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SYNOPSIS
Electrons travelling at a relativistic speed and forced to change the direction of their motion
under the influence of magnetic field emit electromagnetic radiation with peculiar
characteristics known as synchrotron radiation. These electromagnetic radiations cover a
wide range of photon energies from the infrared to hard X-ray regions of electromagnetic
spectrum. The sources of these radiations are high energy electron or positron circular
synchrotrons or storage rings. The storage rings designed specifically for the production of
synchrotron radiation across the world such as Diamond light source (U.K.), Soleil (France),
Australian light source (Australia) and Indus-2 (India) are known as synchrotron radiation
sources. The motion of electrons in a synchrotron or storage ring is guided by an external
magnetic field created by periodic arrangement of dipoles, quadrupoles and sextupoles
magnets whereas it gets acceleration or the compensation of energy lost due to the emission
of synchrotron radiation from an external electric field created by radio frequency (RF)
cavities.
In an electron storage ring like Indus-2, the electrons are confined within bunches inside a
vacuum chamber. The number of stored bunches in a storage ring may be equal or less than
the available RF buckets. The number of maximum RF buckets in the ring is equal to the
ratio of the resonant frequency of RF cavity to the revolution frequency of electrons. The
electrons which are confined within a bunch execute betatron oscillations about the closed
orbit in transverse planes and also execute synchrotron oscillations with respect to
synchronous electrons in longitudinal plane. The electrons within a bunch are scattered due to
coulomb repulsion with each other and also get scattered due to the interaction with residual
gas atoms present in the vacuum chamber. Due to the scattering of electrons within a bunch
and with residual gas atoms, electrons are deflected and also undergo changes in energy
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which cause an increase in amplitude of betatron oscillations and are lost from the bunch
either due to the aperture limitations in transverse plane or due to momentum aperture
limitations either in transverse or in longitudinal plane. So the study of the aperture in a
storage ring is essential for the estimation of beam lifetime. The experimental studies and
theoretical analysis of beam lifetime of stored electrons in Indus-2 storage ring are the
objective and scope of the thesis.
The stored electrons orbiting in an electron storage ring may be lost due to various causes.
For a well designed storage ring, there are two main classes for electron losses, first is the
loss due to scattering and another is the loss due to beam instabilities. While the electron
losses due to scattering with other particles is a single particle effect leading to a gradual loss
of electrons from the electron beam whereas electron losses due to beam instabilities is a
multi particle effect and later can lead to a partial or complete loss of electron beam. This
work is mainly focused on the gradual loss of electrons which are mainly due to beam-gas
scattering and electron-electron scattering within a bunch known as Touschek scattering. The
lifetime  t of stored electron beam during beam current decay is estimated as  I dI dt 
where dI dt is the instantaneous decay rate at particular current I at time t . The
experimental studies and theoretical analysis of beam lifetime of stored electron beam in
multi-bunch mode at beam energy 2.0 and 2.5 GeV with stored current 100 mA in Indus-2
was carried out.
The electrons within a bunch are scattered by the residual gas atoms present in the vacuum
chamber. The scattering may be elastic or inelastic. In the initial stage of Indus-2 operation,
the vacuum pressure in the storage ring increased due to the photo induced desorption of
gases from the surface of vacuum chamber caused by the incident synchrotron radiation
emitted by the circulating electron beam. The pressure in the ring gradually reduced with

