4 - 3 5% in 60 

days 

Li2B4O7:Cu 205 7.4 8 10-4 - 1000 25% in 60 

days 

MgB4O7:Dy/Tm:X 210 8.4 7 10-5 - 1 10% in 60 

days 

CaF2:Dy 200 

240 

16.3 16 10-5 - 10 25% in 4 

weeks 
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CaSO4:Dy 220 15.3 30 10-6 - 30 7-30% in 

6 months 

BeO 180-220 7.13 3 10-4 - 5 x 10-1 7% in 2 

months 

Al2O3 250 10.2 5 10-4 - 1 5% in 1 

month 

 

In India, monitoring of radiation workers in various radiation facilities is being carried out with 

CaSO4:Dy PTFE (Teflon) based thermoluminescence dosimeter (TLD) badges [78,84,85]. This 

badge is used for monitoring dose due to β particles, x-rays, and γ-rays. Dysprosium (Dy) acts as 

the dopant and is added to CaSO4 matrix at a level of approximately 0.05 mol% to prepare 

CaSO4:Dy TL phosphor powder [89]. This phosphor has high TL sensitivity, simple glow curve 

structure, low fading (about 5% in 6 months) and easy to prepare. Being developed indigenously, 

it is cost effective for large scale personnel monitoring. To prepare CaSO4:Dy Teflon embedded 

disc, phosphor powder is physically mixed with Teflon  at liquid N2 temperature in a weight ratio 

of 1:3 followed by cold pressing and annealing at ~400 oC uniformly. Annealing makes the disc 

rugged and easy to handle. The CaSO4:Dy disc (in Teflon matrix) is having dose linearity up to 

30 Gy and beyond that, it shows nonlinear trend i.e. supralinearity followed by saturation [94, 

95].   

2.3.4 Thermoluminescence in CaSO4:Dy 

The first proposed model by Nambi et al. [125] for understanding TL mechanism in CaSO4:Dy 

was based on the TL emission spectra and electrons spin resonance (ESR) studies on different 

rare earth doped CaSO4 material. According to this model, Dy3+ present in CaSO4:Dy phosphor 

act as an electron trap centres and anion radicals like 
234 ,, SOSOSO  and 

3O etc act as hole 

trapping sites. On gamma irradiation, Dy3+ state reduces to the Dy2+ state through electron 
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trapping and holes get trapped at hole trap centres. During readout through thermal activation, 

the holes get released from the anion radical sites and recombine either with trapped electrons at 

Dy2+ sites or at some unidentified host centres. As a result excited Dy3+ states are created through 

direct recombination or indirect transfer of energy (by resonance transfer or tunneling) to Dy2+ 

ions. These excited Dy3+ states emit characteristic light photons on returning to ground state and 

thermoluminescence results. Pictorial depiction of proposed redox model for understanding TL 

mechanism in CaSO4:Dy is shown in figure 2.4. 

 

 

 

 

 

 

Figure 2.4: Nambi’s redox model for thermoluminescence in CaSO4:Dy 

The reduction of Dy3+ to Dy2+ during gamma irradiation was observed in optical absorption 

studies [126]. Studies on TL emission spectra have confirmed the emission lines due to 

characteristic transitions of Dy3+ ion, through 2/15
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states during gamma irradiation and also reduction of a small percentage (< 1 %) of total Dy3+ to 

Dy2+ was observed through optical absorption studies [127].  

Later on Morgan and Stoebe proposed another model to explain TL mechanism in CaSO4:Dy 

based on optical absorption studies [129]. From the study, it was observed that gamma 
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irradiation produces 
3234 ,,, OSOSOSO and O radicals in CaSO4:Dy, only when Dy2+ is present 

in sample since gamma irradiated undoped CaSO4 sample shows 
4SO absorption line only. 

Study also revealed absence of the absorption peaks in annealed CaSO4:Dy samples, establishing 

the fact of oxidation of Dy2+ to Dy3+ by thermal treatment. Therefore the authors suggested a 

new model in which the energy transfer is occurring between an unidentified recombination 

centre to a nearby Dy3+ state and the final luminescence results from the relaxation of excited 

Dy3+ state to ground state.  The suggested model for TL mechanism in CaSO4:Dy is depicted in 

figure 2.5. 

 

 

 

 

 

 

 

Figure 2.5: Stoebe’s model for thermoluminescence in CaSO4:Dy 

2.4 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive technique in material science used for structural 

characterization of crystalline materials in terms of structure, phase identification, particle size, 

micro-strain etc. Atoms in a crystal are arranged in a periodic manner and will scatter the 

incident x-ray radiation in specific directions. The interference of these scattered waves form 

sharp maxima called as Bragg peaks. The pattern thus obtained is called as diffraction pattern 

and represents the periodicity of atoms within the crystal. The pictorial representation of XRD is 
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Figure 2.6: Schematic showing diffraction of X-ray radiation from a crystal 

The angular position of Bragg peak (2θhkl) is related to the inter-planar distance (dhkl) by Bragg’s 

law of diffraction and is given below. 

 nd hklhkl sin2                       ----------------- (2.8) 

Where, dhkl  = spacing between lattice planes (h k l) ; h, k and l represent miller indices 

2θhkl = angle of diffraction 

λ = wavelength of x-ray  

n = integer called the order of diffraction 

In an experiment by using a monochromatic x-ray beam, information on dhkl can be obtained 

through scanning the crystal at different incidence angles and measuring θhkl. Positions of Bragg 

peaks give information about the space group (i.e. structure of lattice) in crystal whereas the 

relative intensities of different peaks give information about of the basis (i.e. group of atoms or 

molecule at lattice point). Width of diffraction peaks provides information on the particle size 

and the micro-strain in crystal. In this work, structural information of CaSO4:Dy powder samples 

has been studied at Angle Dispersive X-ray Diffraction (ADXRD) beamline at Indus-2 

synchrotron radiation source.  
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2.4.1 Angle Dispersive X-ray Diffraction (ADXRD) beamline in Indus-2 

ADXRD beamline is set up at bending magnet port (BL-12) and used for high resolution x-ray 

diffraction experiments on single crystal and polycrystalline samples. The beamline optics 

consists of slit systems, plane bendable pre-mirror, double crystal monochromator (DCM) and a 

post-mirror system (similar to pre-mirror). The pre-mirror system focuses (or collimates) 

synchrotron beam in the meridional direction. The DCM is based on Si (111) crystal pair used to 

monochromatise the synchrotron beam and focus the synchrotron beam in sagittal direction to 

the experimental station. Focused beam from post-mirror system reaches the experimental 

system through a precision slit system. Experimental station of beamline has dual experimental 

stations for XRD measurements: the first one is a six circle diffractometer (Huber model 5020) 

with NaI(Tl) scintillation detector and the second one is an  image plate (Mar 345) area detector. 

The experimental stations are shown in figure 2.7. An ionization chamber is installed before the 

experimental station to measure the flux of incident beam [130]. We have used image plate area 

detector for XRD measurement of CaSO4:Dy powder samples. The XRD pattern obtained 

through the image plate is in the form of circular rings (Deby-Scherrer rings). These rings in 

image plate are converted into conventional intensity versus 2θ pattern using Fit2D software 

[131]. The wavelength (λ) of incident beam and the sample to detector distance (D) required to 

generate I(2θ)  pattern are accurately calibrated using XRD pattern of LaB6 NIST standard. 



Chapter-2 
 

61 
 

  

Figure 2.7: Experimental station having (a) diffractometer with NaI(Tl) detector and (b) 

image plate (Mar 345 area detector) 

2.5 X-Ray Absorption Near Edge Structure (XANES) Spectroscopy 

The X-ray Absorption Spectroscopy (XAS) represents absorption coefficient as function of 

photon energy as shown in figure 2.8. It consists of absorption edge characterized by sharp 

increase in absorption coefficient and some features (up to ~40 eV from the edge). This part is 

called X-Ray Absorption Near Edge Structure (XANES). Absorption coefficient beyond 50 eV 

to approximately 1000 eV (from the absorption edge) shows oscillating behavior and the 

oscillations are termed as Extended X-ray Absorption Fine Structure (EXAFS). The EXAFS part 

of the spectrum gives structural information like the co-ordination number, co-ordination length 

etc. of nearest neighbor of the absorbing atom. The XANES part gives information on the 

average oxidation state of the absorbing atom, geometry in which the absorbing ion is placed and 

density of states information on the unoccupied electronic states. 

 

 

 

(a) (b) 
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Figure 2.8: Typical X-ray absorption spectrum 

In XANES part of the spectrum, sharp rise in absorbance is observed due to the transition of core 

level electrons to continuum or unoccupied bound states by the absorption of an incident photon 

and is called as white line. In some cases, small peak like structure (called as pre edge) is 

observed just before the start of the white line and is primarily due to weak quadrupolar 

transitions of electrons to empty bound states inside the sample. Though the transition 

probability is controlled by dipolar selection rules, the pre-edge features are relatively weak in 

intensity because of forbidden (very small probable) transitions.  

XAS measurements can be performed in three modes, viz. transmission, fluorescence and total 

electron yield. The experimental set up is shown in figure 2.9. In the transmission mode, 

absorption curve is generated using two identical ion chambers, measuring incident and 

transmitted flux (in terms of ion current). For thick and low doping samples, fluorescence mode 

is preferred and similarly for soft X-ray beam energies, total electron yield from the sample are 

recorded to generate absorption spectrum.   
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Figure 2.9: Experimental set up for XAS measurement at synchrotron beamline 

For this reported work, XANES technique is used for studying behavior of CaSO4:Dy samples at 

ADXRD beamline (BL-12), Indus-2. Since the samples are thick disc (800 µm) and the doping 

concentration is small, the fluorescence mode is chosen for XANES measurement. Vortex silicon 

drift detector (SDD) is used to measure the fluorescence from the sample. Since SDD is an 

energy dispersive detector, during the measurement suitable channel in the detector is selected 

with maximum fluorescence yield. The total counts observed in the selected channels with 

respect to the current in ion chamber are recorded to generate XANES spectrum. 
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Chapter 3 

 

Gas bremsstrahlung radiation dosimetry studies 

 

3.1 Introduction 

In synchrotron radiation sources, relativistic electrons are circulated inside storage ring to 

produce synchrotron radiation. The storage rings are maintained at ultra high vacuum (nTorr) to 

reduce electron beam loss due to scattering with gas molecules in the vacuum chamber. Inelastic 

scattering of electrons with residual gas molecules will produce bremsstrahlung radiation and is 

called as gas bremsstrahlung. The gas bremsstrahlung photons channel to beamline along with 

the synchrotron radiation (see figure 1.4) and pose radiation hazard to beamline users. Because 

of the higher energies compared to synchrotron photons, the gas bremsstrahlung requires special 

attention for their mitigation. Also these photons on further interaction with the beamline 

components produce scattered photons and photo-neutrons, which complicate the radiation 

environment in synchrotron beamline. Hence gas bremsstrahlung is treated as major radiation 

hazard in synchrotron beamlines.  

The gas bremsstrahlung radiation is similar to a thin target bremsstrahlung and is emitted out in a 

very narrow cone (~mrad). Because of strong angular distribution, broad energy range and 

accompanying high intense synchrotron radiation, gas bremsstrahlung poses challenges in 

detection and measurement. Monte Carlo techniques are extensively used to simulate gas 

bremsstrahlung radiation and evaluation of shielding requirements for synchrotron beamlines 
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worldwide. The empirical relation (equation 1.21) for absorbed dose rate was deduced by 

Tromba et al. is for electron energy ranging from 500 MeV to 10 GeV passing through air target 

at atmospheric pressure using the Monte Carlo code, EGS4 [31]. In this study, the angular 

distribution of gas bremsstrahlung photons showed larger broadening due to multiple scattering 

of electrons with air molecules [32,51]. With the suppression of multiple Moller scattering 

effects at atmospheric pressure, the empirical relation was later modified using FLUKA Monte 

Carlo code for electron energy range from 100 MeV to 1 GeV [32]. Because of highly forward 

peaked nature, the authors have used scoring areas 0.59, 0.16 and 0.0059 cm2 for electron 

energies 100, 250 and 500-1000 MeV, respectively for calculating fluence of bremsstrahlung 

photons. A similar study for the estimation of gas bremsstrahlung dose at Advanced Photon 

Source has used scoring radius of 0.02 cm for 7 GeV positron beam passing through 15 m 

straight section using FLUKA code [51]. The decrease in scoring radius increases absorbed dose 

and simultaneously the computation time also increases to reduce statistical error. The scoring 

radius should be large enough to save computation time and simultaneously small enough to 

avoid underestimation of fluence and absorbed dose [32,51]. Therefore optimization of the 

scoring radius is desirable for gas bremsstrahlung dose estimation. The above studies have 

pointed out the importance of the optimization of scoring radius for estimation of gas 

bremsstrahlung dose.  

The reported empirical relations for the estimation gas bremsstrahlung dose were based on the 

simulation studies with air at atmospheric pressure in the straight section. In real scenario, the 

composition of gas inside the vacuum chamber at ultra high vacuum (UHV) condition is 

significantly different from that of air because of the different evacuation efficiencies for 

different gas molecules while pumping. Composition of air at atmospheric pressure is dominated 
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by nitrogen (78%) followed by oxygen (21%) whereas the composition of residual gas inside 

storage ring at UHV condition is dominated by hydrogen. Some of the recent studies had 

attempted to simulate gas bremsstrahlung radiation for actual residual gas composition in 

synchrotron storage rings of National Synchrotron Radiation Research Center (NSRRC), Taiwan 

and Iranian Light Source Facility (ILSF), Iran using FLUKA Monte Carlo code [33,34]. These 

studies were more focused to generate gas bremsstrahlung radiation properties specific to the 

facilities. However no systematic study was reported on gas bremsstrahlung dose with respect to 

actual vacuum conditions of the storage ring. 

From literature survey, it has been found that there is a lack of empirical relation for gas 

bremsstrahlung dose estimation for medium energy electron storage rings (E0 >1 GeV). Also the 

effect of residual gas composition on gas bremsstrahlung radiation has not been properly 

addressed. Therefore in the present work,  

i) Benchmarking of the simulation methodology for gas bremsstrahlung radiation is 

performed with reference to reported data for 7 GeV positron storage ring at Advanced 

Photon Source. 

ii) Spectral and angular behavior of gas bremsstrahlung radiation for electron storage rings (1 

GeV < E0 < 5 GeV) is studied using FLUKA code and an empirical relation for gas 

bremsstrahlung dose is then deduced for medium energy electron storage rings.  

iii) FLUKA simulation studies are performed to investigate the effects on energy distribution, 

angular distribution and absorbed dose rate of gas bremsstrahlung due to different residual 

gas molecules and their mixtures. From the study, a modified empirical relation is deduced 

for estimation of gas bremsstrahlung dose for actual residual gas mixture.  

These studies are then applied to Indus-2 storage ring for evaluating gas bremsstrahlung dose. 
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3.2 Benchmarking studies on simulation of gas bremsstrahlung radiation using FLUKA  

To validate the simulation methodology, a benchmark study is performed for gas bremsstrahlung 

radiation due to 7 GeV positron using FLUKA Monte Carlo code and the results are compared to 

the published data for 7 GeV positron storage ring at Advanced Photon Source (APS) by Ipe et 

al. (1994) [51]. 

The simulation geometry is made based on the design parameters of Advanced Photon Source 

(APS) [beam energy = 7 GeV, length of the straight section = 15 m and distance of the 

experimental station of the beamline (scoring medium: tissue phantom) from the start of the 

straight section = 32.6 m]. Pencil beam of positron (E0 = 7 GeV) is allowed to pass through air 

target of length 15 m (radius = 5 cm) to generate gas bremsstrahlung radiation. 30 cm thick 

ICRU tissue phantom is used to score depth dose profile. The ICRU tissue [132] comprises of 

four elements: Hydrogen (10.12%), Carbon (11.1%), Nitrogen (2.6%) and Oxygen (76.18%). 

The simulation geometry is shown in figure 3.1.  

 

Figure 3.1: Geometry used in FLUKA simulation for benchmark study 

In actual scenario, the positron beam particles are bent by the dipole magnet of the storage ring 

and thus will not travel down the synchrotron beamline. Therefore in the simulation, positrons 

are killed intentionally at the end of the straight section using a high transport cut-off equal to the 
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incident energy in order to avoid its contribution to gas bremsstrahlung dose. Transport cut-offs 

for photon and electron/positron are set as 1 and 10 keV, respectively in air and tissue phantom. 

Pressure of air in the straight section is set at 1 atmosphere (760 torr) to produce sufficient 

interactions and reduce statistical error. The corresponding results are then normalized to 

vacuum pressure (~ 1 nTorr) in the straight section. The interaction probability through multiple 

scattering events is very low at ~nTorr pressure as the number of gas molecules is significantly 

lower as compared to that for 1 atmospheric pressure. Therefore multiple scattering effects at 

atmospheric pressure are intentionally suppressed for all the simulation studies by setting 

threshold for Moller scattering of electrons at 10 MeV, minimizing the angular divergence due to 

the production of δ-rays [32].  

Gas bremsstrahlung is highly forward peaked in nature and hence the scoring radius plays a 

crucial role in dose estimation. Scoring radius is the radius of the scoring area of the detector 

(tissue phantom) used for estimation of the dose. The scoring radii (r = 0.4 cm and 0.02 cm) are 

used in order to benchmark the depth dose profile reported by Ipe et al. [51]. The gas 

bremsstrahlung spectrum, effect of scoring radius on gas bremsstrahlung dose rate, effect of 

suppression of multiple scattering on depth dose profile and radial dose profile are compared to 

the published data and shown in figure 3.2 to figure-3.5.  
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Figure 3.2: Gas bremsstrahlung spectrum from 7 GeV positron beam for L = 15 m  

 

Figure 3.3: Depth dose profile inside tissue phantom for scoring radius 0.02 and 0.4 cm 
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Figure 3.4: Effect of suppression of multiple scattering (M.S.) on depth dose profile  

 

Figure 3.5: Effect of multiple scattering on radial dose distribution in tissue phantom 
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The gas bremsstrahlung spectrum is found to be extending up to the incident beam energy and 

dose build up in tissue phantom due to high energy photons are clearly visible in figure 3.3 and 

figure 3.4. Increase in dose due to the suppression of multiple scattering events in air target (refer 

figure 3.4 and figure 3.5) is also an important observation from the simulation study. In the 

benchmarking study, the results obtained are found to be in very good agreement with the 

published data. The small variation in the data points for without multiple scattering cases may 

be attributed to the Roger’s dose conversion factors used by Ipe et al. whereas in the present 

work only absorbed energy in the medium is scored for the estimation of the dose. Based on the 

study, the optimized parameters for simulation on gas bremsstrahlung radiation are listed in table 

3.1.  

Table 3.1: Optimised parameters for studying gas bremsstrahlung radiation 

Parameters Values 

Target gas Air 

Pressure of gas 1 atm ( = 760 Torr) 

Tissue phantom Dimension: Length = 30  cm & Radius = 15 cm 

Composition:   Hydrogen (10.12%); Carbon (11.1%); 

                       Nitrogen (2.6%); Oxygen (76.18%) 

Transport cutoff#  

Electron and Positron 

Photon 

 

10 keV (Air target & ICRU Tissue) 

1 keV (Air target & ICRU Tissue) 

Threshold for Moller scattering  10 MeV 
#Note: Transport cut off for beam particles at the end of air target (killing region) is set as the 

incident beam energy. 

 

 



Chapter-3 
 

72 

3.3 Simulation of gas bremsstrahlung dose for medium energy electron storage rings 

The angular distribution and depth dose profile for gas bremsstrahlung radiation due to 1 to 5 

GeV electron beam passing through straight section lengths in the range 1 to 10 m are studied 

using FLUKA. Simulation parameters are given in table 3.1. The bremsstrahlung spectrum, 

angular distribution and absorbed energy density are scored using USRBDX, USRYIELD and 

USRBIN scoring cards, respectively. The scoring area for dose calculation in tissue phantom is 

decided based on the angular divergence of gas bremsstrahlung radiation. The statistical 

uncertainties in simulated data achieved are within ± 7.4%.  

Angular distribution of the gas bremsstrahlung radiation in tissue phantom for 1 m straight 

section due to 1 to 5 GeV electron beam is shown in figure 3.6. 

 

Figure 3.6: Angular distribution of the gas bremsstrahlung radiation 

Figure 3.6 reflects the sharp angular behavior of gas bremsstrahlung radiation confined within a 

cone of 1 mrad angle and beyond the emission cone, there is very small number of photons 
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leading to high statistical uncertainties. The angular distribution shows a nearly flat region up to 

0.1 mrad emission angle for beam energies up to 3 GeV. Therefore using 0.1 mrad as an 

optimized scoring angle, the scoring radius for dose estimation in tissue phantom is calculated 

using the expression  

)()(1.0)( mdmradmmr                 ----------------- (3.1) 

Here d is the distance of tissue phantom from end of the straight section.  

The gas bremsstrahlung dose rate due to electron beam (E0 = 1 to 3 GeV) for different straight 

section lengths (L = 1 to 10 m) and target to detector distances (d = 1 to 50 m) are generated. 

Absorbed dose rate as a function of the parameter L/d(L+d) is shown in figure 3.7. 

 

Figure 3.7: Absorbed dose rate as a function of L/d(L+d) for 1 to 3 GeV electron beam 

[normalized to 300 mA (1.875 x 1018 e-/s)] 
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The dependence on the geometry is reported to have a good correlation with the observed 

bremsstrahlung dose data in terms L/d(L+d) (Refer equation 1.23). The fit of the data points 

(figure 3.7) gives an empirical formula for absorbed dose rate, which is applicable for electron 

(E0 = 1 to 3 GeV), length of straight section (L = 1 to 10 m) and target to detector distance (d = 1 

to 50 m), is given in equation 3.2. 
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Here E0 = Energy of electron (MeV), mc2 = Rest mass energy of electron = 0.511 MeV, L = 

Length of the straight section (m), d = Distance from the end of straight section (m), I = Beam 

current (e-/s), P = Pressure inside the straight section (Torr), P0 = 1.33 х 10-7 Pa (10-9 Torr). The 

corresponding co-efficient, exponent for energy and length terms in the expression (refer 

equation-1.23) reported in literature [32] are 2.5  х 10-27, 2.67 and 1.0 respectively.  

3.3.1 Comparison with experimental data  

For validation of the simulation methodology and proposed empirical relation, the obtained 

absorbed dose data are compared with the available experimental data for ADONE storage ring 

[32, 23] and are shown in table 3.2. For comparison, the dose data for the experiment conditions 

(as per the literature) are also simulated using FLUKA code and are listed in table 3.2. 
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Table 3.2: Comparison of simulated gas bremsstrahlung dose with experiments 

Experimental 

condition at 

ADONE storage ring 

Absorbed dose rate 

(x 10-5 Gy/h-mA) 

Experimental 

result 

Present rtudy 

(FLUKA 

Simulation) 

Proposed 

empirical 

relation 

(Eq. 3.2) 

Ferrari et al.  

(1993) 

(Eq. 1.23 ) 

E = 1500 MeV, L= 6 m,  

d =15 m,  P = 1 nTorr  

(with 0.5 mm Cu as 

synchrotron stopper) 

20.0 

(with 0.5 mm 

Cu as 

synchrotron 

stopper) 

24.6  

 

(with 0.5 mm Cu 

& r = 1.5 mm)  

11.8 

(without any 

intervening 

medium) 

54.0  

(without any 

intervening 

medium) 

E = 550 MeV, L= 6 m,  

d = 9 m,  P = 1 nTorr  

(with 12 mm SS as 

synchrotron stopper) 

2.30  

(with 12 mm 

SS as 

synchrotron 

stopper) 

3.47  

 

(with 12 mm SS 

& r = 0.9 mm)  

3.32 

(without any 

intervening 

medium) 

8.65 

(without any 

intervening 

medium) 

The simulated data are found to have a good match with the reported experimental data whereas, 

the data obtained using the expression (equation 1.23) suggested by Ferrari et al. are showing 

quite higher values. The difference in absorbed dose rate from the proposed empirical relation 

with respect to the experimental data may be attributed to the effect of intervening medium used 

during the experiment. In high energy regime, photon while interacting with the intervening 

medium is expected to give higher dose due to cascade effect. 

3.3.2 Application of the study for Indus-2 

This study is extended to evaluate the gas bremsstrahlung radiation from 2.5 GeV storage ring 

(Indus-2). Applying this methodology, energy spectrum and photon fluence as a function of 
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straight section length (L = 1 to 10 m) are evaluated and are shown in figure 3.8 and 3.9 

respectively.  

 

Figure 3.8: Gas bremsstrahlung spectrum as a function of straight section length 

 

Figure 3.9: Gas bremsstrahlung photon fluence as a function of straight section length 
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The energy of bremsstrahlung photons is found up to 2.5 GeV and a linear rise in photon fluence 

with increase in straight section length is observed. Because of strong photoelectric absorption 

by air molecules like oxygen, fall in fluence for photon energies less than 20 keV is observed in 

the energy spectra. The behaviour is in agreement with reported result [33]. The variation of 

fluence with photon energy shows approximately k-1 dependency, where k is the photon energy 

and can be attributed to thin target bremsstrahlung spectrum [46]. Since the air target thicknesses 

(1 – 10 m) are much smaller than the radiation length (~300 m) in air [133] the resulting 

bremsstrahlung emission is similar to that from a thin target.  The variation of absorbed dose as a 

function of distance of tissue phantom for straight section length varying between 1 to 10 m is 

shown in figure 3.10. Comparison of absorbed dose as a function of [L/d(L+d)] obtained from 

the present study and that obtained from the empirical relation suggested by Ferrari et al. [32] is 

shown in figure 3.11.  

 
Figure 3.10: Absorbed dose rate as a function of distance from straight section (E0 = 2.5 GeV, 

I = 300 mA) 
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Figure 3.11: Comparison of simulated data and the proposed empirical relation to that of 

Ferrari et.al. (1993) 

From the figures, it is observed that the absorbed dose rate calculated using the empirical relation 

(equation 1.23) suggested by Ferrari et al. is showing higher values than the estimated dose rate 

in the present work. The difference in the values can be attributed to the following reasons 

i) The energy dependency of E1.92 in the proposed empirical relation is significantly different 

from E2.67 reported by Ferrari et al. 

ii) The energy validity of the Ferrari’s empirical relation is only up to 1 GeV. 

iii) Optimized scoring area (based on constant emission angle of 0.1 mrad) is used in the present 

study. 

The simulated absorbed dose data at larger values of L/d(L+d) are found to underestimate the 

data obtained using empirical relation (equation 1.23) which can be attributed to the smaller 

scoring radius (as d is small) leading to higher uncertainties.   
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From this study, it is concluded that determining scoring radius using emission angle (0.1 mrad) 

for electron storage rings up to 3 GeV is a reasonable and practical approach for determining the 

gas bremsstrahlung dose.  

3.4 Effect of residual gas molecules on gas bremsstrahlung radiation 

This study is attempted to investigate the dependency of residual gas composition on gas 

bremsstrahlung energy spectrum, angular distribution and dose. Simulation studies in respect of 

these parameters are performed with residual gas molecules like H2, CH4, CO, N2, CO, O2 and 

CO2 (actually present in storage rings at ultra high vacuum) independently for medium energy 

electron storage rings with different straight section lengths using FLUKA Monte Carlo code. In 

addition, the studies are performed with residual gas mixture present inside vacuum chamber of 

NSRRC (Taiwan) and Indus-2 (India) storage rings to establish an empirical relation for 

calculation of gas bremsstrahlung dose rate.  

3.4.1 Residual gas composition in electron storage rings 

In Indus-2 storage ring, 15 numbers of residual gas analysers (LEDA-MASS, UK) are installed 

for monitoring of residual gas composition and leak detection [134]. The composition of residual 

gas in Indus-2 storage is measured using RGA installed on downstream of undulator vacuum 

chamber (straight section). The gas composition obtained for Indus-2 along with data from 

NSRRC and ILSF storage rings [33, 34] and that of air are listed in table 3.3. The corresponding 

volume fraction is graphically shown in figure 3.12.  
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Table 3.3: Composition of residual gas in electron storage rings (in comparison with air) 
Residual gas Volume fraction (%) 

Indus-2 (India) NSRRC (Taiwan) ILSF (Iran) Air 

H2 78.51 93.00 80.00 - 

CO 13.77 4.40 12.00 - 

CO2 2.75 1.20 5.00 0.039 

CH4 2.51 0.90 2.00 - 

H2O 2.23 0.50 0.50 - 

N2 0.20 - - 78.09 

O2 0.03 - - 20.95 

Ar - - 0.50 0.93 

 
Figure 3.12: Composition of residual gases in Indus-2, NSRRC and ILSF storage rings in 

comparison with air 

The measured RGA data of Indus-2 storage ring indicate maximum volume fraction of H2 (78.51 

%) followed by CO (13.77 %), CH4, CO2, water vapor (~2.5 %) and N2 and O2 in traces. This is 

in contrast with composition of air, which is used worldwide for the calculation of 

bremsstrahlung dose rate from electron storage rings. Though the residual gas composition in 
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ILSF and NSRRC storage rings is different from that of Indus-2 storage ring, primarily the 

composition is dominated by hydrogen followed by gases containing carbon similar to Indus-2. It 

is also to be highlighted that the residual gas composition does not remain constant throughout 

the storage ring at ultra high vacuum (UHV) condition but changes from one position to another 

depending on vacuum load, pumping speed and degassing rate of chamber material.  

Effective atomic number of gaseous composition is calculated using the following relation 

[19,135]. 
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                      ----------------- (3.3) 

Here Zi, Ai and ai represent atomic number, atomic mass and mass fraction of ith constituent 

element respectively. Effective atomic number (Zeff) and molecular mass (A) of the gaseous 

compositions are listed in table 3.4. 

Table 3.4: Effective atomic number of residual gas and gas mixtures 

Residual gas/ 

gaseous mixtures 

Effective atomic 

number (Zeff) 

Density  

(g/cc) 

Molecular mass (A) 

(g/mol) Zeff* A 

H2 1 8.99E-05 2.02 2.02 

CH4 4 6.67E-04 16.04 64.16 

N2 7 1.25E-03 28.02 196.14 

CO 7.14 1.17E-03 28 199.92 

O2 8 1.43E-03 32 256.00 

CO2 7.45 1.25E-03 44.01 327.87 

Air 7.36 1.21E-03 28.97 213.22 

NSRRC Res gas 2.2 1.73E-04 3.87 8.51 

Indus-2 Res gas 3.86 3.36E-04 7.52 29.03 
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Effective atomic numbers of residual gaseous composition in different storage rigs are different 

from each other as well as to that of air. Therefore in the simulation study, variation in gas 

bremsstrahlung radiation characteristics with respect to the primary beam energy, length of 

straight section, distance from the straight section and the composition of gas inside straight 

section are investigated. 

Electron in the energy range 1 to 3 GeV is allowed to pass through straight sections of different 

lengths containing different gases (or gas mixtures) for the production of gas bremsstrahlung. 

The gas bremsstrahlung dose is scored in a tissue phantom placed at different distances (1 – 50 

m) from the straight section. The scoring area for dose calculation in tissue phantom is decided 

based on the angular divergence of gas bremsstrahlung radiation. The statistical uncertainties in 

simulated data are achieved within ± 6.7 %.  

Gas bremsstrahlung spectra due to 1, 2 and 3 GeV electrons passing through 1 m straight section 

containing different gas molecules and gaseous mixtures are shown in figure 3.13 (a-c). Energy 

of bremsstrahlung photons ranges up to the incident electron energy. The spectral behavior 

suggests variation of fluence with photon energy (k) approximately as k-1, representing thin target 

bremsstrahlung. A peak in low energy region appears in spectra due to strong photo-electric 

absorption of low energy photons. 
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(a) 

(b) 
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Figure 3.13: Gas bremsstrahlung spectrum for (a) 1 GeV, (b) 2 GeV and (c) 3 GeV electrons 

from 1 m straight section for different gas compositions 

The simulated gas bremsstrahlung spectrum for hydrogen (being most abundant element inside 

storage ring at UHV condition), residual gas composition of NSRRC, Indus-2 storage rings and 

air are compared with the analytical expression (equation 1.9) suggested by Rossi [25]. The 

bremsstrahlung spectrum, k(dN/dk) as a function of k/E are plotted in figure 3.14 (a-c), dN/dk is 

the number of photons within dk about k when one electron with energy E passes through an path 

length of 1 g-cm-2. The results are in good agreement with the predicted spectrum by Rossi’s 

expression over the entire energy range.  

 

(c) 
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(a) 

(b) 
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Figure 3.14: Gas bremsstrahlung spectrum k(dN/dK) as a function of k/E for (a) 1 GeV, (b) 2 

GeV and (c) 3 GeV electron 

Effect of gas bremsstrahlung photon fluence on target length is studied by simulating the 

bremsstrahlung energy spectra for 3 GeV electron beam by varying straight section lengths from 

1 to 10 m. Gaseous mixture used in the simulation is kept same as that of residual gaseous 

composition of Indus-2 storage ring. The gas bremsstrahlung spectra and total photon fluence for 

different lengths of target are shown in figure 3.15 (a-b). The observed peak of the spectrum 

shifts to higher energy as the length of target increases, suggesting the increase in absorption of 

low energy photons as the length of straight section is increased. The total photon fluence is 

found to increase linearly with the length of the straight section. The variation of gas 

bremsstrahlung photon fluence with respect to residual gas molecule composition is studied for 1 

– 3 GeV electrons passing through 1 m straight section and is shown in figure 3.16. The study 

(c) 
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showed a nonlinear rise in fluence as a function of (Zeff*Molecular mass) of the gaseous 

composition. 

 

 

Figure 3.15: (a) Gas bremsstrahlung spectrum and (b) photon fluence from 3 GeV electron 

beam as a function of straight section length. 

(a) 

(b) 
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Figure 3.16: Gas bremsstrahlung photon fluence due to 1, 2 and 3 GeV electron beam from 1 

m straight section as a function of Zeff*A. 

The angular distribution of gas bremsstrahlung photons generated by 1, 2 and 3 GeV electrons 

for different gaseous composition are also studied and shown in figure 3.17 (a-c).  
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(a) 

(b) 
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Figure 3.17: Angular distribution of gas bremsstrahlung photons from different gaseous 

compositions in 1 m straight section for (a) 1 GeV, (b) 2 GeV and (c) 3 GeV electrons. 

The angular distribution shows a nearly flat region up to 0.1 mrad emission angle for beam 

energy up to 3 GeV for all gaseous compositions similar to that of air mentioned in previous 

sections. Since 0.1 mrad is found to be an optimized emission cone, scoring radius in tissue 

phantom for gas bremsstrahlung dose estimation is calculated using equation 3.1. The gas 

bremsstrahlung dose is scored for primary beam energies (E = 1, 2 and 3 GeV), straight section 

lengths (L = 1, 5 and 10 m) and target to detector distances (d = 1, 10, 30 and 50 m). The 

variation of absorbed dose rate for different gaseous mixtures with L/d(L+d) are plotted in figure 

3.18 (a-c).  

(c) 
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(a) 

(b) 
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Figure 3.18: Absorbed dose rate as a function of L/d(L+d) for different gas composition due to 

(a) 1 GeV, (b) 2 GeV and (c) 3 GeV electrons. 

From the study (figure 3.18), a residual gas correction factor (Zeff x A)0.66 is obtained for the 

earlier deduced empirical relation (equation 3.2) for air medium and the modified expression is 

given below. 
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Where notations E, mc2, L, d, I, P and P0 carry same meaning as in equation (3.2). Zeff and A 

represent effective atomic number and molecular mass (g/mol), respectively of the residual gas. 

Therefore the actual gas bremsstrahlung dose rate can be obtained by using empirical relation 

(equation 3.4). The values for Zeff and A can be estimated by considering the residual gases in 

vacuum environment of storage ring.   

 

(c) 
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3.4.2 Comparison with experimental data   

The gas bremsstrahlung spectra from ADONE [23] and NSRRC [33] storage rings have been 

reported by Rindi et al. (1982) and Sheu et al.(2004) respectively for actual residual gas 

composition. FLUKA simulation study is performed to generate gas bremmstrahlung spectra in 

these storage rings using the reported residual gas composition. A comparison of simulated 

spectra with the reported data is shown in figure 3.19.  

 

Figure 3.19: Gas bremsstrahlung spectra in ADONE and NSRRC storage ring for actual gas 

composition  

The simulated spectra are found to have very good match with the reported data for NSRRC 

storage rings except at lower energy photons (E < 20 keV), where a sharp dip is observed in the 

reported data by Sheu et al. (2004). The authors Sheu et al. (2004) have attributed this sharp dip 

in the spectrum to the absorption of low energy photons by the water cooled aluminium flange 

placed at the end of the straight section whereas in the present simulation study no such end 

flange is used. The measured gas bremsstrahlung dose rate at ADONE storage ring (E = 1.5 
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GeV, L =6 m and d = 15 m) is reported as 20 x 10-2 mGy/h-mA-nTorr [23]. The measurement 

was performed using LiF dosimeter (TLD-100) with 0.5 mm copper sheet so as to shield the 

synchrotron radiation. The typical volume fractions of the composition of the residual gas 

mixture at ADONE storage ring was reported to be H2 (14.1), N2 (1.5), CH4 (4.8), H2O (13.4), 

CO (49.5), Ar (5.4) and CO2 (11.3).  For comparison, the experimental condition is simulated as 

per the present methodology. The simulated absorbed dose rate is found to be (19.9 ± 0.05) x 10-

2 mGy/h-mA-nTorr with 0.5 mm copper in front of tissue phantom and shows very good match 

with the reported experimental data. Using the composition of the residual gas mixture, effective 

atomic number (Zeff) and molecular Mass (A) for ADONE storage ring are calculated to be 8.3 

and 24.88 g/mol respectively. The calculated dose rate using equation (3.4) for residual gas in 

ADONE storage ring (E = 1.5 GeV, L =6 m, d = 15 m, Zeff = 8.3, A = 24.88 g/mol) is found to be 

11.5 x 10-2 mGy/h-mA-nTorr and is also fairly matches to the experimental data. Comparison 

among the simulation methodology and the empirical relations for air and actual residual gas 

with the reported experimental data is given in table 3.5. 

Table 3.5: Comparison of calculated and experimental gas bremsstrahlung dose  

Experimental 
condition at 
ADONE storage ring 

Absorbed dose rate 
(x 10-5 Gy/h-mA) 

Experimental 
result 

Air as target gas ADONE residual gas 
as target gas 

FLUKA 
simulation 

Eq. (3.2) FLUKA 
simulation 

Eq. (3.4) 

E = 1.5 GeV, L= 6 m,  

d =15 m,  P = 1 nTorr  

 

(with 0.5 mm Cu as 

synchrotron stopper) 

20.0 
 

24.6 ± 0.6 
 
 
(with 0.5 mm 
Cu & r = 1.5 
mm)  

11.8 19.9 ± 0.05 
 
 
(with 0.5 mm 
Cu & r = 1.5 
mm) 

11.5 
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From the table, the smaller difference among the calculated dose rate from air and the actual 

residual composition in ADONE storage ring can be attributed the combined effect of Zeff and 

molecular mass of the gases. The Zeff and molecular mass of the residual gas composition are 8.3 

and 24.88 g/mol respectively whereas for air composition the values are 7.36 and 28.97 g/mol. 

Whereas using the suggested empirical relation for the case of Indus-2 (2.5 GeV), the gas 

bremsstrahlung dose rate is 3.7 times higher for air target than the actual residual gas 

composition. Thus it is very important to note that the Zeff and molecular mass is a deciding 

factor for the gas bremsstrahlung dose. Some of the earlier studies for 2.5 GeV storage ring at 

Photon Factory [30], 3 GeV storage ring at SSRL [46] and 1.5 GeV ADONE [136] storage ring 

have indicated higher simulated data (with air target) as compared to experimental data and can 

be attributed to higher effective atomic number and molecular mass of air as compared to the real 

gaseous mixture during the experiment. Also these studies have pointed out the variation in 

results on the difference in vacuum pressure in the storage ring and other experimental 

conditions. Therefore the composition of residual gas inside the storage ring is an equally 

important factor in the estimation of the gas bremsstrahlung dose and the empirical relation 

(equation 3.4) will give a more realistic estimation of gas bremsstrahlung dose in electron 

storage rings.   

3.5 Summary and conclusion 

The characteristics of gas bremsstrahlung radiation in high energy electron storage rings ranging 

from 1 to 5 GeV passing through air medium are studied using FLUKA Monte Carlo code. The 

bremsstrahlung energy spectra are found to range up to the incident electron energy with the 

spectral behaviour as that of a thin target bremsstrahlung. From the angular distribution, an 

optimized emission angle of 0.1 mrad for electron energy up to 3 GeV is observed, which can be 
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applied to find out the scoring radii at different distances for estimation of gas bremsstrahlung 

dose. The variation of absorbed dose is studied with respect to the length of straight section 

length (L= 1 - 10 m) and distance from the straight section (d = 10 - 50 m). From the study, an 

empirical relation for dose estimation is deduced. The absorbed dose value obtained from the 

present study is validated with the reported experimental data at 1.5 GeV and is found to be in 

very good agreement. From the study, it is found that determining scoring radius using emission 

angle (0.1 mrad) is a reasonable and practical approach, in comparison to optimizing scoring 

radius for estimation of absorbed dose for electron storage rings up to 3 GeV.  