2

time due to the cleaning of the surface of vacuum chamber by synchrotron radiation. The
beam current decay data with the reduction in pressure with time was studied and the beam
lifetime was found to increase with the reduction in vacuum pressure.
When the electrons are scattered elastically with the nuclei of residual gas atoms, they are
deflected and the amplitude of betatron oscillation about the closed orbit is increased and are
lost at a location where the available aperture for electron motion is less than the betatron
oscillation amplitude. The effect of aperture was studied by conducting beam lifetime
experiments without and with closed orbit correction in both vertical and horizontal plane. By
minimizing closed orbit distortion in vertical and horizontal plane, there is an increase in
available aperture for beam motion and also reduction in vacuum pressure was observed,
which resulted into an increase in beam lifetime.
The beam lifetime due to elastic scattering between electrons and nuclei of residual gas atoms
depends on the shape of the vacuum chamber. The effect of rectangular and elliptical shape
of vacuum chamber on beam lifetime due to elastic coulomb scattering was studied using
linear beam dynamics. As the vacuum pressure along the circumference in a storage ring is
not uniform so analytical formulations for the shape factor for rectangular and elliptical shape
of the vacuum chamber as a function of position along the circumference were developed.
The analytical expression of the shape factor for elliptical shape of vacuum chamber as a
function of longitudinal position was found to be different than the existing expression. The
existing expression for shape factor is obtained by considering electron loss at only one
location whereas expression was derived by considering the loss at maximum  x and  z
locations which are applicable in modern storage ring. These studies show that the effect of
shape on shape factor is much smaller as compared to the values obtained using existing
analytical expressions.

3

The contribution of vacuum lifetime and Touschek lifetime to total beam lifetime was
separated experimentally by storing same amount of average beam current uniformly in all
291 RF buckets in first experiment and by filling two-third RF buckets and the rest of the RF
buckets kept empty in second experiment. The experimental studies show that the vacuum
pressure at the same stored beam current is the same at all Bayard Alpert Gauges (BAGs)
installed for vacuum pressure measurement in case of uniformly filled all RF buckets and
filling two-third RF buckets and the rest of the RF buckets kept empty. By conducting these
experiments, we are able to know whether the beam lifetime is limited due to vacuum or
Touschek lifetime.
During electro-electron scattering within a bunch and inelastic scattering between stored
electrons and nuclei of residual gas atoms, the energy of scattered electrons changes, if this
change in energy is more than the momentum aperture, the scattered electrons are lost from
the beam. The limitation of momentum aperture which may be either in transverse or in
longitudinal plane was studied by conducting experiments with different RF cavity voltages.
The studies of beam lifetime in single bunch mode in Indus-2 were carried out. The objective
of these studies was to study the effect on beam lifetime in electron-electron interaction due
to increase in electron density within a single bunch.
The Touschek lifetime varies proportionally with vertical beam size which depends on linear
betatron coupling in the storage ring. The measurement of betatron coupling in Indus-2 was
carried out using minimum tune separation technique and found to be less than 1%. The
vertical beam size obtained using betatron coupling was found to be closely same as the
vertical beam size obtained using XRF microprobe beamline in Indus-2.
Long beam lifetimes are desirable for the users of synchrotron radiation sources since it gives
higher integrated photon flux, reduce the number of refills necessary and improve the
4