The study is extended to observe the effect on gas bremsstrahlung radiation due to residual gas 

composition inside storage rings maintained at ultra high vacuum. The simulated gas 

bremsstrahlung spectra for various gas and gaseous mixtures are compared with spectrum 

predicted by Rossi’s analytical formula and found to be in very good agreement. Variation of 

absorbed dose rate with L/d(L+d) for different gaseous compositions is studied. From the study, 

a factor (Zeff x A)0.66 is obtained as a residual gas correction term in the empirical relation to 

calculate the gas bremsstrahlung dose rate. The modified empirical relation is expected to have 

better predictive power for different vacuum environments. From the study, it is concluded that 

gas bremsstrahlung dose rate from the actual residual gaseous mixture in electron storage rings is 

lower than that estimated by assuming air. The simulation methodology is also applied to 2.5 

GeV electron storage ring for calculating the gas bremsstrahlung dose. This study is useful for 

shielding evaluation of insertion device beamlines for medium energy synchrotron radiation 

sources.  
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Chapter 4 

 

Synchrotron radiation dosimetry studies  

 

4.1 Introduction 

Synchrotron radiation is the second major radiation hazard after gas bremsstrahlung in any 

synchrotron beamline. Because of ultra high intensity and low energy, synchrotron radiation is a 

potential radiation hazard in the beamline. Synchrotron radiation being low energy photons up to 

few keV can give acute skin dose on exposure. Both primary (direct) and scattered synchrotron 

radiation from the beamline components are significant and need special attention to ensure 

safety of users.  

Indus-2 synchrotron facility (Appendix-A) is designed to accommodate 26 synchrotron 

beamlines. Out of 26 beamlines, 21 beamlines are planned on bending magnets and 5 on 

insertion devices. The energy span of synchrotron radiation at Indus-2 lies from infra red to hard 

x-ray with critical wavelength of 1.98 A0 (~ 6.3 keV) for bending magnet sources. Some 

beamlines use soft x-ray part of the synchrotron beam and thus the complete beamline including 

experimental station is maintained at ultra high vacuum. However, most of the beamlines utilize 

hard x-ray part of synchrotron radiation and the experiments in these beamlines are performed in 

air. Thus the radiation safety issues in hard x-ray beamlines are stringent due to the high intensity 

synchrotron radiation. The radiation, when incident on experimental sample and beamline 

components, gets scattered at wide angles. Hence the beamlines using hard x-ray act as potential 
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source of radiation and are hazardous for persons working near the beamlines. In order to ensure 

safety of synchrotron users and workers, adequate shielding and safety system are designed and 

implemented. The beamline components are housed in properly designed shielded hutch. The 

layout of a typical hard x-ray beamline in Indus-2 is shown in figure 4.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic layout of a synchrotron beamline at Indus-2 showing various hutch 

compartments and optical elements housed in these compartments (not to scale) 

In Indus-2, the hard x-ray beam energies from bending magnet sources range from 4 keV to 100 

keV but the useful flux is limited up to 30 keV for monochromatic beam applications. The low 

energy cut off is due to the beryllium window (200 µm thick) placed at the end of the front end. 
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Depending upon the type of the experiment, different beamlines use different range of photon 

energies. Synchrotron beamlines utilizing single energy, small energy band (~100-500 eV) and 

full spectrum are respectively called as monochromatic, pink and white beamlines.  

In the energy regime (4-100 keV), photoelectric effect is the dominant interaction mechanism. 

Since the photoelectric effect has a strong dependency on the energy of photon and the atomic 

number of material, the energy response of dosimetry devices for synchrotron radiation needs 

special attention. Quantification of high dose due to intense synchrotron beam also poses 

challenge to conventional TL dosimetry. Therefore evaluation of radiation dose levels, energy 

dependency of dosimetry devices and detection techniques for synchrotron beamlines are 

addressed in the present study. The objective of the work described in this chapter is  

i) To evaluate accidental radiation exposures likely to be received by a beamline user due to 

direct and scattered synchrotron beam and the shielding requirement.  

ii) To evaluate the energy response of the personnel dosimetry device (CaSO4:Dy based TLD 

badge) to synchrotron radiation.  

iii) To study the effect of high dose on CaSO4:Dy TL dosimeters using X-ray Diffraction (XRD) 

and X-ray Absorption Near Edge Structure (XANES) spectroscopic techniques. 

iv) To design of a primary standard (free air ionization chamber) for dosimetry in synchrotron 

beamlines. 

4.2 Evaluation of synchrotron radiation dose in Indus-2 

Indus-2 synchrotron radiation spectrum in the energy range 4 to 100 keV is used as the incident 

beam in FLUKA simulation for the evaluation of the absorbed dose and shielding thickness. The 

obtained FLUKA simulation results are compared with experimental data. For studying scattered 

radiation dose, experiment is performed at beamline BL-11, Indus-2 and the experimental 
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conditions are simulated using FLUKA code. The simulation studies are also extended to 

evaluate thickness of lead for radiation shielding of the beamlines.      

4.2.1 Synchrotron radiation spectrum in Indus-2 

The synchrotron radiation spectrum for 2.5 GeV electron bending through 5.5 m bending radius 

is generated using a Fortran program developed by Alberto Fasso [137]. The program gives 

output in differential flux (dN/dE) per electron where N and E represent number and energy of 

photons, respectively. The generated synchrotron energy spectrum in the energy range 4 to 100 

keV (normalized to design electron beam current of 300 mA) is shown in figure 4.2. 

 

Figure 4.2: Synchrotron radiation spectrum in Indus-2 (300 mA at 2.5 GeV) 

4.2.2 Absorbed dose rate due to direct synchrotron radiation 

The absorbed dose rate in water phantom due to direct synchrotron radiation is simulated using 

FLUKA Monte Carlo code. The synchrotron spectrum (figure 4.2) is allowed to incident on 

water phantom (10 mm x 10 mm x 300 mm). The geometry used in the simulation study is 

shown in figure 4.3.   
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Figure 4.3: Geometry used in the simulation study 

USRBIN scoring is used in the simulation for determination of absorbed energy. Electron and 

photon transport threshold are set at 1 keV using EMFCUT. The results from the USRBIN 

estimator are given in terms of GeV/cm3-primary electron for absorbed energy. USRBIN output 

is converted to absorbed dose rate in Gy/h using the total number of electrons in Indus-2 storage 

ring. Simulation is performed for 107 histories and the statistical errors found are within 1% for 

all data points. The depth dose profile inside the water phantom is shown in figure-4.4.  

 

Figure 4.4: Depth dose profile in water phantom due to direct synchrotron radiation 

 

          
Synchrotron 
radiation 10 mm 

10 mm 

300 mm 
3 mm 

Water 



Chapter-4 
 

102 
 

Synchrotron radiation gets attenuated significantly within the depth of water because of its low 

energy and the maximum absorbed dose rate of 1.12 x 105 Gy/h is observed at the surface of 

water phantom. From the study, it is found that during accidental exposure to direct synchrotron 

radiation, absorbed dose to the skin will be of the order of 105 Gy/h. 

4.2.2.1 Measurement of direct dose at synchrotron beamlines  

During commissioning trail of Indus-2, direct synchrotron dose is measured at Lithography 

beamline (BL-7) using thin mylar (1 mg/cm2) window ion chamber. This ion chamber (400 cc, 

air) was designed and developed by Electronics Division, Bhabha Atomic Research Centre 

(BARC) for low energy photon measurements [138]. The specification of the ion chamber is 

given in table 4.1.  

Table 4.1: Specifications of detector used for direct synchrotron dose measurement 

Specification Details 

Detector type Ion chamber 

Fill gas Air 

Sensitive volume 400 cc 

Window Mylar (1.0 mg/cm2) 

Applied Voltage 1 kV 

Measuring range 1 – 103 R/h (Low range) 

102 – 105 R/h (High range) 

Sensitivity 40 pA/R/h for Co-60 gamma energies 

36 pA/R/h for Cu Kα X-ray energy (8.04 keV) 

 

During the experiment, the ion chamber is placed just after the beryllium window, at the end of 

the front end (see figure 4.1). The measured ion current from ion chamber is converted to 

absorbed dose rate (relative dose rate with respect to Co-60). The synchrotron dose rate is found 
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to be 3.83 x 103 Gy/h-mA for stored current of 36 to 32 mA at 2.0 GeV beam energy in Indus-2. 

Synchrotron dose is also measured at Energy Dispersive X-ray Diffraction beamline (BL-11) 

using circular LiF:Mg,Ti (TLD-700) TL dosimeter during trial operation of Indus-2. The TLD-

700 discs are read in HARSHAW TLD reader (Model 3500) at a heating rate of 5 0C/s in the 

temperature range of 50–280 0C. Because of high synchrotron dose, the dose is evaluated using 

the calibration factor obtained for Co-60 dose range of 100–500 Gy. Direct synchrotron dose rate 

is found to be 268 Gy/h-mA at BL-11 for 2.0 GeV beam energy. Synchrotron dose measurement 

at Angle Dispersive X-ray Diffraction beamline (BL-12) using a free air ion chamber detector 

gave dose rate of 104.08 Gy/h-mA for 1.72 GeV beam energy [43]. The intensity of synchrotron 

radiation is directly proportional to I (stored electron beam current) and E4 (electron beam 

energy) of the storage ring. Thus on extrapolation of these measured data to design parameters of 

Indus-2 (I = 300 mA, E = 2.5 GeV beam energy), the dose rates due to direct synchrotron 

radiation is found to be 1.96 x 105 and 1.39 x 105 Gy/h at BL-11 and BL-12 respectively. 

Comparison of the simulated and experimental results is given in table 4.2. From the table, it is 

observed that the simulated data is in very good agreement with the measured data. 

Table 4.2: Comparison of the simulated and experimental results 

Technique Simulation/Experimental 

condition 

Detector used Absorbed dose rate 

(Gy/h-300 mA) 

Simulation 

FLUKA  4-100 keV spectrum 30 cm water phantom 1.12 x 105 

Experiment 

At BL-11 White synchrotron beam TLD-700 1.96 x 105 

At BL-12 Free air ion chamber 1.39 x 105 
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4.2.3 Absorbed dose rate due to scattered synchrotron radiation 

4.2.3.1 Experiment 

Scattered synchrotron radiation dose rate from different targets are measured at BL-11, Indus-2 

using thin mylar window ion chamber detector (FLUKE Model 451B, Australia make). This 

detector is having a movable beta window (440 mg/cm2) in front of thin mylar window (1.7 

mg/cm2) for segregation of low energy photons. The specification of the FLUKE-451B ion 

chamber is given in table 4.3.  

Table 4.3: Specifications of FLUKE-451B ion chamber 

Specification Details 

Detector type Ion chamber 

Radiation detected α particles > 7.5 MeV, β particles > 100 keV 

& γ photons > 7 keV 

Fill gas Air 

Sensitive volume 349 cc 

Window Mylar (6.6 mg/cm2) with 440 mg/cm2 beta 

slide for beta particle detection 

Measuring dose range 0 – 500 mSv/h (with ±10% accuracy) 

 

Three disc targets (Aluminium, Copper and Tantalum), each of 25.4 mm diameter and 5 mm 

thickness are used as scatterer and placed in white synchrotron beam path at BL-11. Scattered 

dose rate at three different angles i.e. 900, 1200 and 1500 (with respect to the beam direction) are 

measured simultaneously using the thin window ion chamber detectors, placed at a distance of 

0.64 m from the target. During the experiment, full synchrotron spectrum from Indus-2 is 

allowed to hit the target. The detectors are kept in integrated mode for 5 minutes and the 

corresponding doses are recorded. During measurement, the beta window is kept open to allow 

the synchrotron radiation to reach the detector volume. Three sets of measurements are 
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performed for each target. Photograph along with the schematic diagram of the experimental 

setup is shown in figure 4.5.     

 

 

 

 

 

 

 

 

Figure 4.5: Photograph (a) and the schematic diagram (b) of the experimental set-up  

Since the synchrotron beam is always accompanied by gas bremsstrahlung radiation from storage 

ring, the scattered dose due to gas bremsstrahlung radiation is measured with beta slide window 

closed condition. In this condition, the synchrotron radiation is absorbed by the window. The 

integrated dose due to scattered bremsstrahlung radiation in all the detectors is found to be zero 

for 5 minutes duration. This confirms that the contribution of scattered bremsstrahlung radiation 

is insignificant. 
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4.2.3.2 Simulation 

The above experiment is simulated using FLUKA Monte Carlo code. The white synchrotron 

beam in the energy range 4 to 100 keV is allowed to incident on Al, Cu and Ta targets, each of 5 

mm thickness and 25.4 mm diameter. The energy absorption in three spherical detectors 

(medium-water) kept at 0.64 m from the target at 900, 1200 and 1500 is scored. The radius of 

detector is kept 42 mm so as to match the volume of ion chamber detector used in the 

experiment. The transport cutoffs for electron, positron and photon are set at 1 keV. The 

simulation is carried out for 5 x 108 histories.  

The angular distribution of scattered synchrotron dose rates, normalized to electron beam current 

(both experimental and simulated data) are shown in figure 4.6.  

 

Figure 4.6: Angular distribution of scattered synchrotron radiation from Aluminium, Copper 

and Tantalum targets  
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The dose rate shows an increasing trend as the scattering angle is increased. Scattered dose rate 

from Cu target is found to be the highest at all the angles, although the atomic number of Cu is 

lower than Ta. The observed higher scattered dose rate from Cu than Ta can be attributed to the 

photoelectric absorption of incident synchrotron photons and following fluorescence emission. 

The K-absorption edge of Al, Cu and Ta are 1.56, 8.98, 67.42 keV respectively. Due to the 

abundance of photons near Cu K-edge, maximum resonance absorption and subsequent de-

excitation through characteristic fluorescent emission give rise to higher dose rate. Al target is 

showing minimum scattered dose rate, which can be attributed to lower photoelectric absorption 

and also low fluorescence efficiency (because the energy of the incident photons is much higher 

than its K-edge). From the study, it is observed that the scattered synchrotron dose has a strong 

dependency on the incident energy spectrum and the atomic number of scatterer. The scattered 

dose rate from different target materials does not vary in proportion to the atomic number but 

strongly depends on the incident energy and subsequent resonance absorption followed by 

fluorescence emission from the target material. The maximum scattered dose rate for design 

stored beam current of 300 mA, extrapolated from the experimental data works out to be 2.1 

Gy/h at 0.64 m at 1500. Using this data, the thickness of lead for lateral shielding wall (side wall) 

for white synchrotron beamline hutches of Indus-2 is calculated and 1 mm lead is found to be the 

optimized shield thickness for achieving regulatory limit of 1 μSv/h for full occupancy [139]. 

4.2.4 Evaluation of shielding thickness 

FLUKA simulation is carried out to evaluate lead thickness of the front wall of the shielding 

hutch. The synchrotron spectrum (figure 4.2) is allowed to incident on lead target (10 mm x 10 

mm) with thickness varying from 1 to 4 mm. The absorbed dose rate is scored in the water 

phantom (300 mm x 300 mm x 300 mm) placed after the lead target. The lateral dimension of 



Chapter-4 
 

108 
 

water phantom is set 300 mm for scoring both primary and secondary radiation emanating from 

the lead target. The variation in dose rate with lead thickness is shown in figure 4.7.  

 

Figure 4.7: Surface dose rate in water phantom with respect to lead thickness 

Significant reduction in surface dose rate in water phantom is observed with increase in lead 

thickness. The synchrotron spectrum (figure 4.2) of Indus-2 has a broad range covering from 4 to 

100 keV, in which flux of high energy photons (E > 50 keV) are 3-6 orders lesser than the low 

energy photons (~ 10 keV). Therefore drastic fall of the dose rate, by 6 orders of magnitude is 

observed with 1 mm of lead because of strong attenuation of low energy photons. However with 

addition of further lead thicknesses, the absorbed dose rate shows a near exponential fall due to 

the attenuation of the high energy part of the synchrotron spectrum. As per the regulatory norms 

in India, the permissible effective dose limit for normally accessible area (full occupancy) is 1 

μSv/h [139]. Thus lead shield thickness of 3 mm is found adequate to reduce absorbed dose to 
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permissible limit and thickness of the front wall (lead) for the synchrotron beamline hutch is set 

as 3 mm. 

4.3 Response of personnel dosimetry device to synchrotron radiation 

Personnel dose monitoring is one of the important part of radiation safety programme of any 

radiation facility. The personnel dose monitoring in all radiation facilities across India is carried 

out using CaSO4:Dy based thermoluminescence dosimeter (TLD) badge. This badge is also used 

for personnel monitoring of radiation workers in synchrotron beamlines of Indus-2. The badge 

was originally designed for monitoring beta and gamma dose in mixed radiation environment at 

nuclear reactors and radiation processing facilities across the country [78]. The over-energy 

response of CaSO4:Dy at low energy (< 100 keV) is compensated using metal filters. The 

schematic of the TLD badge is shown in figure 4.8. The badge has three TL discs (D1, D2 and 

D3) each of 0.8 mm thickness, mounted on an aluminium card. The card is placed inside the 

plastic cassette having different filters on both front and backside of the cassette. The disc D1 is 

kept under metal filters, 0.6 mm aluminium followed by 1.0 mm copper. The disc D2 is kept 

under 1.6 mm thick PMMA (Perspex) filter and the disc D3 is left open from both sides [85,92]. 

 

 

 

 

 

                  (Front Side)                     (Back Side)         (Aluminium card) 

Figure 4.8: Schematic of the TLD badge 
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The energy dependence of the badge for photon energy from 30 keV to 1.25 MeV has been 

reported. The metal filter (combination of copper and aluminium) modifies the over-response to 

65% at about 60 keV and 25% under-response at 30 keV, compared to a flat response at energies 

above 200 keV (see figure 1.9) has been achieved [77]. The energy response is extended down to 

17 keV using several proposed algorithms [82-85]. 

The majority of synchrotron beamlines in Indus-2 is hard x-ray beamlines and use 

monochromatic photon energies in the range 5 to 30 keV. Some of the beamlines also utilize full 

white synchrotron beam for specific applications. Though independent studies have been 

reported on energy response of bare CaSO4:Dy and LiF:Mg,Ti to synchrotron radiation in energy 

range 7 to 35 keV at various synchrotron beamlines [86-88] but the response of the TLD badge 

to has not been studied. Therefore in the present work, energy response of the badge to 

synchrotron radiation is studied with CaSO4:Dy and LiF:Mg,Ti using Monte Carlo simulation 

and experiment at Indus-2 synchrotron beamline. 

4.3.1 Simulation for energy response of the TLD badge 

Simulation study is performed for monoenergetic photons in the energy range of 5 to 100 keV 

using FLUKA Monte Carlo code. In addition to the study on response for monoenergetic 

photons, response to white synchrotron radiation spectrum in energy range 4 to 100 keV is also 

simulated.  

The geometry of TLD badge is prepared using FLAIR in FLUKA code, taking into account of 

the actual dimension and materials used in the badge (figure 4.9).  
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                                            (Front Side)                        (Back Side) 

Figure 4.9: Simulation geometry of the TLD badge generated using FLAIR 

A broad beam of photons (monoenergetic/full spectrum) is allowed to incident normally on the 

badge and the absorbed doses in TL discs are obtained by scoring absorbed energy density 

through USRBIN estimator. Transport cut-offs for electron/positron and photon in all media are 

set at 1 and 0.1 keV respectively using EMFCUT card. For estimation of relative response of TL 

discs with respect to human body, absorbed dose in ICRU tissue is calculated using mass energy 

absorption coefficient of ICRU tissue (4 components) for monoenergetic photons from National 

Institute of Standards and Technology (NIST) database [140]. In case of white synchrotron 

spectrum, the energy absorption is simulated for both TLD badge and ICRU tissue 

independently. The ICRU tissue size is kept the same as that of TL disc. The composition of 

different materials used in simulation study is listed in table 4.4 [89,132]. The relative response 

is calculated by taking the ratio of absorbed dose in TL disc and ICRU tissue. The statistical 

uncertainties in the simulation results are achieved within ± 7 %.  
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Table 4.4: Composition of materials used in simulation study 

Compound Density (g/cc) Fraction of the constituents 

CaSO4:Dy# 2.96 
O: 0.4698;       S: 0.23539 

Ca: 0.29421;   Dy: 0.00059 

LiF:Mg,Ti# 2.635 
Li: 0.26753;     F: 0.73226 

Mg: 0.000187; Ti: 0.0000184 

ICRU Tissue# 1.0 
H: 0.101172;    C: 0.111 

N: 0.026;          O: 0.761828 

Plastic# 1.127 

H: 0.101327;    C: 0.775501 

N: 0.035057;    O: 0.052316 

F: 0.017422;     C: 0.018378 

Perspex$ 1.19 H: 8.0;  C: 5.0;  O: 2.0 

Note: # represents mass fraction and $ represents atomic fraction  

4.3.2 Experimental verification 

Experimental study is carried out at x-ray imaging beamline (BL-4), Indus-2 to verify the 

simulation results. This beamline uses a double-crystal monochromator (DCM) with a pair of Si 

(111) crystals to select desired energy from white synchrotron spectrum with an energy 

resolution (ΔE/E) better than 10-3 [141]. The energy of synchrotron photons from the DCM is 

calibrated using absorption edges of metal foils. Monochromatic photons of energies 10, 15 and 

20 keV are used for the study. Circular TL discs are placed inside the TLD badge [separately for 

CaSO4:Dy (TLD-900) and LiF:Mg,Ti (TLD-700)] under different filters. Then the badges are 

exposed to 10, 15 and 20 keV monochromatic photons at the beamline. The synchrotron beam of 

size 100 mm (H) x 1 mm (V) is allowed to incident normally on the badge placed on the sample 

holder. Because of small vertical size as compared to the badge size, TLD badge is scanned in 

vertical direction to have uniform exposure. The photograph of the experimental set up is shown 

in figure 4.10.  
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Figure 4.10: Experimental set up at BL-4 (Indus-2) 

The TL discs are read in a HARSHAW TLD reader (Model no. 3500) at a heating rate of 5 0C/s 

in the temperature range of 50–280 0C. Because of low energy photon exposure, exposed surface 

of TL disc is placed facing the photomultiplier tube (PMT) of TLD reader during TL readout. 

Absorbed dose from the TL discs are evaluated using calibration factor obtained for Co-60 

source. Considering the fact that self attenuation [141] and TL efficiency of TL phosphors are 

crucial parameters while estimating dose due to low energy photons, the relative TL efficiency 

factors for PTFE embedded CaSO4:Dy and LiF:Mg,Ti discs are used to calculate the dose [143].  

4.3.3 Theoretical calculation for energy response 

The relative response 
TL

Tissue

en









 of bare TL materials is also theoretically calculated as the ratio 

between the mass energy absorption coefficients of the material to that of the ICRU tissue using 

mass energy absorption coefficients of CaSO4, LiF and ICRU tissue from National Institute of 

TLD badge 

Sample stage  

BL- 4   

Synchrotron beam 
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Standards and Technology (NIST) database. However the mass energy absorption coefficient 

doesn’t include the attenuation of low energy photons by the TL material, which is a crucial 

factor in low energy regime. Hence the self-attenuation correction factor (fatt) of TL material for 

the low energy photons is calculated using the following expression [144]. 

 
d

d
fatt 


)/(

)/(exp(1 
                      ----------------- (4.1) 

Here (µ/ρ), ρ and d represent attenuation coefficient, density and thickness of the TL material 

respectively. Calculated relative response of mass energy absorption coefficients with and 

without self attenuation correction is shown in figure 4.11. It is important to mention that the 

under response behavior of CaSO4 is higher than that of LiF for photon energies ≤ 8 keV due to 

stronger absorption by CaSO4. 

 

Figure 4.11: Relative response of CaSO4 and LiF with and without self attenuation correction 

for synchrotron produced low energy photons 
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4.3.4 Discussion of the results 

The average energy for synchrotron spectrum is calculated using the following expression [145]. 

1
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n

i i i
i
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i i
i

Y E E E
E

Y E E













                              ----------------- (4.2) 

Here Y(Ei) represents photon yield at energy Ei. The average energy for synchrotron spectrum 

from Indus-2 (figure 4.2) is found to be 8.5 keV. Hence the simulation results for white 

synchrotron spectrum are presented at its average energy (8.5 keV). The relative response of 

CaSO4:Dy and LiF:Mg,Ti discs (under metal, perspex filter and open window) with respect to 

ICRU tissue at different photon energies along with average energy of the spectrum are shown in 

figure 4.12.  

 

Figure 4.12: Relative energy response of CaSO4:Dy and LiF:Mg,Ti TL discs under metal 

(D1), Perspex (D2) and open window (D3) 
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It is observed that TL materials in open window (D3) and perspex filter (D2) showed almost 

similar response in energy range 15 to 100 keV and below 15 keV, the disc D2 showed lower 

response because of the attenuation in perspex filter. Below 40 keV, metal filter (D1) showed 

under response because of stronger attenuation. Discs under filters including open window 

showed under response for photons below 10 keV as well as white synchrotron spectrum 

(Average energy - 8.5 keV). The trend in graph reflects higher response for monochromatic 

beam as compared white synchrotron spectrum. This is due to the contribution from lower and 

higher energy photons in the spectrum other than 8.5 keV. The relative response of disc D3 is 

found to show similar trend to that of 
TL

Tissue

en









 of CaSO4 and LiF TL materials with self 

attenuation correction (see figure 4.11), reflecting under response behavior of TL discs in energy 

region less than 10 keV due to self attenuation. 

The calculated disc ratios i.e. D2/D1, D3/D1 and D3/D2 for CaSO4:Dy and LiF:Mg,Ti for 

photon energy range from 5 to 100 keV and synchrotron spectrum (4 -100 keV) are shown in 

figure 4.13. Disc ratio is calculated by taking ratio of absorbed dose in two discs.  
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Figure 4.13: Disc ratio D3/D1, D2/D1 and D3/D2 for CaSO4:Dy and LiF:Mg,Ti discs 

The disc ratios D2/D1 and D3/D1 at all energies showed high values compared to D3/D2 which 

indicate strong attenuation by metallic filter. D3/D2 showed close match for both the TL 

materials.  

The experimental disc ratios (D2/D1, D3/D1 and D3/D2) obtained for photon energies 10, 15 

and 20 keV for CaSO4:Dy and LiF:Mg,Ti along with simulation results are shown in figure 4.14.   
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Figure 4.14: Disc ratio D3/D1, D2/D1 and D3/D2 for CaSO4:Dy and LiF:Mg,Ti discs  
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The D2/D1, D3/D1 and D3/D2 are found to decrease as the energy of photon increases. The 

results also indicated a good match between the experimental and simulation data for disc ratio 

D3/D2 and the ratio approaches 1 as the photon energy increases from 10 to 20 keV. However 

the simulation results for disc ratios D3/D1 and D2/D1 are found to be higher than the 

experimental results at 10, 15 and 20 keV. This may be due to significantly low dose on disc D1 

on account of heavy attenuation due to metal filter and associated simulation/measurement 

errors. 

In order to calculate the magnitude of attenuation, attenuation factor for filters are calculated 

using linear attenuation coefficient data from National Institute of Standards and Technology 

(NIST) database and are shown in table 4.5.  

Table 4.5: Calculated flux attenuation factors for the filters of the badge  

Photon energy  

(keV) 1.6 mm Perspex 0.6 mm Al + 1 mm Cu 

10 5.31E-01 1.39E-86 

15 8.12E-01 4.22E-30 

20 8.98E-01 4.07E-14 

It can be seen clearly from table 4.5 that metal filter (D1) is a very strong absorber for the photon 

energies used in the study and thus the response of disc D1 under metal filter is not due to 

transmitted primary incident photons but because of the scattered radiation from surroundings. 

Hence the observed difference between simulation and experimental results for disc ratios D2/D1 

and D3/D1 can be attributed to the scattering contribution within the TLD badge which has 

strong dependency on the geometry and the material properties like roughness, impurity and 

elemental composition. 
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From the study, it is concluded that LiF:Mg,Ti TL material shows better flat response than 

CaSO4:Dy and therefore seems to be a better TL material for dosimetry in synchrotron beamlines 

in comparison to CaSO4:Dy. The thickness of TL material also has a strong energy dependency 

for low energy photons below 10 keV. It is also inferred that the response of CaSO4:Dy TL disc 

under perspex filter or open window can be used to evaluate dose from synchrotron radiation 

with appropriate calibration factors. 

4.4 Estimation of high dose in CaSO4:Dy TL materials using X-ray Absorption Near 

Edge Structure (XANES) spectroscopy 

The CaSO4:Dy TL disc is having dose linearity up to 30 Gy and beyond that, it shows nonlinear 

trend i.e. supralinearity followed by saturation [94,95]. Thus the dose estimation in the linear 

region is relatively easy using Co-60 or Cs-137 calibration factor whereas beyond 30 Gy, dose 

estimation using the glow curve is prone to errors because of nonlinear growth, shift of high-

temperature shoulders and saturation effects [96]. In past, attempts to estimate the correct dose in 

the supralinear region have been made but no correlation between glow peak temperature and 

supralinearity could be established [97]. Thus at high dose, the conventional TL dosimetry using 

CaSO4:Dy can lead to over or underestimation of actual dose received. An attempt is made to 

study the changes in lattice structure and electronic structure of CaSO4:Dy after exposure to high 

dose using X-ray diffraction (XRD) and X-ray Absorption Near Edge Structure (XANES) 

spectroscopic techniques at BL-12, Indus-2.  

CaSO4:Dy TL material in powder and disc form are initially annealed at 400 0C for 1 hour and 

then exposed to 180 Gy to 1000 Gy in gamma irradiation chamber at RRCAT. The TL discs are 

placed in the sample holder of the irradiation chamber (BRIT, Gamma Chamber-900), consisting 

of a set of stationary Cobalt-60 source pencils in a cylindrical cage and delivering a dose rate of 
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0.85 kGy/h. X-ray diffraction (XRD) and X-ray Absorption Near Edge Structure (XANES) 

measurements are carried out at used Angle Dispersive X-ray Diffraction beamline (BL-12), 

Indus-2. The XANES measurement of CaSO4:Dy samples along with the standard reference for 

Dysprosium (Dy2O3) is performed at L3 edge (7.79 keV) of Dysprosium in energy range of 60 

eV below and above the absorption edge using synchrotron radiation. These measurements are 

performed in fluorescence mode using the energy dispersive Silicon drift detector.  

The normalized L3 edge XANES spectra of CaSO4:Dy samples (exposed to gamma dose ranges 

0 – 1000 Gy) and the standard Dy2O3 sample are shown in figure 4.15. Three important regions 

in the spectra are marked as p(pre-edge), s(shoulder) and w(white line).  

 

Figure 4.15: XANES spectra of reference standard (Dy2O3) and CaSO4:Dy samples 

The white line in the spectra represents the transition from 2p3/2 state of Dy atoms to the 

continuum state. The pre-edge feature in the spectra can be attributed to +2 oxidation state of Dy 
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atom as observed in the case of transition metal oxides due to 1s-3d quadrupole (QP) transition 

[146]. The QP transition is normally forbidden but is allowed because of hybridization between 

transition metal (3d-state) and oxygen (2p-state). From literature, the observed peak positions of 

the white line and pre-edge are also found to be in agreement with that of KxDy@C82, where the 

variation in oxidation states from Dy3+ to Dy2+ has been attributed to the intercalation of K metal 

into Dy@C82 crystal [147]. It is important to highlight that this pre-edge is missing in reference 

standard (Dy2O3), suggesting the absence of Dy2+ in the sample. On subtracting the CaSO4:Dy 

spectra from Dy2O3 spectrum, the pre-edge features in CaSO4:Dy samples can be prominently 

seen and are shown in figure 4.16.  

 

Figure 4.16: Relative XANES spectra of CaSO4:Dy with respect to standard Dy2O3  
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Thus the observed pre-edge peaks give direct experimental evidence of reduction of Dy3+ to Dy2+ 

on gamma exposure and is in agreement with the redox model of TL mechanism in CaSO4:Dy 

suggested by Nambi et al. [125] (The detail description of the redox model is given in section 

2.3.4). From figure 4.16, increase in the pre-edge intensity with gamma dose is also observed as 

the concentration of Dy2+ is expected to increase with gamma dose.  

The white line at 7791 eV in the spectra is also showing a increasing trend with gamma dose, 

which can be attributed to the transitions of electrons from 2p3/2 state of Dy atoms to additional 

localized states (formed by gamma irradiation) in the continuum. The net area under the XANES 

spectra, after subtracting the area of zero dose sample is plotted as a function of gamma dose in 

figure 4.17.  

 

Figure 4.17: Relative areas under XANES spectra as function of absorbed dose 

The linear rise in area under XANES spectra with absorbed dose can be correlated with the 

following functional relationship. 

    Absorbed dose (Gy) = k (Area)        ---------------- (4.3) 
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Where k is a constant and its value is found to be 166. The true dose and the estimated dose in 

CaSO4:Dy samples obtained from equation 4.3 are given in the table 4.6.  

Table 4.6:  Comparison between the actual and the estimated dose  

Sample No. Actual dose received (Gy) Calculated dose (Gy) 

#1 0 0 

#2 180 174.9 ± 0.09 

#3 500 382.6 ± 0.19 

#4 680 668.3 ± 0.33 

#5 1000 1040 ± 0.52 

The suggested relation gives a reasonable fit in the dose range up to 1000 Gy. Hence the XANES 

is proposed as a technique to estimate high dose from TL materials where conventional TL 

technique is not suitable.  

The obtained XRD patterns of CaSO4:Dy samples (unirradiated, 500 Gy and 1000 Gy) are 

shown in figure 4.18. The patterns do not show any change in crystal structure due to high 

gamma dose up to 1000 Gy. The orthorhombic phase of CaSO4 with lattice parameters a = 6.993, 

b = 7.001, c = 6.241 A0 and space group Bmmb (63) for CaSO4:Dy is confirmed from the JCPDS 

Card no. 37-1496. However, the observed differences in relative intensities of various Bragg 

peaks may be due to the preferred orientation of some peaks, indicating structural 

recrystallization on gamma irradiation which can affect the electronic structure and thus support 

the observed variations in XANES study.  
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Figure 4.18: XRD pattern of CaSO4:Dy samples 

From the study, it is concluded that pre-edge gives conclusive evidence of Dy3+ transition to 

Dy2+ on gamma ray irradiation and also gives an experimental proof of redox model proposed by 

Nambi et al. [125]. White line in XANES spectrum increases with dose and the area under the 

XANES spectrum is found to vary linearly with absorbed dose. Hence XANES can be used as a 

technique for high dose estimation from TL materials where conventional TL dosimetry is not 

suitable.  

4.5 Design of primary standard for dosimetry at synchrotron beamlines in Indus-2 

Most of the hard X-ray beamlines in Indus-2 use synchrotron radiation in energy range 5 to 35 

keV in monochromatic mode and a few utilize complete spectrum in white mode. In past, for 

developing area radiation monitors for synchrotron beamlines, air kerma measurement at 

synchrotron beamline of Indus-2 was attempted using small portable free air ion chamber (Indus-

2 parameters: E0 : 1.722 GeV, I:= 20.81 mA) [43]. The spacing between the electrodes of the 
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free air ion chamber (FAIC) was kept 10 mm, aiming for measurement of low energy 

synchrotron radiation up to 10 keV. Therefore need for a FAIC for synchrotron radiation up to 

50 keV in Indus-2 is felt and the present work discusses the design aspects of the FAIC.  

Synchrotron spectrum in energy range of 1 to 100 keV from bending magnet of Indus-2 for 

design parameters: 2.5 GeV beam energy and 300 mA beam current is generated using XOP 

software [148]. The absorbed dose rate in air is calculated using mass energy absorption 

coefficients from National Institute of Standards and Technology (NIST) database from the 

spectrum. The photon flux and the absorbed dose rate in air are shown in figure 4.19. It can be 

seen from figure 3.18 that in energy range 1 to 50 keV, the reduction in flux is nearly 3 orders of 

magnitude whereas the dose rate drastically reduces by 6 orders of magnitude. 

 

Figure 4.19: Photon flux and the air dose rate as a function of energy of synchrotron 

radiation from Indus-2 bending magnet  
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In monochromatic mode, the synchrotron flux at source point reduces by 4 to 5 orders on 

reaching the experimental station due to transmission losses through the optical elements like 

mirror, double crystal monochromator and slits of the synchrotron beamlines. The measured 

monochromatic photon flux in energy range 5 to 35 keV at imaging beamline of Indus-2 (stored 

current of 120 mA at 2.5 GeV) was found within 107-109 photons/mm2/s [141]. Therefore the 

expected dose rate for the monochromatic beam at experimental station will be of the order of 

few mGy/s. Based on these parameters for energy range and expected dose rate, a free air 

ionization chamber is designed for dosimetry application at Indus-2 beamlines. 

4.5.1 Working principle of FAIC 

To set this instrument as a primary standard for air kerma measurement, principal condition of 

establishing charged particle equilibrium is desired. Charged particle equilibrium (CPE) 

condition basically represents the conservation of charged particles in the region of interest. 

Under CPE, the energy loss due to a charged particle leaving the region of interest is 

compensated by the entering of an identical charged particle (produced outside) to the region of 

interest and the relationship between absorbed dose ( airD ), collision kerma ( aircK , ) and exposure 

( X ) for air can be expressed as follows (Appendix-B).  

air
aircair e

W
XKD 






 ,                    --------------- (4.4) 

Where 
aire

W








= mean energy per charge in air = 33.97 J/C 

The design and operation principle of a parallel plate type FAIC are discussed below. A 

schematic layout (adopted from Ref [40]) of a parallel-plate free-air chamber enclosed in a lead 

shielded box to prohibit scattered radiation is shown in figure 4.20.  
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Figure 4.20: Schematic layout of parallel plate type FAIC 

The major elements in a FAIC with their role and design criteria [40] are listed in table 4.7. 

Table 4.7:  Major elements of FAIC 

Elements Action Design criteria 

Entrance diaphragm Define the charge collection region (or 

measuring volume) in air 

Photon beam should 

completely cover the entrance 

diaphragm 

High Voltage & 

Collector electrodes 

 

An electric field is set between the 

electrodes by applying a polarizing 

potential to the HV electrodes and the 

signal (current) is measured from the 

collector electrode. 

i) The electrode separation 

(d) should be sufficiently 

large enough so that all the 

secondary electrons deposit 

their complete energy 

inside the air of the 

chamber and cannot reach 

either electrode. 

ii) Since electrons have equal 

chance of moving in 

High Voltage 

X-Ray 

Air 

Reference plane 

A 

L 

d 

2r 

Signal 
(Electrometer) 

Ground Ground 

Collecting region 

Lead Shielded box 
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sideward direction, the 

width of collector must be 

same as the electrode 

separation (d) to attain 

CPE. 

i) Guard electrodes 

 

 

&/or 

 

 

ii) Guard rings 

i) Two co-planar guard electrodes 

with gap ‘x’ on each side of 

collector which helps in producing 

field uniformity and defining the 

electric field lines between HV 

electrode and collector. 

ii) Sometimes a set of wires (or 

annular plates) are placed parallel 

to the electrodes with electrically 

biased in uniform steps to establish 

parallel equipotential electric field 

planes between the electrodes. 

High level of parallism should 

be maintained between guard 

plate - signal electrode and the 

rings. 

Attenuation length 

(A) 

Attenuation length is the distance 

between the reference plane of the 

diaphragm and the centre of the 

collecting region and helps in 

maintaining CPE 

Attenuation length should be 

more than the maximum range 

of secondary electrons to 

attain CPE. Normally the 

distance between the 

collecting region and the rear 

exit hole is also set equal to 

the attenuation length. 

Shielding box Shields the unwanted scattered 

radiation from surroundings during 

measurement 

Transmission through 

shielding wall should be 

negligible 
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The air kerma rate is calculated using following expression [40]. 
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       ----------------- (4.5) 

Where, I = measured current from the collector, airm = mass of air (in measuring volume), g = 

bremsstrahlung correction factor and ik = correction factors. 