stability by reducing thermal loading effects due to the varying current. In a low emittance
electron storage ring, the beam lifetime is dominated by Touschek scattering within a bunch.
Simulation studies were carried out to find the effect of RF phase modulation on bunch
length. These studies show that by applying phase modulation in main RF, there is an
increase in bunch length that leads to the reduction in Touschek scattering within a bunch.
The simulation studies were carried out using particle tracking code ELEGANT.
To know the aperture available for stable motion of electrons in a storage ring, movable beam
scrapers are used. The measurements of aperture were carried out using movable vertical and
horizontal beam scrapers installed in one of the long straight sections in Indus-2. The
objective of these measurements was to find out the minimum aperture requirement for
undulators which are planned to be installed in long straight sections and also to find the
contributors of beam loss. Using the measured aperture and residual gas pressure, the
contribution of beam lifetime due to vacuum lifetime, Touschek lifetime and quantum
lifetime was obtained. The values of vacuum and Touschek lifetime were compared with the
values obtained using partial bunch fill experiments and found to be closely same. The results
of vertical and horizontal beam sizes obtained by moving scrapers towards the beam centre in
quantum lifetime limit were compared with the beam sizes obtained using X-ray diagnostic
beamline and were found to be nearly same.
The thesis is organized into five chapters. The chapter wise summary is as follows:
Chapter 1: The beam lifetime and acceptances in an electron storage ring
In this chapter, an introduction of Indus-2 storage ring and the dependence of beam loss due
to quantum excitation, beam-gas scattering and Touschek scattering will be presented. The
acceptance available in the ring i.e. physical acceptance, dynamic acceptance and RF
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acceptance will also be summarized. The theoretical estimation of quantum lifetime, vacuum
lifetime and Touschek lifetime will also be discussed.
Chapter 2: Dependence of electron loss on the shape of vacuum chamber
As the vacuum pressure in a storage ring is not uniform along the circumference and it varies
from place to place. In order to calculate beam lifetime due to elastic scattering between
electrons and nuclei of residual gas atoms, the vacuum pressure and shape factor information
at all locations in the ring is required. Due to non uniform pressure in storage ring, it is
important to know the shape factor as a function of longitudinal position in the ring.
Analytical expressions for the shape factor as a function of position along the circumference
for rectangular and elliptical shape of the vacuum chamber was derived considering the
aperture to be uniform along the circumference and the loss of electrons at the quadrupole
locations. The expression given in the literature is for the average shape factors which are not
applicable to the practical situations in which the pressure is not uniform at all places along
the circumference of ring.
In this chapter, analytical formulations of shape factor due to elastic coulomb scattering
between electron and nuclei of residual gas atoms will be presented considering rectangular
and elliptical shape of vacuum chamber for Indus-2 storage ring. A comparison in the value
of shape factor using existing expressions will also be presented.
Chapter 3: Studies of electron-electron interaction within a bunch
The electrons in a storage ring are confined within bunches. As the density of electrons in a
bunch increases, the scattering of electrons within the bunch increases which is known as
Touschek scattering. Beam lifetime due to Touschek scattering depends on how strongly
electrons are packed within a bunch. It thus depends not only on the beam current but also
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upon the beam sizes in horizontal and vertical plane and the bunch length. The vertical beam
size which depends on the coupling between the horizontal and vertical motion has been used
for the calculation of Touschek lifetime. Linear betatron coupling in Indus-2 was measured
using minimum tune separation technique and found to be less than 1%. The vertical beam
size obtained using betatron coupling was found to closely agree with the vertical beam size
obtained using XRF microprobe beamline in Indus-2. Linear betatron coupling and its
measurement using minimum tune separation technique in Indus-2 will be presented.
In a low emittance electron storage ring, the beam lifetime is limited due to Touschek
scattering. The Touschek scattering can be decreased by applying phase modulation in main
RF system. Simulation studies on the effect of phase modulation of frequency nearly twotimes of synchrotron frequency in main RF signal were carried out using particle tracking
code ELEGANT. The tracking results of longitudinal phase space and the effect of phase
modulation on beam parameters in longitudinal plane i.e. bunch length and energy spread in
Indus-2 at beam energy 2.5 GeV will be presented.
Chapter 4: Experimental studies of beam lifetime in Indus-2
a)

Experiments using multi-bunch mode

Beam lifetime experiments were conducted to study the effect of aperture on lifetime of
stored electron beam. For the experiment, beam current decay was monitored without and
with closed orbit correction in vertical and horizontal plane. The results of the effect of closed
orbit correction on beam lifetime will be discussed. The increase in beam lifetime with
reduction in pressure with time will also be discussed. An equation of beam current decay
generated using a least square minimization method that closely follows the beam current
decay of stored electron beam will also be discussed.
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Beam lifetime experiments were also conducted by storing electrons uniformly in all 291
available RF buckets and also by storing electrons in two third RF buckets keeping rest of the
RF buckets empty. The analysis of measured beam lifetime using vacuum pressure and RF
cavity voltage was carried out. These results will be presented in this chapter. The results of
the effect of bunch fill pattern and RF cavity voltage on beam lifetime will also be discussed.
The separation of vacuum lifetime, Touschek lifetime from the measured beam lifetime will
also be covered in this chapter.
a)