Since the density of air is a function of temperature and pressure of air during measurement, the 

mass of air can be calculated using the following expression [40]. 
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Here T (K) and P (mm of Hg) represent temperature and pressure of air respectively. V (cm3) 

represents volume of the collection region, usually calculated by multiplying area of entrance 

diaphragm and the effective length of collecting region. Effective length of charge collection 

region is calculated as )(
22

xL
xx

L 












 , where L is length of collector and x is the gap 

between collector and guard electrode. Thus the volume of the collection region can be written as 

Vair = πr2(L+x). Precise measurement of aperture of diaphragm, length of electrodes, gap 

between the collector-guard electrodes, parallelism and co-planarity of the electrodes play crucial 

role in level of accuracy in determining air kerma. Therefore various correction factors (ki) are 

incorporated in the calculation to correct the limitations in the design criteria of FAIC and the 

experimental/environmental conditions during the measurement. The correction factors [40] are 

listed below. 

i) Air attenuation factor (kat): Correction due to air attenuation of photons reaching the 

collection region 
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ii) Humidity correction factor (kh): Correction due to change in air density with humidity 

resulting in error in mass of air calculation. For relative humidity of 20 % to 80 %, this 

factor can be taken as a constant value (0.998 with 0.1 % uncertainty) [149].  

iii) Recombination correction factor (kr): Correction for loss of signal due to recombination of 

charges  

iv) Polarization correction factor (kp): Correction for dissymmetry of ion collection 

v) Electric field distortion correction factor (kField): Correction due to distortion of electric field 

resulting in error in volume calculation. 

vi) Scattered and fluorescence photons correction factor (ks & kf): Correction due to scattered 

photons and fluorescence in air e.g. Argon can produce fluorescence photons of 3.2 keV. 

vii) Transmission correction factor (ktr): Correction due to transmission of primary and scattered 

photons through diaphragm and shielding wall. 

Out of these factors, the air attenuation factor is most dominant one in low energy range. In past 

Monte Carlo simulation codes like FLUKA, PENELOPE and EGS Monte Carlo code have been 

used for evaluation of these correction factors [150-155]. The correction factors can be evaluated 

for the achieved dimensions of elements of FAIC after the fabrication.   

4.5.2 Design parameters of FAIC for Indus-2 synchrotron beamlines 

The expected dose rate at the experimental station of Indus-2 synchrotron beamlines varies from 

Gy/s to mGy/s for white to monochromatic beam respectively. Also the maximum energy range 

for photon is considered to be 50 keV for the design calculation of FAIC for Indus-2. 

Considering 50 keV as the primary photon energy, the maximum CSDA range of secondary 

electrons (50 keV) in air at ambient temperatures and pressures is 40.7 mm, calculated from 

National Institute of Standards and Technology (NIST) database. Thus the collector length (L) 
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and the gap between guard and collector (x) are set as 40 and 0.5 mm respectively to have 

effective length of the collecting region as 40.5 mm. To maintain CPE, the electrode separation 

(d) and width (w) are set as 60 mm which is nearly 50 % higher than the maximum range of 

secondary electrons. Similarly attenuation length (A) is set as 65 mm, necessary for maintaining 

CPE and also shows ~ 85% transmission for 50 keV photons (as calculated from National 

Institute of Standards and Technology - NIST database [156]). Burn et al. has suggested for ~ 70 

mm electrode separation (d), sufficient enough to maintain measurement uncertainty within 0.1% 

for x-ray spectra up to 50 keV [40]. Typical value for attenuation length (A) in FAICs ranges 

from 40 to 100 mm for low-energy (10-50 kV) X-ray standards. The design parameters of the 

free air ionization chamber for application in Indus-2 synchrotron beamlines are listed in were 

evaluated based on energy and radiation field intensity of the synchrotron beam. Both energy and 

expected field intensity are very crucial parameters for deciding the electrode gap. The major 

design parameters are given in table 4.8. To obtain accurate data from the FAIC, the error in the 

dimension of the electrodes, aperture, electrode separation, gap between guard and collector 

plates is expected to be within 1%. The planeness and parallelism is also targeted to be within 

100 µm. Correction factors for temperature and pressure during the measurement will also be 

very crucial in deciding the level of accuracy in the measured data. 
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Table 4.8: Parameters of FAIC for Indus-2 synchrotron beamlines 

Parameter Value (mm) 

Aperture diameter (2r) 8  

Attenuation length (A) 65 

Collector length (L) 40 

Gap between guard and collector (x) 0.5 

Electrode separation (d) 60 

Electrode width (w) 60  

Lead shielding thickness 3  

In order to calculate the applied potential, the charge collection efficiency f as a function 

exposure rate is calculated using Mie’s formula [157-159]. 

6
1

1
2


f                   --------------- (4.7) 

Where           












V

qd
m

2

  

Here m is a constant (=36.7), d = Plate separation (cm), q = ionization rate (esu.cm-3 .s-1) and V= 

applied potential (Volt). The charge collection efficiency of the chamber (d=60 mm) for exposure 

rate from 1 mR/s to 100 R/s as a function of applied potential is shown in figure 4.21.  
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Figure 4.21: Charge collection efficiency exposure rate range 1 mR/s to 100 R/s at different 

applied potential 

Therefore the design parameters of free air ionization chamber are evaluated for exposure rate 

range 1 mR/s to 100 R/s for dosimetry application in Indus-2 synchrotron beam lines. The charge 

collection efficiency for electrode separation of 60 mm is found to be > 95 % for exposure level 

of 1 R/sec with applied potential of 2500 V. 

4.6 Summary and conclusion 

Intense and broad spectrum of synchrotron radiation, especially in hard x-ray range is a potential 

source of radiation hazard in synchrotron beamlines. Therefore quantification of primary and 

scattered synchrotron radiation in beamlines is essential for ensuring radiation safety. Indus-2, 

2.5 GeV electron storage ring provides intense synchrotron beam with energy ranging from 

infra-red to hard x-ray with critical wavelength 1.986 A0 (~ 6.3 keV). Most of the synchrotron 
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beamlines utilize monochromatic beam ranging between 4 to 30 keV and a few beamlines use 

full spectrum for material characterization. The beamlines are housed in shielded hutches to 

mitigate the radiation hazards due to direct and scattered synchrotron radiation.  

Quantification of high dose due to direct and scattered synchrotron beam is performed with 

FLUKA Monte Carlo code. Experimental studies are performed for confirming the simulated 

data and the data from experiment and simulation study are found to be in good agreement. 

Calculations show that, accidental exposure to direct synchrotron radiation will give localized 

absorbed dose rate as high as 105 Gy/h to the skin of exposed person. The shielding estimation 

indicates that in the case of bending magnet beamlines, 3 mm lead is sufficient to reduce the 

absorbed dose to permissible limit. For the case of scattered synchrotron beam, angular 

distribution of radiation dose from Aluminium, Copper and Tantalum is also evaluated. The 

maximum scattered dose rate at 1 m in 1500 from the copper target is found to be ~2.1 Gy/h for 

design stored current (300 mA). However the scattered dose rate from different target materials 

showed strong dependency on the incident energy of synchrotron radiation due to dominance of 

photoelectric effect resulting in resonance absorption and subsequent fluorescence emission from 

the target material. 

Energy response of the personnel dosimetry device (TLD badge) at Indus-2 to monochromatic 

and white synchrotron beam is evaluated for CaSO4:Dy and LiF:Mg,Ti TL materials. TL 

material in open window (D3) and perspex filter (D2) showed almost similar response in energy 

range 15 to 100 keV and below 15 keV, the disc D2 showed lower response because of the 

attenuation in perspex filter. But the disc D1 under metal filter showed under response for energy 

below 40 keV due to stronger attenuation. All the discs showed under response in 

monochromatic synchrotron below 10 keV and white synchrotron spectrum (Average energy - 
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8.5 keV). Effect of attenuation in bare TL materials, also affects energy response and because of 

stronger absorption CaSO4 showed higher under response than that of LiF TL material for 

photon energies ≤ 8 keV. The disc ratios D2/D1, D3/D1 and D3/D2 are found to decrease as the 

energy of photon increases. Disc ratio D3/D2 tends to 1 as the energy of photon increases from 

10 to 20 keV and showed good match between simulation and experiment. However the 

simulation results for disc ratios D3/D1 and D2/D1 are found to be higher than the experimental 

results at 10, 15 and 20 keV due to heavy attenuation in metal filter leading to 

simulation/measurement errors and contribution from the scattered radiation from the 

surroundings. 

XANES measurement on CaSO4:Dy samples exposed to high dose up to 1000 Gy gives a direct 

evidence of Dy3+ transition to Dy2+ on gamma ray irradiation and confirms redox model 

proposed by Nambi et al. Also the white line in XANES spectrum found to increase linearly with 

increasing dose and hence provides an alternate technique for estimation of high dose from TL 

materials where TL technique is not suitable. 

A primary standard (free air ionization chamber) is designed for air kerma measurement in 

Indus-2 synchrotron beamlines. Based on the energy and intensity of synchrotron beam at Indus-

2, the design parameters are optimized. The charge collection efficiency of the free air ionization 

chamber with electrode separation of 60 mm is found to be > 95 % for exposure level of 1 R/sec 

with applied potential of 2500 V. 
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Chapter 5 

 

Radiation shielding studies on synchrotron beamlines 

in Indus-2 

 

5.1 Introduction 

Synchrotron radiation is transported to the experimental station through specially designed 

beamlines. The beamline is connected to the storage ring through a set of hardware called the 

front end. The front end in Indus-2 is nearly 14 m long section, consisting of systems for beam 

defining, beam position monitoring, storage ring vacuum protection and radiation as well as heat 

load protection. The front end has various safety and beam defining components like fast closing 

shutter, water cooled shutter, safety shutter, collimator, fixed mask etc [160]. The safety shutter 

is made up of a thick densimet block and acts as a radiation stopper. For hard x-ray beamlines, 

the front end is connected to the beamline through water cooled beryllium window (200 µm 

thick) placed at the end of the front end. All the beamline components are enclosed inside 

shielded hutch due to high radiation hazard. In many cases, the beamline hutch is divided into 

three sections; optics hutch, intermediate hutch and experimental hutch (see figure 1.2). The 

optics and intermediate hutches mostly cover major beamline components like mirror, 

monochromators and slits whereas the experimental hutch encloses experimental station with 

sample holder and detector systems. During sample changing, the synchrotron beam is stopped 
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by safety shutter (30 cm thick densimet) placed at the beamline frontend. The safety shutter 

prohibits both synchrotron and gas bremsstrahlung radiation reaching the beamline hutch during 

sample changing and maintenance of the beamline. In some beamlines, additionally synchrotron 

beam stop (called as beam shutter) is placed in the optics/intermediate hutch to obstruct the beam 

from reaching experimental station during sample changing. Major components of front-end 

(adopted from Ref.[160]) like collimator, fixed mask, fast closing shutter, water cooled shutter, 

photon beam position monitor, safety shutter etc. are shown in figure 5.1. 

 

Figure 5.1: Schematic layout of the front end for the synchrotron beamline in Indus-2 (not to 

scale) 

Radiation scenario in synchrotron beamlines is complex due to high flux, broad spectrum of 

synchrotron photons ranging from infrared to hard x-ray and the high energy gas bremsstrahlung 

photons. On interacting with optical elements (like slits, mirrors, monochromators and beam 
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stops etc.), both synchrotron and gas bremsstrahlung radiation produce scattered radiation all 

around the beamline. In addition photo-neutrons are also produced due to interaction of high 

energy gas bremsstrahlung radiation with beamline components. Because of their low energies, 

both direct and scattered synchrotron radiation can be shielded using few mm thick lead sheets. 

However the gas bremsstrahlung radiation due to its high energy is more penetrating and hence 

thick lead or tungsten blocks (called as gas bremsstrahlung stop) are used to shield the radiation. 

The intensity of radiation in beamlines varies as the design specification of each beamline is 

different from each other. The design specification of the beamline depends on the synchrotron 

source (bending magnet or insertion device), usable energy range (white, pink or 

monochromatic) and the beamline components. The primary hazard of gas bremsstrahlung 

radiation depends on source type (bending magnet or insertion device). Large number of 

independent studies using Monte Carlo codes like EGS4, FLUKA, etc. have been performed in 

past to evaluate the shielding requirements for bending magnet and insertion device beamlines in 

various synchrotron facilities [48-69]. In addition to the studies on generic safety issues arising 

due to gas bremsstrahlung, photoneutron and synchrotron radiation, specific studies were 

conducted to address the implication on radiation safety due to possible channeling of electrons 

into the front end. Though the miss-steering of the electron beam entering the beamline has less 

probability but the radiation risks due to the event cannot be ignored [60,72]. Accelerator 

physicists in NSLS-II have reported the possibility of channeling of electrons into the front end 

due to change in lattice magnetic field settings. In this condition, the electron beam will be 

intercepted by the front end components like fixed mask or safety shutter and can create 

radiation hazard in the beamline. Therefore radiological consequences on experimental hall of 

NSLS-II beamline due to the missteering of electron beam into the beamline were evaluated 
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using FLUKA Monte Carlo code [72]. Also in XFEL beamline at Japan, as a safety measure a 

sweep magnet is installed in the downstream of bending magnet at XFEL to avoid radiological 

consequence due to streaming of 8 GeV electrons into XFEL beamline because of accidental 

power loss in the bending magnet [60]. Hence the radiation scenario in a synchrotron beamline 

has strong dependence on its optical components. Worldwide independent approach to evaluate 

shielding requirements for shielding hutch of individual synchrotron beamlines have been taken 

up with the help of analytical code (STAC8) and Monte Carlo codes (EGS-4, FLUKA, etc.). 

In this chapter, radiation shielding studies performed on a bending magnet beamline (Scanning 

Extended X-ray Absorption Fine Structure - SEXAFS) and an undulator beamline (Atomic, 

Molecular and Optical Spectroscopy- AMOS) as representative examples of beamlines in Indus-

2 are discussed. Radiation shielding requirements for solid bremsstrahlung, gas bremsstrahlung 

radiation, photo-neutrons and synchrotron radiation components are evaluated using FLUKA 

code. Dose due to channeling of electrons in to the beamline and also the scattering of gas 

bremsstrahlung and synchrotron radiation from the beamline components are studied to evaluate 

the shielding requirements.  

5.2 Radiation shielding studies for SEXAFS beamline (bending magnet beamline)  

Scanning EXAFS (SEXAFS) beam line on Indus-2 is used for studying local structural 

properties around a specific element of the material. SEXAFS beamline uses a silicon mirror 

kept at grazing incidence for focusing the synchrotron beam to the double crystal 

monochromator (DCM). DCM acts as the energy selector and the monochromatic synchrotron 

beam from the DCM is focused to the sample location at the experimental station. The schematic 

layout of the beamline is shown in figure 5.2.  
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Figure 5.2: Schematic layout of SEXAFS beamline (not to scale). 

In addition to the safety shutter in the front end, this beamline has a beam shutter made up of 50 

mm copper, which is placed just before the experimental hutch. The beam shutter is used to stop 

the synchrotron beam from reaching the experimental station during sample changing. At this 

condition, the safety shutter located at the front end of the beamline remains in open condition 

and potential radiation hazard due to the channeling of the stored electrons to the beamline exists 

in case of accidental beam loss in the storage ring. The channeled electrons will hit the beamline 

component (silicon mirror) and will produce solid bremsstrahlung photons and photo-neutrons. 

Thus there exists a potential for radiation exposure from gas bremsstrahlung, solid 

bremsstrahlung and photo-neutrons to the users during sample changing at the experimental 

station. Therefore the radiological implications in the experimental hutch due to the introduction 

of the beam shutter are studied. Radiation source term due to solid bremsstrahlung, gas 

bremsstrahlung and photo-neutron radiation at experimental hutch of SEXAFS beamline are 

studied. The gas bremsstrahlung dose in the beamline is calculated using analytical method. 

Subsequently the shielding evaluation of the beamline is also performed using FLUKA code. 

The detailed simulation of dose rate from each component is described in the following section. 
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5.2.1 Dose equivalent rate due to channeled electrons 

Simulation is performed for dose estimation due to catastrophic loss of stored electrons at the 

silicon mirror. In catastrophic loss, one bunch of electrons out of 291 bunches (for 300 mA 

stored current) is assumed to be channeled into the beamline. Also two such events occurring per 

day are assumed for dose calculation. For estimating the shielding requirements, simulations are 

carried out to determine dose rate in the experimental hutch for unshielded and with 10 and 20 

cm lead shielding.  

In simulation study, 2.5 GeV electron with beam size 0.02 cm (H) and 0.02 cm (V) is allowed to 

incident on silicon mirror at grazing angle of 0.2 degree. A stainless steel cylindrical flange of 

4.3 cm thickness is placed at a distance of 6 m from mirror in order to include the intervening 

structural materials like flanges, DCM chamber wall etc.  The dose equivalent at sample location 

is scored using 30 cm water phantom placed at 15.64 m from the mirror. The geometry used for 

simulation is shown in figure 5.3.  

 

 

 

 

 

 

 

 

Figure 5.3: Geometry used for bremsstrahlung photon and photo-neutron dose estimation 
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The electron (2.5 GeV) on hitting the beamline components will produce bremsstrahlung 

photons, secondary electrons, positrons (through EM cascade) and photo-neutrons, which will 

deposit their energy in the water phantom. The transport threshold for electrons, positrons and 

photons is set at 10 MeV. For photo-neutron dose evaluation, the electrons, positrons and 

photons generated from target are killed in a thin region (10 mm air column) just before the 

water phantom by setting high transport cut-off (2.5 GeV). The energy density absorbed in the 

water phantom is scored using the USRBIN scoring card with bin size 3 mm along beam 

direction. The dose per bunch for 300 mA stored current in Indus-2 is calculated using 

normalization factor of 5.59 x 109 electrons/bunch.  

5.2.2 Gas bremsstrahlung dose evaluation  

Gas bremsstrahlung dose at the experimental station (r = 34 m) of the beamline due to 2.5 GeV 

electrons (I = 1.875 x 1018 e-/s) passing through bending magnet section (L = 0.1 m; P = 10-8 

torr) is calculated using equation 1.21. [The equation 1.21 can be applied to gas bremsstrahlung 

dose in bending magnet case, as the path length of the electrons in case of bending magnet 

beamline is very small compared to that in insertion device beamline and the effect of multiple 

scattering on gas bremsstrahlung dose in bending magnet can be ignored.] 

The photon attenuation coefficients (high energy limit) of 0.42 cm-1 and 0.054 cm-1 for lead and 

silicon, respectively are used in order to account for the attenuation effect of the mirror and the 

lead shielding on gas bremsstrahlung dose at the experimental station. Silicon thickness of 66 cm 

(i.e. half of the total length of the mirror) is used for calculation of attenuated gas bremsstrahlung 

dose rate. 
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5.2.3 Discussion of the results 

The unshielded bremsstrahlung dose rate in water phantom due to channeled electrons striking 

silicon mirror is calculated. The bremsstrahlung fluence generated from the silicon mirror is 

shown in figure 5.4. The corresponding maximum unshielded dose in water phantom is found to 

be 78 µSv per bunch. Similar calculations are performed with 10 and 20 cm lead shielding in 

front of the water phantom to evaluate the shielding requirement and the estimated dose rates are 

given in table 1. 

 

Figure 5.4: Solid bremsstrahlung spectrum generated from mirror due to 2.5 GeV electrons 

The simulated photo-neutron spectra for unshielded and with shielding (10 and 20 cm lead) are 

shown in figure 5.5. From the figure, it is clear that 10 cm lead shield increases the neutron 

fluence through photo-neutron reaction of bremsstrahlung photons with lead. However on further 

increase in lead thickness (20 cm), attenuation of the high energy neutrons through inelastic 

F
lu

e
n

c
e

 (
P

h
o

to
n

s
/c

m
2 -G

e
V

-e
le

c
tr

o
n

) 

Photon energy (GeV) 



Chapter-5 
 

145 
 

scattering is observed. Photo-neutron spectrum inside water phantom shows dominance in 

energy region < 10keV. Therefore the energy absorbed in water phantom due to neutrons is 

converted to dose equivalent using radiation weighting factor of 5. The photo-neutron dose rates 

obtained with and without shielding are given in table 5.1.   

 

 

Figure 5.5: Photo-neutron spectrum inside water phantom 

Table 5.1: Estimated dose rate at the experimental hutch 

 
Radiation type 

Dose equivalent rate  (µSv/day) 
Unshielded With 10 cm Lead With 20 cm Lead 

Gas bremsstrahlung 52976.00 22.48 0.34 

Solid bremsstrahlung 155.80 10.54 0.22 

Photo-neutrons 0.04 2.18 0.01 

Total 53131.84 35.20 0.57 
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The net unshielded dose rate at the experimental station is found to be 53 mSv/day and is 

dominated by the gas bremsstrahlung. The contribution of photo-neutron is insignificant. The 

bremsstrahlung dose rate reduces significantly by the introduction of 10 cm lead however, 

increase in photo-neutron dose is observed. This is because of the generation of high energy 

neutrons from the lead shielding by the bremsstrahlung photons as shown in figure 5.5. The dose 

reduced to 0.57 µSv/day by the introduction of 20 cm lead shielding, which can be attributed to 

the shielding of high energy neutrons through inelastic scattering with lead. Therefore the total 

dose rate at the experimental station with 20 cm lead shielding is found to be within the 

acceptable limit.  

5.3 Radiation shielding studies for AMOS beamline (Insertion device beamline) 

Atomic, molecular and optical science (AMOS) beamline is an insertion device beamline in 

Indus-2. A planar permanent magnet undulator (U1) is used as the source of ultraviolet to soft x-

ray photons for the beamline [161]. U1 has been installed at 10.4 m long straight section (LS-2) 

of Indus-2. A mirror is kept at a distance of 18.5 m from the centre of U1 undulator inside the 

optics hutch for focusing of the synchrotron beam. The mirror acts as the first scattering element 

for gas bremsstrahlung radiation and source of photo-neutrons in the beamline. In addition, 

intense synchrotron radiation in hard x-ray range from the undulator is also evaluated 

independently to ensure adequacy of the shielding. Radiation dose due to gas bremsstrahlung 

radiation, photo-neutron and synchrotron radiation are simulated and the shielding parameters 

are optimized to achieve regulatory dose limit for continuous occupancy outside the optics hutch. 
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5.3.1 Gas bremsstrahlung dose rate in beamline hutch 

The direct gas bremsstrahlung and scattered gas bremsstrahlung dose rates in the beamline are 

simulated. For evaluating the gas bremsstrahlung stop (BR stop), simulation is performed to 

study the energy spectrum, angular distribution and dose profile of the gas bremsstrahlung 

radiation for the following components. 

i) Direct gas bremsstrahlung 

ii) Scattered gas bremsstrahlung dose from mirror assembly (inside hutch) 

iii) Scattered bremsstrahlung dose outside the hutch 

5.3.1.1 Direct gas bremsstrahlung dose 

The schematic diagram of the geometry used for evaluation of unshielded gas bremsstrahlung 

dose is shown in figure 5.6. A pencil beam of electrons of energy 2.5 GeV is allowed to pass 

through 10.4 m air target at NTP to generate gas bremsstrahlung radiation. The simulation 

parameters used in this study are kept same as the optimized parameters (refer table 3.1). Dose 

equivalent rate is scored through USRBIN scoring card using fluence to dose equivalent 

conversion coefficients through AUXSCORE card. The fluence spectrum is obtained using 

USRTRACK scoring card and output data are scaled to actual pressure of 1 nTorr. The statistical 

uncertainties in the results are found to be within ± 3.0 %. However in the fluence spectrum, 

statistical uncertainties for the lower energy end (< 10 keV) are higher because of the strong 

attenuation of low energy photons. The direct (unshielded) gas bremsstrahlung radiation from the 

straight section is simulated at a reference point (located at a distance of 1 m from the mirror in 

the forward direction). For scoring the dose rate, the tissue phantom is placed at a distance of 

19.5 m from the centre of straight section. 
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Figure 5.6: Geometry used for estimation of unshielded gas bremsstrahlung dose 

Gas bremsstrahlung energy spectrum and corresponding depth dose inside tissue phantom are 

shown in figure 5.7 (a) and (b), respectively. 
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Figure 5.7: (a) Gas bremsstrahlung spectrum and (b) the depth dose inside tissue phantom 

The energy spectrum is found to extend up to 2.5 GeV and the dose equivalent rate within the 

phantom is found to increase with respect to the depth. The increase in depth dose profile is the 

direct indication of the presence of high energy photons in the gas bremsstrahlung spectrum. The 

estimated gas bremsstrahlung dose rate is found to be 102.7 mSv/h-nTorr at a distance of 19.5 m 

from the straight section for 200 mA stored current in Indus-2. [Indus-2 has design parameter for 

stored current of 300 mA, however it has been commissioned at 200 mA] 

5.3.1.2 Scattered gas bremsstrahlung dose from the mirror assembly (inside the hutch) 

Scattered gas bremsstrahlung radiation inside the optics hutch is simulated using the silicon 

mirror, inclined at 100 with respect to synchrotron beam axis. This mirror is placed at a distance 
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1 m from the silicon mirror in forward (00) and lateral (900) direction. A schematic diagram of 

the geometry used for the simulation is shown in figure 5.8.  

 

 

 

 

 

 

 

 

Figure 5.8: Geometry used for bremsstrahlung dose evaluation in 00 and 900 from the mirror 

The gas bremsstrahlung energy spectrum and corresponding estimated dose equivalent rate in the 

tissue phantoms (00 and 900) are shown in figure 5.9 and figure 5.10, respectively.  

 

Figure 5.9: Scattered gas bremsstrahlung spectra from mirror in 0 and 90-degree direction 
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Figure 5.10: Depth dose profile inside tissue phantom in (a) 00 and (b) 900 

The discontinuity observed in the primary and scattered gas bremsstrahlung spectra is due to the 

511 keV peak produced by positron annihilation with the medium (mirror). At higher energy, 

discontinuity is due to relatively lower flux and high statistical error. The dose build up in tissue 
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phantom is observed only in the forward direction (00) due to high energy photons whereas a 

decreasing trend in lateral direction (900) is observed indicating relatively low energy photons, in 

consistent with the energy spectrum (figure-5.9). The maximum dose equivalent rates at 1 m 

along forward (00) and lateral (900) direction are found to be 64.3 mSv/h-nTorr and 0.31 μSv/h-

nTorr respectively. 

5.3.1.3 Scattered gas bremsstrahlung dose (outside the hutch) 

In order to study the local shielding requirement for direct gas bremsstrahlung radiation, a gas 

bremsstrahlung stop is optimised using FLUKA simulation. The geometry of the complete 

beamline used for the simulation is shown in figure 5.11. The direct gas bremsstrahlung 

spectrum is allowed to fall on the mirror and dose equivalent rates outside the hutch wall are 

estimated. Four tissue phantoms (D1, D2, D3 and D4) are placed at selected locations to evaluate 

scattered dose around optics hutch.  

 

Figure 5.11: Geometry used for bremsstrahlung dose evaluation outside hutch 

The simulation is performed with varying lead thicknesses for 10, 15 and 20 cm to optimize of 

bremsstrahlung (BR) stop. The forward (00) gas bremsstrahlung dose rates for 10 to 15 cm of 

lead are found to be 254 and 15.4 μSv/h-nTorr respectively. An optimized thickness of 20 cm is 
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deduced as the BR stop thickness along the central axis as it brings down the dose rate outside 

the shielding wall to 1 µSv/h. The lateral dimension of BR stop is then optimized by taking the 

advantage of the angular distribution of scattered gas bremsstrahlung radiation from the mirror 

chamber. In the lateral direction, a thickness of 10 cm is found to be adequate to maintain 

radiation levels outside the hutch within the acceptable limit. The dimensions of the optimized 

BR Stop are shown in figure 5.12. 

 

  

      

 

Figure 5.12: Optimized gas bremsstrahlung stop 

5.3.2 Photo-neutron dose rate in beamline hutch 

Since the photo nuclear cross-section is smaller as compared to cross-section for electromagnetic 

interactions, LAMBIAS card is used in simulation to reduce photon interaction length for nuclear 

inelastic interactions by a factor of 50. From the study, it has been observed that though 20 cm 

thick lead (BR stop) is sufficient enough to reduce gas bremsstrahlung dose within the regulatory 

limit (1 µSv/h) but it enhances the photo-neutron dose rate. With the addition of 15 cm 

polyethylene (density – 0.93 g/cc) to the BR stop as neutron shielding, the dose rate outside the 

hutch is found to reduce to permissible level.  

The spatial distribution of dose equivalent rate due to photons and photo-neutrons around the 

beamline are shown in figure 5.13. The dose equivalent rates due to photons and photo-neutrons 

with and without optimized shielding from four detectors for 200 mA stored current are shown in 
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table 5.2. The tissue phantom at beam pipe hole (D2) is found to show higher dose equivalent 

rate (1.27 µSv/h) than the permissible limit. Therefore this annular space between the beam pipe 

and the hutch wall near the beam hole needs to be plugged with lead wool to reduce the dose rate 

to acceptable levels. 

 

 

Figure 5.13: Spatial distribution of photon and neutron dose equivalent rate around the 

beamline 
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Table 5.2: Gas bremsstrahlung (BR) and photo-neutron dose rate in the beamline 

Detector 

Dose Equivalent rate for 200 mA stored current in Indus-2 
(μSv/h-nTorr) 

Unshielded 
 

With 
Mirror 
assembly 

With BR stop and 
hutch walls 

With BR stop, 
Neutron shielding and 
hutch walls 

Gas BR Gas BR 
Gas 
BR 

Photo-
neutron 

Total 
Gas 
BR 

Photo-
neutron 

Total 

Forward (00) 
: D1 

102730 64300 0.58 6.63 7.21 0.22 0.07 0.29 

Beam pipe 
hole: D2 

- - 1.12 1.49 2.61 0.94 0.33 1.27 

Corner of 
hutch: D3 

- - 0.24 0.15 0.39 0.24 0.26 0.50 

Lateral (900):  
D4 

- 0.31 0.06 0.11 0.17 0.06 0.12 0.18 

 

5.3.3 Synchrotron radiation dose rate in beamline hutch 

The beamline has planned to utilize synchrotron photons (6 - 250 eV) from the undulator (U1). 

To produce sufficient intensity of low energy photon at 6 eV, the undulator needs to be operated 

with high deflection parameter (K). In this condition, additionally unwanted high energy 

synchrotron photons in the energy range 1 to 100 keV will also be produced. These high energy 

x-ray photons will channel in to the beamline and pose radiation hazard. Therefore in order to 

study the adequacy of the radiation shielding of the beamline, synchrotron radiation in energy 

range 1 to 100 keV from U1 undulator (with K ~12) for 200 mA stored current is generated using 

SPECTRA code [162] and is shown in figure 5.14. The complete spectrum is programmed 

through a subroutine (source.f) in FLUKA to simulate direct and scattered dose in the beamline. 

To evaluate the unshielded synchrotron dose, the spectrum is allowed to incident directly on 30 

cm tissue phantom and the depth dose profile is scored. The depth dose profile obtained is 

presented in figure 5.15. The maximum dose equivalent rate of 7.24 x 104 Sv/h for 200 mA 
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stored current in Indus-2 is observed at the surface of the tissue phantom. 

 
 

Figure 5.14: Synchrotron spectrum from undulator (U1) for 200 mA at 2.5 GeV 

 

 

Figure 5.15: Depth dose profile inside tissue phantom due to direct synchrotron beam 
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To study the scattered dose in the beamline, the synchrotron photon spectrum (figure 5.14) is 

transported through the beamline components housed inside the optics hutch (front wall - 5 mm 

lead and sidewall - 2 mm lead). The dose equivalent rates are scored in the tissue phantoms D1, 

D2, D3 and D4 placed around the hutch. The spatial distribution of dose equivalent rate due to 

synchrotron radiation around the beamline is shown in figure 5.16. The scattered synchrotron 

dose rate in all the detectors for 200 mA stored current in Indus-2 are found to be less than the 

background radiation level (0.1 µSv/h).  

  

 

 

 

 

 

 

Figure 5.16: Spatial distribution of synchrotron dose equivalent rate around the beamline 
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spectrum, angular distribution and depth dose profile of the radiation in the beamlines are studied 

to optimize shielding requirements.   

The radiological implication due to the introduction of the beam shutter in SEXAFS beamline 

(BL-9) is studied for gas bremsstrahlung, channeled electrons (in the event of beam loss) and 

photo-neutrons. From the study, it is observed that 10 cm lead shielding is sufficient enough to 

attenuate the bremsstrahlung photons but it increases the neutron dose at the experimental station 

and by increasing the lead thickness to 20 cm, the dose rate reduced to acceptable limits. 

Radiation environment in insertion device (undulator) based AMOS beamline is also studied to 

evaluate the shielding requirements. The direct gas bremsstrahlung in the insertion device 

beamline is found to extend up to the primary energy of the electron in the storage ring and also 

responsible for photo-neutron production in the beamline. As the intensity of gas bremsstrahlung 

radiation in insertion device beamline is high compared to that of a bending magnet beamline, 

the angular distribution of scattered bremsstrahlung from the first scattering element decides the 

lateral dimension of the gas bremsstrahlung shield.  
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Chapter 6 

 

Design of synchrotron radiation beamline for 

radiation physics research 

 

6.1 Introduction 

Synchrotron radiation sources are being extensively used worldwide for material characterization 

in the field of material science, environmental science, biology, industrial applications, etc. 

Synchrotron radiation beamlines are designed and developed to provide researchers with good 

quality intense photon beam. A synchrotron beamline is an arrangement of several optical 

elements used to transport synchrotron beam from the source point to the sample point; tailoring 

the beam properties like beam size, photon flux, energy selection, energy resolution, etc as per 

the experimental requirement. The photograph of a typical beamline of Indus-2 is shown in 

figure 6.1. 

A Synchrotron radiation facility has many synchrotron beamlines and each beamline is planned 

and designed for specific applications like x-ray diffraction, x-ray fluorescence, x-ray absorption 

spectroscopy, photoelectron spectroscopy, reflectivity, lithography, imaging, etc. Because of the 

vast spectrum of the synchrotron photons, the beamline can also be designed in different energy 

ranges like hard x-ray, soft x-ray, VUV, visible or IR. In addition diagnostic beamlines are also 

developed for characterization of the electron beam circulating in the storage ring. Every 
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synchrotron beamline in a synchrotron facility is unique in the sense of usable energy range, 

flux, beam size and divergence of the available photon beam. Various ray tracing software like 

Shadow (developed at CXrL, University of Wisconsin) [163], RAY (developed at BESSY, 

Berlin, Germany) [164], Spectra (developed at RIKEN SPring-8 Center, Japan) [162] have been 

developed for modeling the propagation of synchrotron beam through the optical elements of the 

beamline. 

 

Figure 6.1: Beamline components of a typical beamline of Indus-2 
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A beamline is proposed to be set up at one of the beam ports (bending magnet) of Indus-2 for 

carrying out radiation physics and safety research. The proposed beamline is expected to provide 

an experimental facility for a variety of experiments on dosimetry, ozone generation related 

studies, Linear Energy Transfer (LET) studies of low energy radiation, radiobiology, studies on 

optical fiber sensors, radiation damage, etc.  The beamline is planned for dual mode operation 

i.e. full synchrotron spectrum (4 - 50 keV) without focusing and white beam (4 - 30 keV) with 

focusing to the experimental station. The beamline will consist of beryllium windows, slits, beam 

viewer, wire scanner, x-ray mirror, sample stage and detector stage.  

Lliterature study is performed for understanding the design aspects of the synchrotron beamlines 

and utilisation of RAY program in design optimisation. Based on the literature study, the design 

parameters of the optical components of the proposed beamline are optimized using RAY 

program for achieving desired beam qualities like energy range, beam size and intensity. The 

design criteria of various optical elements, methodology for ray tracing calculations using RAY 

program and the design aspects of proposed beamline are briefly discussed in the following 

sections.   

6.2 Optics for hard x-ray synchrotron beamline 

Optical components in hard x-ray synchrotron beamlines are critically designed to achieve 

desired intensity, size, energy resolution and energy range of the photons at the experimental 

station, keeping the brilliance of emitted beam conserved as far as possible. Designing optics for 

synchrotron radiation is more challenging as compared to that for visible light due to low 

wavelength of x-rays, high heat load and broad energy range. Since most of the components in 

beamline are maintained at ultra high vacuum, vacuum compatibility of the components is also 

important. The standard components in a synchrotron beamline are windows/filters, slits, photon 
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shutters, mirrors, monochromator, etc. The parameters playing crucial role in beamline design 

are described below.  

i) Aberration: With increased size of the optics, geometrical aberrations become inevitable. 

So the optics design should be such that these are minimized. Usually 1:1 and 1:3 focusing 

are found to be the optimum solutions for minimizing aberrations. 

ii) Requirement of grazing incidence of synchrotron beam on mirrors increases the size of the 

mirrors (≥ 1 m) and makes optical aberrations significant. 

iii) Because of the low wave length of photons, surface roughness in mirrors should be very 

small (RMS roughness ~ few A0). 

iv) Water cooling design is critical. The flow should not exceed streamline flow conditions to 

ensure limited vibration of optics. The design should be such that the streamline flow 

should provide adequate cooling.  

Therefore the design of the optical elements should be to minimize scattered photons and also to 

achieve the above goals. The design criteria [5-7] of some important optical components are 

discussed briefly in the following paragraphs. 

a) Windows and Filters: In hard x-ray beamlines, low Z materials like beryllium, diamond or 

some polymeric free standing foils ~100 µm thickness are used as windows for dual purpose 

of vacuum isolation between beamline and storage ring as well as to transmit hard x-rays. 

These windows are water cooled to tackle high heat load due absorption of low energy 

radiation. The lower limit to energy range of the beamline actually comes from the windows. 

b) Slit System: Movable metallic plates made up of high atomic number elements like tungsten 

are mostly used to define the synchrotron beam size. Mostly 4 blade systems are used to 

define horizontal and vertical beam size as per the requirement. This also helps in shielding 
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of unwanted scattered radiation and thereby reducing heat load on crucial components like 

mirrors and monochromators. The position of the slit system in the beamline is critical and 

should be designed to take care of the scattered photons from reaching the experimental 

station. 

c) Mirror: Mirrors play crucial role in beamline optics as steering and focusing elements for 

synchrotron beam. Absorption is the dominant mechanism when the x-rays incident 

normally or at a wider angle on materials. However, if the angle of incidence is made very 

small (θ < θc), total external reflection occurs and the reflectivity is close to 100%. Therefore 

the x-ray mirror is set at very small angle of the order of few mrad (called as grazing 

incidence) to steer the incident beam and the maximum angle at which total external 

reflection occurs is called the critical angle (θc) [7]. The critical angle, as a function of the 

wavelength of incident photon and the atomic number of the material, is expressed as 

follows [165]. 

      
Zc  

   

-------------  (6.1) 

So the angle of incidence is decided by the lowest λ to be used in the beamline. It is desired 

to make θ as large as possible because for larger θ, mirror size is smaller. Hence θc should be 

the largest possible which can be achieved by coating high Z material. Normally noble 

metals like Au, Pt, Rh, etc. are used as coating for hard x-ray mirrors. 

The efficiency for focusing by mirrors also depends on the imperfections like surface 

roughness and slope errors present on coated surface.  Usually these mirrors are very long (~ 

1 m) in order to accept at least ± σ (σ is the standard deviation of gaussian beam) of incident 

synchrotron beam. Depending on the beamline requirement, the mirrors are manufactured in 

various geometrical shapes, e.g. planar, spherical, cylindrical, elliptic, parabolic and toroidal 
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with minimum slope errors and RMS surface roughness. Radii of curvature for meridional 

and sagittal focusing through a toroidal mirror are shown in figure 6.2 and can be 

mathematically expressed as follows. 
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Where, Rm, Rs are the meridional and sagittal radii of curvatures, respectively. p, q and θ are 

the object distance, image distance and the angle of incidence, respectively. 

 

Figure 6.2: Meridional and sagittal focusing using a toroidal mirror 

The x-ray mirrors are also provided with water cooling to avoid deformations in surface due 

to high heat load of synchrotron radiation spreading over a large surface area. Usually x-ray 

mirrors are ~ 1 m length with meridional and sagittal radius of curvature of the order of 

kilometers and centimeters, respectively. 

d) Monochromator: Monochromator is used as an energy selector for the broad spectrum of 

incident synchrotron beam. For hard x-ray beamlines, monochromators use two perfect 

crystals (typically silicon, germanium, diamond) to monochromatize the beam. The 



Chapter-6 
 

165 
 

condition for x-ray diffraction is governed by Bragg’s law (equation 2.8). Hence 

simultaneously radiation of wavelengths λ, λ/2, λ/3, …, λ/n are diffracted from the crystal as 

far as the reflections are not forbidden by the crystal structure. In a double crystal 

monochromator, two parallel crystals are used to produce collimated monochromatic beam 

parallel to incident white x-ray beam. 

e) X-ray detectors: Variety of x-ray detectors are commercially available depending on 

requirement of experiment. These detectors can be broadly classified into three categories, 

viz. point detectors, position sensitive detectors and energy dispersive detectors. Detectors 

like ionization chamber, pin diode, NaI(Tl) scintillation detector, etc. are used as integrating 

detector for photon flux counting. Similarly detectors like charge coupled device (CCD), 

scintillator based pixel detectors, pin diode arrays detector, image plate, etc. are used for 

measuring spatial distribution of photons. Most commonly used detectors are energy 

dispersive detectors like Silicon drift detectors (SDD), high purity germanium detector 

(HPGe), which provide spectral distribution of photons. The suitability of any detector 

depends on its energy range, dynamic range, energy resolution and noise etc. required for 

the specific experiment. 

6.3 Ray tracing calculations 

Dedicated software programs have been developed at various synchrotron facilities for designing 

beamline optics. Programs like SHADOW, RAY, SPECTRA are being extensively used by 

synchrotron community to optimize the design parameters of optical elements prior to setting up 

of the facility at synchrotron radiation sources. RAY program has been used in the present study 

to design a synchrotron beamline at Indus-2.  