Experiments using single bunch mode

To study the effect of beam energy on Touschek scattering, the beam current decay of equal
amount of average current stored in single bunch in one RF bucket out of 291 RF buckets
was observed at low beam energy i.e. 550 MeV and higher energy 2.5 GeV. A comparison of
beam current decay in single bunch storage mode at these beam energy will be presented.
Chapter 5: Measurement of aperture and beam lifetime using movable beam scrapers
The vertical and horizontal apertures available for the stable beam motion at beam scraper
locations were measured using vertical and horizontal movable beam scrapers which are
installed in one of the long straight sections in Indus-2. With the movement of vertical and
horizontal scrapers, the beam lifetime was measured at different positions of scrapers from
the beam centre. By using the measured beam lifetime data with scraper position, the
contribution of beam lifetime due to elastic scattering between electrons and residual gas
atoms, bremsstrahlung, Touschek and quantum excitation was estimated. The measured value
of vertical and horizontal aperture at scraper location was found to be ±4.1 mm and ±12.45
mm respectively at beam energy 2.5 GeV. The measurement and analysis of experimental
data will be presented in this chapter.
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Summary:
The loss of electrons due to elastic scattering between electrons and the nuclei of the residual
gas atoms for rectangular and elliptical shape of the vacuum chamber was studied using
linear beam dynamics. Analytical expressions for the shape factors for rectangular and
elliptical shape of vacuum chamber as a function of position along the circumference of
storage ring were developed. The expressions were derived considering the loss of electrons
at quadrupole locations i.e. at maximum  x and maximum  z locations. The expression for
shape factor for elliptical shape of vacuum chamber is found to be different than the existing
expression because in existing expression the loss of electrons was considered at one location
only which is not applicable in modern electron storage ring. These expressions are very
useful to estimate the beam lifetime due to elastic scattering of electrons with the nuclei of
residual gas atoms in realistic conditions like non uniform vacuum pressure in storage ring.
The contribution of vacuum lifetime and Touschek lifetime in measured beam lifetime was
separated by storing electrons uniformly in all 291 RF buckets and also storing electrons in
two-third RF buckets keeping rest of the RF buckets empty. These studies are very useful to
know the limiting factor of beam lifetime i.e. either vacuum lifetime or Touschek lifetime.
The beam lifetime due to a high density of electrons in a bunch was studied by storing the
electrons in a single RF bucket out of 291 RF buckets in Indus-2 ring.
The aperture available for stable beam motion in Indus-2 was measured by using movable
beam scrapers. These studies are useful to choose an appropriate aperture for undulators
which are planned to be installed in Indus-2. From the measured beam lifetime with scraper
position from the beam centre, the contribution of beam lifetime due to elastic scattering of
electron with the nuclei of residual gas atoms, bremsstrahlung, Touschek scattering and
quantum excitation was estimated separately. The vacuum and Touschek lifetime obtained
9

using scrapers was closely same as obtained using partial bunch fill experiments. The vertical
and horizontal aperture studies using movable beam scrapers show that the beam lifetime is
limited due to elastic coulomb scattering and inelastic scattering between electrons and nuclei
of residual gas atoms. The measured vertical aperture at scraper location was found to be less
than from its theoretical estimated value. The vertical aperture was increased by minimizing
the closed orbit distortion in vertical plane and resulted into ~40% increase in beam lifetime.
The lifetime will further improve by reduction in vacuum pressure. The vertical aperture
measurements carried out indicate that the beam lifetime will not be reduced after installation
of insertion devices as the vertical aperture available will be ± 8 mm.
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CHAPTER 1

THE BEAM LIFETIME AND ACCEPTANCES IN INDUS-2 ELECTRON STORAGE
RING

1.1

Introduction
When electrons travelling at a relativistic speed are forced to change the direction of

their motion under the influence of magnetic field, they emit electromagnetic radiation with
peculiar characteristics are known as synchrotron radiation. The synchrotron radiation covers
a wide range of photon energies from infrared to hard X-ray regions of electromagnetic
spectrum. Most useful properties of X-rays obtained from the synchrotron radiation sources
are the flux (number of photons emitted per second per milli-radian in a given spectral band
width) and the brightness (number of photons emitted per unit source area per unit solid angle
in a given spectral band width) which are several order of magnitude higher than the
conventional X-ray sources. The sources of the synchrotron radiations are high energy
electron or positron circular synchrotrons or storage rings. Electron synchrotron is a circular
accelerator in which magnetic field is used to guide the electrons to circulate in a closed orbit
of fixed radius whereas storage ring is a synchrotron of constant electron energy in which
motion of electrons is under constant magnetic field. There are many storage rings designed
specifically for the production of synchrotron radiation across the world [1] such as Spring-8
(Japan), ESRF (France), Diamond light source (U.K.), Soleil (France), Australian light source
(Australia), Pohang light source (Korea) and Indus-2 (India). There are various uses of
synchrotron radiation in condensed matter physics, surface physics, chemistry, biochemistry,
industry and medical research etc. Indus-2 storage ring is operational at beam energy 2.5 GeV
and photon beam tapped through various beamlines is in use by synchrotron radiation users.
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Beam lifetime of stored electrons is an important parameter for assessing the performance of
any electron storage ring. The beam lifetime of stored electron beam in Indus-2 ring was
studied by conducting beam experiments and analysis of the measured data. The
experimental studies of lifetime of stored electrons in Indus-2 storage ring and its theoretical
analysis are presented in this thesis. A brief introduction of Indus-2 is given in next section.

1.2

Indus-2 electron storage ring

Two synchrotron radiation sources namely Indus-1 [2] and Indus-2 [3-9] have been
developed and operational at RRCAT, Indore, India. These two sources form the Indus
synchrotron radiation source facility as shown in Figure 1.1. A 20 MeV microtron serves as
the pre-injector in which electrons are produced and accelerated to beam energy 20 MeV. A
booster synchrotron serves as the injector for both Indus-1 and Indus-2 ring. Electrons are
transferred from the microtron to the synchrotron through transfer line TL-1 and to Indus-1
through transfer line TL-2 and to Indus-2 through a part of TL-2 and transfer line TL-3. The
magnetic lattice of Indus-2 is shown in Figure 1.2.
Electrons accelerated to beam energy 20 MeV in the microtron are injected in to the booster
synchrotron through the injection septum, in which they are accelerated to 450 MeV if they
are to be injected in to Indus-1 and to 550 MeV if they are required to be injected in to Indus2. The repetition frequency of the microtron and the synchrotron is 1 Hz.
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Fig.1.1. Schematic layout of Indus synchrotron radiation source facility

Fig.1.2. Indus-2 electron storage ring (LS: Long straight section)
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As seen in Figure 1.2, Indus-2, a storage ring consists of eight periodic unit cells each of
length 21.559 m. A unit cell with all magnets arrangement is shown in Figure 1.3.

Fig.1.3. One unit cell of Indus-2, BM: Dipole magnet; Q1D, Q3D, Q5D: Defocusing quadrupole
magnets; Q2F, Q4F: Focussing quadrupole magnets; SF: Focussing sextupole magnets, SD:
Defocussing sextupole magnets; CH: Horizontal steering magnets, CV: Vertical steering magnets,
CHV: Combined horizontal and vertical steering magnets; BPI: Beam position indicator