RAY is a very versatile ray tracing program developed at BESSY [164,166].  The recent version 
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of RAY program consists of graphical user interface (GUI) for user inputs and made the user 

interaction much simpler through online visualization of ray tracing results through integrated 

image viewing tool [167]. The process of ray tracing through RAY program includes  

i) Generation of synchrotron radiation from bending magnets and insertion devices as per the 

input parameters of the synchrotron source like electron beam energy, current, beam size and 

divergence etc.  

ii) Randomly traces the rays through the optical elements and calculate the spatial and energy 

distribution of the rays at the image point.  

iii) Surface roughness, slope errors, thermal deformation and also the mechanical misalignment in 

the optical elements can be incorporated to achieve results approaching reality.  

iv) Image patterns, intensity profile, energy distribution and angular divergence of the rays at any 

position from the source point (or at the optical element) are recorder and plotted on the 

graphical user interface.  

Ray tracing calculation in RAY program is done through Monte Carlo procedure, by randomly 

distributing the rays within the source and movement of rays is calculated through probability 

distribution function of angle and position. Similarly polarization property of source, reflection 

and diffraction phenomena at optical elements are also simulated by applying random variables 

on functional characteristics depending upon the type of optical element. The results give decent 

idea of the flux, energy resolution, beam size and polarization of photon beam at the 

experimental station. Ray tracing is useful in optimum selection of shape, radii of curvatures, 

RMS roughness and figure errors of the optical elements. A stringent requirement on error 

parameters will make the optics very expensive but may not be required for the proposed 

experiments on the beamline.  
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6.4 Optics design calculation for radiation physics beamline  

The design parameters of optical components for the proposed beamline at Indus-2 are evaluated 

using RAY programme. This beamline is planned for dual mode operation i.e. full synchrotron 

spectrum (4-50 keV) without focusing and white focused beam (4-30 keV) at the experimental 

station. The requirement of focused beam is to deliver high dose rate on small size samples. The 

aim of the design study is as follows. 

Dual mode:  1) Unfocused mode  

    Energy range: 4-50 keV 

    Beam size: Unfocussed (slits are used to limit the beam size) 

   2) Focused mode  

    Energy range: 4-30 keV 

    Maximum beam size: ~ 100 mm (H) x 0.5 mm (V) 

    Aberration free 

    No energy resolution requirement 

Therefore a cylindrical mirror (with a curvature in meridional direction) at a distance of 16.5 m 

from the tangent point is chosen for vertical focusing of the beam to the experimental station. 

Optimization study of surface roughness and slope errors in mirror are performed to achieve 

desired beam qualities. Ray tracing is performed with two slit systems before and after mirror for 

horizontal and vertical collimation of synchrotron beam. The electron beam parameters of Indus-

2 synchrotron source used in RAY program for optics design study are given in table 6.1. 
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Table 6.1: Electron beam parameters used in ray tracing calculations  

Parameters Value 

Electron beam energy (E0) 2.5 GeV 

Bending radius (ρ) 5.5 m 

Electron beam size (x, y) at centre of bending magnet (0.234 mm, 0.237 mm) 

Electron beam vertical divergence (y,)  0.062 mrad 

The synchrotron beam from Indus-2 storage ring is transported to the beamline through the front 

end of nearly ~15 m length. During transport through front end, synchrotron beam is first 

collimated by fixed mask having 3 mrad (horizontal) and 2 mrad (vertical) divergences. Front 

end is connected to the beamline through a water cooled beryllium window (200 µm thick) for 

vacuum isolation. Therefore low energy part of the synchrotron beam (< 4 keV) gets cut off from 

the continuum and rest of the hard x-ray part is transported to the beamline. The transmission 

curve for 200 µm beryllium foil (density- 1.834 g/cc) for x-rays up to 30 keV is shown in figure-

6.3 [168].  

 

Figure 6.3: X-ray transmission curve for 200 µm thick beryllium window 
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The beam acceptance for the beamline is 3 mrad (H) and the total power accepted in the 

beamline is ~ 90 watts. The integral flux of photons calculated for the white spectrum for Indus-

2 parameters is of the order of 1017 photons/s/0.1% BW. The optical layout of the beamline is 

shown in figure 6.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Optical layout of the beamline showing photon beam tracing in focused mode 

For obtaining the full synchrotron spectrum (4 - 50 keV), the beamline will have a provision for 

retracting the mirror and the diverging beam with full spectrum will reach the experimental 

station. The beam size can be varied using 4 jaw slit systems depending on the user requirement. 

In addition, to increase the intensity of x-ray, a cylindrical mirror will be used as a vertical 

focusing element. However the focused beam will have limited energy range of 4-30 keV only. 

The complete layout of the proposed synchrotron beamline with the critical elements like 

beryllium windows, gate valves, slit systems, mirror assembly, beam viewer systems, 

experimental station, etc. is shown in figure 6.5. There will be one more beryllium window after 

the 2nd slit system placed near to the experimental station. The complete beamline will be 

Source 

Slit 

Slit 

 Mirror 

Sample 

Slit Slit 

 Mirror 

Source 
Sample 

Top view 

Side view 

14500 mm 

16500 mm 

31500 mm 

33000 mm 



Chapter-6 
 

170 
 

maintained at high vacuum condition till this 2nd beryllium window. A small section of chamber 

with kapton window and filled with helium gas will be attached to the 2nd beryllium window for 

protection against oxidation of beryllium foil while in contact with air at atmospheric pressure. 

The synchrotron beam passes through air after the kapton window and reaches sample position. 

Sample will be exposed to synchrotron beam at experimental stage in air at atmospheric 

pressure. 

 

Figure 6.5: Proposed layout of the synchrotron beamline 

The ray tracing calculations are performed using RAY program to simulate the imaging 

properties of synchrotron beam at the optical components and at the focus position (sample 

location) at the experimental station. The program is utilized to optimize the crucial parameters 

of the cylindrical mirror like radius of curvatures, surface roughness and slope errors etc.  

The grazing incidence of 3 mrad (0.17 degree) with respect to mirror surface is used. Reflectivity 

as function photon energy for rhodium, gold and platinum coated mirror surfaces is shown in 

figure 6.6 [169]. From the figure, it is clear that rhodium provides better reflectivity for energy 

range up to 20 keV. Whereas gold and platinum provide better reflectivity for higher energy up 
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to 30 keV as compared to rhodium, but show decrease in reflectivity for photon energies 11 to 14 

keV because of the absorption at L-edges of platinum and gold, respectively. Thus gold is chosen 

as the material for reflective surface of the cylindrical mirror. 

 

Figure 6.6: Reflectivity of rhodium, gold and platinum coated mirror  

Ray tracing calculations are performed to simulate the imaging property of the focused beam at 

sample position using the beamline photon acceptance and optical design parameters as given in 

table 6.2. 

Table 6.2: Beamline acceptance and optical design parameters  

Parameters Value 

Horizontal divergence of source 3 mrad 

Energy range of source 4 - 30 keV 

Distance of 1st Optical element from source (Slit-1) 14.5 m 

Distance of 2nd Optical element from source (Mirror) 16.5 m 

Distance of 3rd Optical element from source (Slit-2) 31.5 m 

Distance of image position from source 33.0 m 
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Optimization studies for the meridional radius of curvature, slope error, surface roughness with 

the size and intensity of image beam are performed to evaluate the design parameters of the 

cylindrical mirror. The calculated design parameters from the study are listed in table 6.3. 

Table 6.3: Design parameters of the cylindrical mirror  

Parameters Value 

Shape Tangential cylinder 

Mirror size (L x W x H) 1000 x 50 x 20 mm 

Tangential radius of curvature 5.6 km ± 2% 

Substrate material Silicon 

Coating material & thickness Gold (~ 50 nm) 

Roughness < 0.3 nm 

Slope error (tangential) < 1’’ (~ 5 µrad) 

Slope error (sagital) < 5’’ (~ 25 µrad) 

The footprints of the synchrotron beam at different optical elements are shown in figure 6.7 (a - 

d). Figure 6.7 (a) shows the footprint of the synchrotron beam at origin point with beam size 0.5 

mm (H) x 0.5 mm (V) at 1 σ. Figure 6.7 (b) shows the footprint of synchrotron beam on the 

mirror surface with acceptance for optical area of 1000 mm x 50 mm. Figure 6.7 (c) shows the 

vertically focused beam at slit-2 with opening area 94 mm (H) x 0.5 mm (V) placed before 

sample position. Because of the vertical focusing by the cylindrical mirror, the vertical size of 

beam at slit-2 position is reduced to ~1 mm. Figure 6.7 (d) shows the footprint of final image 

spot at sample position (after vertical focusing by the mirror and collimation by slit-2).   
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The variations in image properties at sample position are calculated by varying vertical opening 

of slit-2 width from 0.5 to 1 mm and listed in table 6.4. The variation in energy spectra of 

synchrotron beam at source, mirror and sample position at experimental station are shown in 

figure 6.8.   

Table 6.4: Source and image beam properties 

Beam Horizontal & Vertical 

beam sizes (mm) 

Intensity (%) 

Source 0.549 (H) x 0.557 (V) 100.0 

Image-1# 98.49 (H) x 0.672 (V) 47.3 

Image-2$ 98.49 (H) x 0.442 (V) 33.1 

Note: Post mirror slit vertical width: 1 mm (#), 0.5 mm ($) 

 

Figure 6.8: Spectral distribution at source point, mirror and image spot at experimental 

station 



Chapter-6 
 

176 
 

From figure 6.8, it is observed that the flux of synchrotron beam from mirror and at sample 

position reduces at faster rate after 25 keV and can be attributed to poor reflectivity from gold 

surface for photon energies higher than 25 keV.  

6.5 Summary and conclusion 

The design parameters of optical components for a white synchrotron beam line for applications 

in radiation physics research is evaluated using ray tracing programme “RAY”. The optimized 

parameters for meridional radius, surface roughness, meridional and sagittal slope errors are 

5600 m, 0.3 nm, 1 arsec and 5 arcsec, respectively. Synchrotron beam spot of size 98.49 mm (H) 

x 0.672 mm (V) with ~ 47% intensity (with post mirror slit vertical width of 1 mm) is achieved 

at the experimental station.  

The design of the beamline is done such that the experiments can be performed in full white 

spectrum with bigger beam size and also with focused beam at the experimental station. The 

integrated flux expected at the focal spot is ~ 1017 photons/s/0.1% BW. Provision for 4-blade slit 

system has been incorporated in the design in order to reduce the photon flux at the experimental 

station for specific dosimetry experiments where low flux is required. 
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Chapter 7 

 

Summary and conclusions 

 

Synchrotron radiation sources are high energy electron accelerators (storage rings) capable of 

delivering intense photons with wide energy spectrum ranging from infra-red to hard x-rays. In 

these sources, relativistic electrons under the influence of transverse magnetic field emit 

electromagnetic radiation called as the synchrotron radiation. The synchrotron radiation is 

transported to the experimental station through beamline. Every synchrotron beamline is unique 

in terms of energy range, photon flux, beam size and its divergence and is designed to fulfill the 

requirements of different experimental investigations. The radiation environment in a 

synchrotron beamline is primarily dominated by gas bremsstrahlung radiation, whose energy 

extends up to the primary energy of the electron in the storage ring. Primary bremsstrahlung x-

rays on interaction with beam line components produce photo-neutrons via photonuclear 

reactions, secondary electrons, positrons and photons through electromagnetic cascade. Intense 

synchrotron radiation especially in hard x-ray range is also a potential radiation hazard, which 

gets absorbed completely within few millimeters of the human body giving rise to very high skin 

dose locally. Both gas bremsstrahlung and synchrotron radiation are emitted in a very narrow 

cone and hence highly angular dependent.Thus the radiation scenario in a synchrotron beamline 

is complex and challenging. Extensive literature studies haverevealed the grey areas especially in 

gas bremsstrahlung dose estimation, dosimetry of low energy photons and high dose 
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measurement at synchrotron beamlines which motivated to investigate these unexplored areas. 

The reported empirical relation in literature for estimation gas bremsstrahlung dose rate is 

deduced from simulations carried out with air target and validated up to 1 GeV beam energy. 

Therefore the gas bremsstrahlung dose for actual residual gas composition inside storage ring at 

ultra high vacuum, which is significantly different from air composition and with higher beam 

energy are studied. Similarly lack of energy response of dosimetry devices in synchrotron energy 

range (< 30 keV) are equally important for proper assessment of dose to the synchrotron 

beamline users. Also the nonlinear and saturation problem in conventional thermoluminescence 

dosimeters are major issues to be addressed for high dose dosimetry. The design of primary 

standard dosimeter for absolute dosimetry and calibration of detectors in synchrotron radiation is 

also essential. The necessity of a dedicated beamline for radiation physics research with 

synchrotron radiation is strongly felt to generate useful data on radiation protection.The research 

work reported in the thesis is primarily focused on these important aspects of radiation dosimetry 

in synchrotron beamlines.  

In the present work, simulation studies on gas bremsstrahlung spectra and its angular distribution 

and depth dose profile from air target have resulted in optimization of the scoring radius. Based 

on the study, a constant emission cone (0.1 mrad) to evaluate the scoring radius has been 

deduced for dose estimation at medium energy electron storage rings up to 3 GeV. From the 

study, an empirical formula for gas bremsstrahlung dose rate is established which has better 

fitting of the dose data with experimental data. This study is further extended to investigate the 

effect of residual gas composition present inside vacuum chamber (at ultra high vacuum) on gas 

bremsstrahlung properties. From the study, a vacuum correction factor has also been suggested 

to the proposed empirical relation for gas bremsstrahlung dose estimation. These studies have 
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been applied for the shielding evaluation of synchrotron beam lines of Indus-2 (2.5 GeV). As far 

as synchrotron radiation dosimetry is concerned, dose due to direct and scattered synchrotron 

radiation are evaluated using FLUKA code and validated through experimental studies 

performed at the beam lines of Indus-2. The maximum absorbed dose rates in direct and 

scattered synchrotron beam are found to be of the order of 105 Gy/h and 2 Gy/h, respectively for 

the Indus-2 design parameters (300 mA, 2.5 GeV) and found to be very useful for shielding 

evaluation of synchrotron beamlines. The simulation methodologies used to generate useful data 

on gas bremsstrahlung radiation and synchrotron radiation are applied in radiation shielding 

studies for bending magnet and insertion device beamlines of Indus-2. Fluence distribution, 

energy spectra and dose equivalent rate due to gas bremsstrahlung, photo-neutron and 

synchrotron radiation around the beamline components and the shielding hutch are studied. 

Based on the study, gas bremsstrahlung stop and photo-neutron shielding are optimized to 

achieve acceptable dose limits stipulated by regulatory agency.  

Study on the energy response of CaSO4:Dy and LiF:Mg,Ti thermolumninescence detectors for 

synchrotron radiation has provided useful data on effect of dosimeter material thickness and 

metal filters (used in personnel dosimetry device). From the study, LiF:Mg,Ti is found to show 

better energy response than CaSO4:Dy for the range of energies covered by synchrotron 

radiation. Also CaSO4:Dy is found to show high under response than LiF:Mg,Ti for photon 

energies ≤ 8 keV because of self-attenuation. 

Study on effect of high gamma dose (tens of Gy and above) on CaSO4:Dy TL dosimeter using 

X-ray Absorption Near Edge Structure (XANES) spectroscopy has provided a direct 

experimental evidence of Dy3+ transition to Dy2+ on gamma ray irradiation as proposed by redox 

model of TL emission from CaSO4:Dy. The observed linear increase in the area under XANES 
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spectrum with dose has enabled us to propose this technique for gamma dosimetry in the dose 

range where conventional thermoluminescence technique is not suitable. In addition, for set up 

of a unique facility (synchrotron beamline) for radiation physics research, optical design 

parameters of the beamline at Indus-2 synchrotron facility are optimized and crucial parameters 

such as meridional radius, surface roughness, meridional and sagittal slope errors of the 

cylindrical mirror are evaluated through RAY tracing calculations and are reported in the thesis. 

The results obtained from the present work provide useful information on radiation dosimetry 

aspects of synchrotron beamlines worldwide. Empirical formula for gas bremsstrahlung dose in 

synchrotron beamlines and application of x-ray absorption spectroscopy techniques for 

dosimetry in high dose region are very important contributions presently made. The studies on 

design aspects of primary standard for dosimetry and the optical design of synchrotron beamlines 

will also provide valuable information for future studies in this field.  

Future Scope 

The present study on gas bremsstrahlung radiation indicates the importance of optimization of 

emission angle for dose estimation. However a generalized expression for gas bremsstrahlung 

dose based on angular dependency needs to be investigated to extend the energy range of the 

expression beyond 3 GeV. Both experimental and simulation studies will be necessary tool for 

the comprehensive study on gas bremsstrahlung radiation. In addition the study on scattered gas 

bremsstrahlung radiation to evaluate angular distribution of scattered dose and its dependency on 

scattering material is needed.  

In order to avoid self-attenuation, dosimetry using thin film dosimeters like radiochromic films 

[170] seems to be potential dosimeters for dosimetry in synchrotron radiation beamlines. 

Extensive studies on the energy response, dose response of these film dosimeters will provide 
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useful information for potential application in synchrotron radiation dosimetry. Also the effect of 

polarization property of synchrotron radiation on dosimetry is quite challenging and interesting. 

As the conventional thermoluminescence dosimetry technique using macroscopic TL materials is 

not suitable for high dose estimation; TL material in nano scale has promising scope for high 

dose estimation. Thus the suitability and standardization of dosimetry techniques for synchrotron 

radiation beamlines are the unexplored areas and need detail investigation. The spectrometry of 

synchrotron radiation using passive dosimeters through unfolding techniques is interesting and 

widens the scope for future work.  
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APPENDIX A 

 

Indus Synchrotron Radiation Source 

 

Indus synchrotron radiation facility houses two synchrotron radiation sources, Indus-1 and Indus-

2 operating round the clock mode at Raja Ramanna Centre for Advanced Technology (RRCAT), 

Indore. Indus-1 is a 450 MeV, 100 mA electron storage ring emitting radiation in infrared to soft 

x-ray region (critical wavelength - 61 A0) and operating since 1999. Presently there are five 

beamlines operational and two beamlines is under commissioning phase at Indus-1. Indus-2 is a 

2.5 GeV, 200 mA electron storage ring with critical wavelength of ~ 2 A0 (for bending magnet) 

operating in round the clock mode. Indus-2 can accommodate 21 bending magnet and 5 insertion 

device beamlines, out of which at present 13 bending magnet based beamlines (10 hard x- ray 

beamlines and 3 soft x-ray beamlines) are operational and being used by researchers from 

various universities, national institutes and laboratories across the country. For enhancing 

utilization through higher brilliance and broad energy range (ultraviolet to hard x–ray), Indus-2 

has been designed to accommodate five insertion devices (3 undulators, 1 wiggler and 1 

wavelength shifter), out of which 3 undulators have already been commissioned. 

Indus synchrotron facility consists of 20 MeV Microtron (electron injector), a 450/550 MeV 

booster synchrotron, 450 MeV storage ring (Indus-1) and 2.5 GeV electron storage ring (Indus-

2).20 MeV electron beam from microtron is fed to booster synchrotron through transport line-1 

(TL-1) where its energy is increased to 450 MeV / 550 MeV. 450 MeV electron beam from 
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Booster is injected (through the transport line TL-2) and stored in Indus-1 storage ring for 

synchrotron beam utilization. For Indus-2 injection, 550 MeV beam from the booster is 

transported through transport lines TL-2 and TL-3. Injection process continues till Indus-2 

accumulates desired beam current and thereafter electron beam energy is increased to 2.5 GeV. 

The facility was originally designed for 300 mA stored current at 2.5 GeV beam energy [1-4] but 

operated up to 200 mA at 2.5 GeV. A schematic layout of Indus synchrotron facility (Adopted 

from Ref. [1]) is shown in figure A.1. The major parameters of Indus-1 and Indus-2 synchrotron 

source are listed in table A.1. Synchrotron spectrum in Indus-1 and Indus-2 are shown in figure 

A.2. 