Each unit cell accommodate two dipoles, nine quadrupoles, four sextupoles, six horizontal
and five vertical steering magnets, seven beam position indicators and a 4.5 m long straight
section (LS). So the Indus-2 ring accommodates a total of sixteen dipoles, seventy two
quadrupoles, thirty two sextupoles, forty eight horizontal steering and forty vertical steering
magnets. All sixteen dipole magnets which are of rectangular magnets are connected in series
and driven by a single power supply whereas seventy two quadrupoles are grouped in five
families namely Q1D, Q2F, Q3D, Q4F and Q5D. The family of quadrupoles Q1D, Q2F, Q3D
and Q4F consists of sixteen quadrupoles each whereas Q5D family consists of eight
quadrupoles. A pair of quadrupoles in Q1D family are connected in series and driven by a
single power supply, so sixteen quadrupoles of Q1D family are driven by eight power
supplies. In a similar manner as for Q1D, the family of quadrupoles of Q2F and Q3D are
driven by eight power supplies each. All sixteen quadrupoles of Q4F family are connected in
series and driven by a single power supply and all eight quadrupoles of Q5D family are
connected in series and driven by another single power supply. So, the forty eight
quadrupoles of Q1D, Q2F and Q3D family are driven by twenty four power supplies and in
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total 26 power supplies are used to energize all seventy two quadrupoles. Thirty two
sextupoles are grouped in two families namely SF and SD and each family consists of sixteen
sextupole magnets. All sixteen sextupoles of SF family are connected in series and driven by
a single power supply similarly all sixteen sextupoles of SD family are driven by another
single power supply. Forty eight horizontal and forty vertical steering magnets are driven by
independent power supplies.
The dipole magnets are used to circulate the electron beam on a design closed orbit path,
quadrupole magnets are used to confine the beam towards the closed orbit and sextupole
magnets are used for the correction of chromatic aberration (variation in focussing strengths
of quadrupole with electron energy) also known as chromaticity correcting sextupoles.
Horizontal and vertical steering magnets are used to correct the closed orbit distortion in
horizontal and vertical plane respectively. Beam position indicators are used to measure the
beam position in horizontal and vertical planes in the ring. Long straight sections are used to
accommodate injection septum, four injection kickers, four RF cavities and five proposed
insertion devices. The energy loss of electrons due to the emission of synchrotron radiation
from dipole magnets also known as bending magnets and insertion devices is compensated by
applying an accelerating electric field created by four radio frequency (RF) cavities which are
installed in the long straight section LS-8 in the ring.
To study the electron motion in storage ring, we need beam dynamics relations that will be
used for the analysis of measured data are discussed in the next section.

23

1.3

Beam dynamics relations for studies of beam motion in storage ring

1.3.1 Coordinate system
The motion of electrons is described using a coordinate system related to the ideal orbit of the
beam. The coordinate s denotes the distance along this ideal orbit from an initial reference
point. The origin of the coordinate system coincides with the position of right energy or the
on-momentum electron also known as synchronous electron of energy E0 propagating along
the ideal orbit. For small deviations from the ideal orbit the motion of the electrons are
described by coordinates x, z, s  as shown in Figure 1.4 and six phase space
coordinates x, x, z, z, s,   . The horizontal or radial motion, perpendicular to the direction
of motion of electron, is described by the horizontal displacement x and the horizontal
angular deviation x  dx ds from the ideal orbit. Similarly vertical motion is described by
the vertical displacement z and the vertical angular deviation z  dz ds . The longitudinal
motion, tangential to the direction of synchronous electron, is described by the longitudinal
displacement s (or in terms of time t or phase  ) and the relative momentum deviation  .
The horizontal displacement x is positive in the outward direction and negative in the inward
direction, the vertical displacement z is positive in upward direction and negative in
downward direction and the longitudinal displacement

s is positive in the forward direction

of motion of electron.
Electron position

.

.

C

s

Reference point for

z

x

s

Design orbit

Fig.1.4. Coordinates for describing the trajectories of electrons
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1.3.2 Motion of electrons in storage ring
In an electron storage ring, bunches of electrons are confined [10-11] inside the vacuum
chamber of vacuum pressure of the order of 1109 Torr. The number of bunches in a storage
ring may be equal to or less than the number of available RF buckets. The maximum number
of RF buckets in the ring is equal to the ratio of the resonant frequency of RF cavity f rf to
the revolution frequency of electrons f rev . The electrons confined within a bunch execute
oscillations about the closed orbit in horizontal and vertical plane (commonly known as
transverse plane) as well as about the synchronous electrons in the longitudinal plane. The
oscillations about the closed orbit in transverse plane are known as the betatron oscillations
whereas the oscillations with respect to synchronous electrons in longitudinal plane are
known as synchrotron oscillations. The number of betatron and synchrotron oscillations in
one revolution is known as the betatron and synchrotron tune respectively.
1.3.3 Motion of electrons in transverse plane
We consider a magnetic field B (r ) which has the property that there is a plane such that B
at all points of the plane is perpendicular to the plane. This plane is known as median plane
and is taken to be horizontal plane of motion.
The linear equations of motion for the horizontal x and vertical z motions of the electron
are given by Hill’s equation [10-14] as


d 2 x( s )  1
1
  2  K ( s)  x( s) 