 

Figure A.1: Schematic layout of Indus synchrotron facility showing Microtron, Booster, 

Indus-1 and Indus-2 synchrotron sources 
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Table A.1: Major parameters of Indus-1 and Indus-2 synchrotron sources 

Parameters Indus-1 Indus-2 

Beam energy (Injection) 450 MeV 550 MeV 

Beam energy (Storage) 450 MeV 2500 MeV 

Beam current 100 mA 200 mA 

Circumference 18.97 m 172.47 m 

No. of Dipole magnets (Magnetic field) 4 (1.5 Tesla) 16 (1.5 Tesla) 

Critical Wavelength (Bending magnet) 61 A0 1.98 A0 

Synchrotron beamlines   7 26 

 

Figure A.2: Synchrotron spectra from bending magnet in Indus-1 and Indus-2 storage ring 

A. Radiation and its safety measures in Indus-2 

1. Indus-2 synchrotron radiation source 

Indus-2 storage ring is third generation light source comprising of 16 bending magnets (BM), 72 

quadrupole magnets (QF/QD) and 32 sextupole magnets (SF/SD). These magnets in the storage 

ring are arranged ina periodic fashion forming 8 unit cells called as lattice. Additional 48 

horizontal and 40 vertical steering magnets are also distributed over the storage ring for the 
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correction in closed orbit distortion. The storage ring has eight long straight sections, where two 

sections are reserved for RF cavities, one section for injection septum and five sections for 

insertion devices [1-2]. Indus-2 storage ring along with the lattice structure [1-2] is shown in the 

figure A.3. 

 

Note: LS: Long Straight section; BM: Bending Magnet; QD: Defocusing Quadrupole; QF: 

Focusing Quadrupole; SF: Focusing Sextupoles; SD: Defocusing Sextupoles 

Figure A.3: Schematic diagram of Indus-2 DBA (Double Bend Achromat) lattice 

The photographs of some sections of Indus-2 storage ring showing the RF cavities and the front 

end of a bending magnet beamline are shown in figure A.4. 
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Figure A.4: Photograph of the Indus-2 storage ring (a) RF cavities section (b) Frontend of 

bending magnet beamline from the rimg 

Indus-2 is originally designed for beam current of 300 mA at 2.5 GeV beam energy with a 

lifetime of about 24 hrs. In Indus-2, synchrotron radiation generated from 1.5 Tesla bending 

magnets has critical wavelength of 1.98 Å. The first synchrotron light in Indus-2 was observed in 

December 2005 and regularly operating at 200 mA at 2.5 GeV [3-4]. Indus-2 is planned to 

accommodate 21 Bending Magnet (BM) and 5 Insertion Device (ID) beamlines, out of which 13 

BM beamlines are operational and some BM beamlines as well as ID beamlines are in 

installation stage. The utilization of the planned beamlines in Indus-2 is listed in table A.2. 

Table A.2: Indus-2 synchrotron beamlines and their utilisation 

Beamline 

No. 

Name of Beamline Source Typical experiments/ applications 

BL-1 Soft X-ray Absorption 

Spectroscopy 

Bending 

magnet 

Absorption in thin films and bulk for 

information on chemical state and near 

neighbor environment 

BL-3 Soft X-ray Reflectivity Bending 

magnet 

Surface and interface characterization of 

multilayer, thin film and X-ray optics 

BL-4 X-ray Imaging Bending 

magnet 

X-ray phase contrast imaging and 

tomography of materials for engineering 

(a) (b) 
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and biomedical application 

BL-7 Soft & Deep X-ray 

Lithography  

Bending 

magnet 

Development of high aspect radio 

structure for MEMS, X-ray optics, micro-

devices etc. 

BL-8 DEXAFS (Dispersive 

Extended X-Ray 

Absorption Fine 

Structure) 

Bending 

magnet 

Time resolved local structure 

measurement, applied to catalysis, 

reactions etc. 

BL-9 SEXAFS (Scanning 

Extended X-Ray 

Absorption Fine 

Structure) 

Bending 

magnet 

Near neighbor information and chemical 

state of element in functional material 

BL-11 Extreme conditions 

AD/ED-XRD  

Bending 

magnet 

Crystal structure of high pressure and high 

temperature total XRF for PDF analysis 

BL-12 Angle Dispersive XRD 

(ADXRD) 

Bending 

magnet 

Crystal structure of bulk and thin films at 

high and low temperature and high 

pressure 

BL-14 X-ray Photo-Electron 

Spectroscopy (XPES) 

Bending 

magnet 

Electronic structure of materials, 

determination of surface composition 

BL-16 X-ray Fluorescence 

microprobe (µXRF) 

Bending 

magnet 

Trace element analysis, chemical 

composition of bulk and thin film 

BL-21 Protein crystallography 

(PX) 

Bending 

magnet 

Crystal structure of biological molecules 

like proteins, DNA and their complexes 

BL-23 Visible diagnostic Bending 

magnet 

Determine the characteristics of the 

synchrotron beam of Indus-2 

BL-24 X-ray diagnostic Bending 

magnet 

Determine the characteristics of the 

synchrotron beam of Indus-2 

2. Radiation environment in Indus-2 

The radiation environment in Indus-2 is dominated by bremsstrahlung radiation which is 

produced when electron beam interact with the accelerator components like vacuum pipes, 
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injection point, extraction point etc. during operation. Another source of bremsstrahlung 

radiation is gas bremsstrahlung, generated due to the interaction of stored electrons with residual 

gas molecules. Since the bremsstrahlung radiation has a broad energy spectrum from few keV to 

the energy of the incident electron beam (2.5 GeV). Because of the high energy, these photons 

develop electro-magnetic cascade in the interacting medium and as a result mixed field of 

electrons, positrons and photons are generated in the medium. The bremsstrahlung radiation will 

generate neutrons via photonuclear reactions (like giant dipole resonance, quasi-deuteron effect 

and photo-pion decay) with accelerator components [5].  However the cross-section for neutron 

production is of the order of few mbarn/nucleon and thus the contribution of neutron dose 

outside shielding is not significant. Due to the generation of photo-neutrons, from the structural 

materials, radio activity may be induced in the accelerator components. The intensity and 

spectral distribution of the radiations at different sections of the storage ring depend upon the 

beam loss scenario during various stages of operation [6-7]. The radiation shielding for the 

storage ring is evaluated based on the design beam loss scenario. The design beam loss scenario 

for Indus-2 is shown in figure A.5. Radiation source term [5] due to bremsstrahlung radiation 

and photo-neutrons at the reference points are calculated using the design beam loss scenario 

(assuming point beam loss). Based on these data, shielding thickness is evaluated to achieve 

regulatory limit of 1 µSv/h (for continuous occupancy). The calculated roof thickness is also 

found to be sufficient enough to reduce the neutron sky shine dose to background level. 
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Note: Frequency of the events are assumed to be 6 times per day and 250 days per year for all 

events except the upset loss during injection, where the frequency of one time a day and 250 days 

per year is assumed. 

Figure A.5: Design beam loss scenario for Indus-2 storage ring 

However if heavy beam loss takes place for long duration, then the location of beam loss may 

Indus-2

beam loss

Normal Loss

Injection 
1.89x1010 e/s at beam energy 700 MeV

is lost at the injection septum for 5 min

duration.

Ramping 
1.18x109 e/s is lost during accelation

from 700 MeV to 2.5 GeV within 5 min

duration.

Storage
7.38x107 e/s is lost within 4 hours

duration.

Upset 

Loss

Injection 
2.37x1010 e/s at beam energy 700 MeV is

lost at the injection septum for 10 min

duration.

Ramping 
1.42x1012 e/s at beam energy 700 MeV is

lost within 1 sec duration.

Storage
1.06x1012 e/s at beam energy 2.5 GeV is

lost within 1 sec duration.



Appendix-A 
 

208 
 

give rise to significant induced activity. The residual activity builds with continued machine 

operation and reaches a saturation level depending upon its half-life. Since the beam injection is 

done for limited duration, the activity build-up is not much. The estimated saturation exposure 

rate and the dose rate from saturation activity are shown in table A.3. Low level of induced 

radioactivity is produced at the injection septum, where the corresponding dose rate is found to 

be within 1-2 µSv/h. Measured residual activity in air and cooling water are found to be below 

minimum detectable activity (MDA). 

Table A.3: Estimated dose rate due to induced activity in Indus-2 

Material Isotope Half life Radiation type 
& energy 

*Saturation 
exposure rate 

(R-m2/h/kW) 

**Normal loss 
dose rate at 1m 
(µSv/h) 

Storage Ring 
Copper Cu-62 9.76 min β+:  2.9 MeV 6.5 1.68 

Cu-64 12.8hr β-: 0.6 MeV  
β+: 0.7 MeV 

1.9 0.49 

Co-60 5.26 y β- : 0.3 MeV 
 γ : 1.17 MeV 
&1.33 MeV 

0.83 0.22 

Iron Fe-55 2.6 y e- capture 
Kα- 5.898 keV 
Kβ - 6.49 keV 

9.0 2.33 

Aluminum Al-26 7.4 x 105y β+ : 1.2 MeV 
γ :  1.8 MeV& 
 1.3 MeV 

6.0 1.55 

Injection Septum*** 
Composition of Injection Septum: Vacuum Chamber  --   Stainless Steel (Fe); Magnets 

(core material MAG36B) --   Ni (36%), Fe (64%); Coil   --   Copper 
Copper Cu-62 9.76min β+:  2.9 MeV 6.5 75.42 

Cu-64 12.8 hr β-: 0.6 MeV 
β+: 0.7 MeV 

1.9 22.1 

Co-60 5.26 y β- : 0.3 MeV 
 γ : 1.17 MeV  
&1.33 MeV 

0.83 9.65 
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*Obtained from saturation activity 

**During normal loss, 300 mA stored current at 2.5 GeV is assumed to be lost in 4 hours and the 

electrons are assumed to be lost at a single point. 

*** At the injection septum due to loss of incoming electron beam from booster synchrotron 

(2/3rd of 30 mA circulating current in booster synchrotron at 700 MeV) 

Because of the low beam power (~ few watt), the production of radioactive nuclides in the air 

and soil, as well as noxious gases due to beam losses in the storage ring are generally not 

considered safety issues [7-10] for synchrotron facilities. However due to high intensity and low 

energy synchrotron photons in beamlines, production of ozone (O3) gas inside the experimental 

station of the white beamlines are found to be significantly higher than the threshold limit value 

of 0.1 ppm. However in monochromatic beamlines the measured ozone concentration is well 

below the threshold limit value.  

3. Radiation safety systems in Indus-2 

For ensuring radiation safety in the facility, various safety systems like personnel protection 

system and radiation monitoring system are implemented in the facility.  Radiation safety in 

Indus-2 facility is ensured by engineered safety systems like shielding, ventilation, zoning, 

access control, search and secure interlocks, scram switches, door interlocks etc. Continuous 

Iron Fe-55 2.6 y e- capture 
Kα- 5.898 keV 
 Kβ - 6.49 keV 

9.0 104.71 

Aluminum Al-26 7.4 x 105y β+ : 1.2 MeV 
γ :  1.8 MeV 
& 1.3 MeV 

6.0 69.81 

Nickel Ni-57 36 hr β+: 0.8 MeV 
 γ: 1.38 MeV 
&1.92 MeV 

7.9 92.09 

Co-57 270 days  γ: 0.122 MeV 
& 0.136 MeV 

7.5 87.26 



 

 

measurements of radiation levels

remote displays. Periodic radiation surveys are also carried out during the operation of Indus

2.Various components of radiation safety 

Figure A.6: Radiation safety pathway for Indus synchrotron facility

A brief description of the safety systems for Indus

C.1 Zoning Philosophy  

Zone-1 (Normally Accessible area):   Dose rate 

Zone-2 (Restricted Entry area):       

     

Zone-3 (Prohibited area):        

If the dose rate crosses 10µSv/h 

Radiation Safety 
in Indus

Engineered 
Safety System

Shielding, Zoning, 
Ventillation etc.

Search & Scram, 
Door interlock, 
Access control 
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levels are carried out by deploying radiation monitors with local and 

. Periodic radiation surveys are also carried out during the operation of Indus

radiation safety systems for Indus-2 is shown in figure A.

Radiation safety pathway for Indus synchrotron facility 

A brief description of the safety systems for Indus-2 is given below. 

1 (Normally Accessible area):   Dose rate  < 1 µSv/h 

2 (Restricted Entry area):          Dose rate 1-10 µSv/h 

   10-100 µSv/h (Investigation/

  Dose rate  > 100 µSv/h 

 in the Zone-2, investigation is performed to find out the cause of 

Radiation Safety 
in Indus

Radiation Safety 
System

Personnel 
Protection 

System 

Search & Scram, 
Door interlock, 
Access control 

gates, etc.

Radiation 
Monitoring 

System

Area Radiation 
Monitoring

Appendix-A 

are carried out by deploying radiation monitors with local and 

. Periodic radiation surveys are also carried out during the operation of Indus-

in figure A.6 

 

Investigation/Action level) 

to find out the cause of 

Radiation 
Monitoring 

System

Personnel 
Dosimetry
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the increase in radiation level and appropriate action will be initiated to reduce it below10 µSv/h.  

C.2 Shielding 

The storage ring area is shielded with 1.5 m thick ordinary concrete wall on outer side and 0.6 m 

thick concrete wall on inner side of the tunnel. Tunnel roof is also provided with 0.6 m thick 

concrete shielding. Cross-section view of the shielding for Indus-2 tunnel is shown in figure A.7. 

The shielding adequacy has been evaluated for design parameters (2.5 GeV, 300 mA) taking into 

account the normal as well as accidental beam losses as per the beam loss scenario (Refer figure-

A.5). The annual dose rates at the reference points (A, B, C and D) based on the design beam 

loss assumptions are shown in table A.4. The calculated roof thickness is also found to be 

sufficient enough to reduce the neutron sky shine dose to background level. Beam line holes / 

gaps on the outer shield wall are plugged with appropriate shield materials to prevent any 

streaming of radiation to experimental hall. 

 

Figure A.7:  Cross-section of Indus-2 shielded tunnel showing the reference points (A, B, C & 

D) used for shielding calculation 
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Table A.4: Dose per year at the reference points based on design beam loss scenario 

Reference 

Points 

Dose per year (mSv/y) 

00 900 

A 4.39 23.44 

B - 1349.16 

C - 344.43 

D 0.93 0.86 

Note: The 00 and 900 dose values are the dose rates outside the shield containment in the 

forward and lateral direction with respect to the point beam loss in the ring.  

C.2 Ventilation 

The saturation concentration of ozone due to a 2.5 GeV electron at 300mA is estimated to be 

0.154 ppm assuming the electron beam is interacting with air to produce ozone. Therefore a 

ventilation rate of 1 air change per hour is maintained in the storage ring tunnel of Indus-2 to 

reduce the ozone concentration within 0.1 ppm. However the production of ozone gas in white 

beamline hutches is significantly higher than the threshold limit value. Hence as a safety 

measure, forced ventilation through exhaust fan is interlocked with synchrotron beam ON 

condition and the delay time for opening of the hutch door are provided to prevent exposure to 

ozone gas. 1 air change per hour has been set as the ventilation requirement in the experimental 

hall to avoid ozone inhalation hazard. 

C.3 Personnel Protection System  

RFID card based access control gates are installed at entry points to tunnel area for ensuring 

entry of the authorized persons only. Many Search & Scram units are placed at different 

locations in the ring area which forces the operation crew to search for any occupancy and 
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evacuate the area before the operation of the accelerator. Scram switches and pull chord system 

are provided to trip the accelerator by any trapped personnel.  Any error in the search process 

will trip the system forcing the crew to search the area again. Door interlocks are also provided at 

the entry doors to ensure tripping of the accelerator in case of any inadvertent entry to storage 

ring area is attempted. 

C.4 Radiation Monitoring System 

Photon and neutron radiation monitors are installed in different areas in the facility for 

continuous monitoring of the radiation levels and the data from the monitors are displayed 

locally as well as made available in Indus control room. 

C.5 Personnel dosimetry devices 

Personal monitoring devices like Thermoluminescent Dosimeter (TLD) badges, Direct reading 

dosimeters (DRD) for short term users for photon and CR-39 neutron badges for neutron are 

provided to working personnel involved in operation and maintenance of the facility and 

synchrotron beamline users. The dosimetry devices are issued after attending an audio-visual 

training module on radiation protection, safety systems etc. and clearing a radiation protection 

examination. 
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APPENDIX-B 

 

Radiation quantities and units 

 

Quantification of radiation field through the measurement of ionization produced in air by the 

incident radiation has been the most conventional technique. The ionization produced in air is 

then correlated to the dosimetry quantities. Basically there are three physical quantities used to 

describe radiation field kerma (K), absorbed dose (D) and exposure (X) and are defined as 

follows [1-4]. 

A. Physical quantities 

1. Kerma (K) 

Kerma stands for kinetic energy released per mass and quantifies the transfer of energy by 

indirectly ionizing radiation (photons and neutrons) to charged particles in the medium. Kerma is 

defined as the energy transferred to charged particles per unit mass in medium and is 

mathematically expressed as follows. 

 
ZE

trtr E
dm

dE
GyK

,













       --------------- (B.1) 

Where, trE = Energy transferred to the charged particles in the finite volume, E = Energy of 

incident radiation,   = Fluence and 
ZE

tr

,









 = mass energy transfer coefficient, function of 

energy of photon (E) and atomic number (Z) of medium. Kerma is expressed in terms Gray (Gy). 

Due to the transfer of energy to electrons in the interacting medium, the electrons gain kinetic 
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energy and undergo collision loss (i.e. ionization and excitation) or radiative loss bremsstrahlung 

photons). The bremsstrahlung photons mostly move out of the region of interest and do not 

produce any appreciable measured charge. A correction term for the bremsstrahlung loss is 

added to the kerma and is called as collision kerma. Therefore collision kerma in air is expressed 

as  

)1(
,

gEK
ZE

tr
c 













       --------------- (B.2) 

Here g is the bremsstrahlung correction factor or the mean correction for energy due to radiated 

photons. 

2. Absorbed dose (D) 

Absorbed dose quantifies the energy absorbed in the medium due to all kinds of radiation. 

Absorbed dose is defined as the energy of the incident radiation deposited per unit mass in 

medium and is mathematically expressed as follows. 

 
ZE

enE
dm

dE
GyD

,













       --------------- (B.3) 

Where 
ZE

en

,











= mass energy absorption coefficient, function of energy of photon (E) and 

atomic number (Z) of medium.  SI unit of absorbed dose is Gray, same as that of kerma [CGS 

unit: rad]   

1 Gy = 1 J/kg = 100 rad  [1 rad = 100 erg/gm] 

In simple words, it can be said that kerma quantifies the energy which is transferred to the 

charged particle in the medium whether it may or may not be completely absorbed in the 

medium, whereas absorbed dose quantifies the energy of the charged particle which is absorbed 

in medium.  
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3. Exposure (X): 

Exposure quantifies ionization produced by x-ray and γ-rays in air medium and is defined as the 

total charge (of either sign) produced in air of unit mass when all the electrons (including 

positrons) liberated by photons are completely stopped in air. The use of exposure is limited to x-

rays or gamma rays below 3 MeV, because of difficulty in measuring the ionization produced in 

air due to energetic secondary electrons. 

 
dm

dQ
kgCX /        --------------- (B.4) 

SI unit of exposure is Coulomb/kg, whereas the special unitroentgen (R) is popularly used. 

Roentgen (R) is defined as the amount of x-ray or gamma radiation that produces 1 esu of charge 

in 1 cm3 of air at STP (mass of 1 cm3 air at standard temperature of 0 0C and standard pressure of 

1 atm is 0.001293 g).    

1 R = 2.58 x 10-4 C/kg  

Relationship between kerma, dose and exposure 

Air kerma can be quantified by measuring exposure and the relationship between the two 

quantities is given below. 
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Here 
aire

W








is the mean energy per charge in air and has a value of 33.97 J/C.Under charged 

particle equilibrium (CPE) condition, i.e. when the energy loss due to a charged particle leaving 

the region of interest is compensated by an identical charged particle produced outside and 

entering to the region of interest, the relationship between three quantities is given below. 
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aircair e
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B. Protection quantities 

Absorbed dose (D) quantifies the energy deposition in matter from ionizing radiation irrespective 

of the type of the medium. However in radiation protection, the energy absorption in human 

body from radiation and its consequences are most important. Different forms ofionizing 

radiation can lead to different biological effects, even for the same absorbed dose in human 

tissue. Similarly depending on the response of different tissues, the effect of absorbed dose also 

varies with different tissues in human body. Therefore protection quantities like Dose equivalent 

and Dose effective have been derived to quantify the radiation effects on human body and the 

quantities are defined as follows [1-4]. 

Dose Equivalent (Deq) = Absorbed Dose (D) x Radiation Weighting Factor (WR) 

Dose Effective (Deff) = Dose Equivalent (Deq) x Tissue Weighting Factor (WT) 

The weighting factors, WR and WT have been reported and updated by International Commission 

on Radiological Protection (ICRP) through series of recommendation booklets. Both dose 

equivalent and dose effective have same unit, Sievert (Sv); 1 Sv = 100 rem  [CGS unit: rem] 
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