2
ds
b ( s )
 b s 


1.1

d 2 z ( s)
 K ( s) z ( s)  0
ds 2

1.2

This is a second order linear differential equation with a coefficient K (s) , which describes
the distribution of focussing strength around the ring. In case of storage ring, K (s) is
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periodic K (s  C )  K (s) , where C is the circumference of the ring. The vertical motion z
resembles the equations of motion for a simple harmonic oscillator. If K (s) would be
constant then the solution would be a harmonic oscillation with a constant amplitude and a
linear phase advance. The general solution of equation 1.2 describes a vertical betatron
oscillation about the ideal orbit given by

z (s)   z  z (s) cos z s  z 0 

1.3

where  z is the vertical emittance of the electron making this betatron oscillation,  z (s) is
the beta function at position

s which is periodic with the same periodicity as K (s) in

vertical plane  z (s  C )   z (s) and  z (s) is the vertical betatron phase given as
s

1
ds , z 0 is an arbitrary constant phase.
 z (s)
0

 z ( s)  

The equation of motion 1.1 for horizontal motion contains an additional geometrical



focussing term 1 b2



[  b : bending radius] because of the curvature of the ideal orbit.

Particles with different momenta experience different forces under the magnetic field of a
bending magnet. A bending magnet which bends the electrons in horizontal plane generates
different trajectories for electrons with different momenta. The magnet bends less to a higher
momentum electron and bends more to an electron with a lower momentum. The change in
closed orbit x with momentum change p p is known as dispersion  x  x p p .
There is no bending of electron in vertical plane so in an ideal storage ring i.e. no magnet
alignment errors, vertical dispersion  z is zero. So for an electron in horizontal plane with a
momentum deviation the curvature of the orbit will differ from the ideal orbit, which gives
rise to a term in the right hand side of the horizontal equation of motion that is non zero for
electrons with a momentum deviation. The general solution of equation 1.1 is given as
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x(s)   x  x (s) cos x (s)  x 0   x (s) 

1.4

First term describes the horizontal betatron oscillation about the closed orbit,  x is the
horizontal emittance of the electron making this betatron oscillation,  x (s) is the horizontal
beta function at position

s
s ,  x (s) is the horizontal betatron phase  x ( s)   1 ds , x 0 is
0

 x ( s)

an arbitrary constant phase and the second term describes the off-momentum closed orbit at
position

s , which is equal to dispersion function  x (s) multiplied with the momentum

deviation  .
The phase advance during a complete revolution around the storage ring is given by 2
times the betatron tune. The betatron tunes in horizontal plane  x and in vertical plane  z
are given as

x 

x 1
1

ds

2 2  x ( s)

1.5

z 

z 1
1

ds

2 2  z ( s)

1.6

where



respect to

z( s)  

x( s)  

is the integral around the whole ring. Differentiating equation 1.3 and 1.4 with

s , we get
z

sin z (s)  z 0    z (s) cos z s   z 0 

1.7

x

sin x (s)  x0    x (s) cos x s   x 0 x (s) 

1.8

 z ( s)

 x ( s)

Using equations 1.3 and 1.7, we get

 z   z (s) z 2 (s)  2 z (s) z(s) z(s)   z (s) z2 (s)
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1.9

Using equations 1.4 and 1.8, we get

 x   x (s) x(s) x (s)  2  2 x (s) x(s) x (s)  x(s) x (s)     x (s) x(s) x (s)  2

1.10

Where  x and  z are the courant-snyder invariant and represent emittance in horizontal and
vertical plane respectively,

 z ( s) 

 x ( s)  

1 d x ( s)
,
2 ds

 z ( s)  

1 d z ( s)
,
2 ds

 x ( s) 

1  x2 ( s)
,
 x ( s)

1  z2 ( s)
and beta function  x (s) and  z (s) introduced in above equations are known
 z ( s)

as twiss parameters. These twiss parameters  x (s) ,  x (s) ,  x (s) ,  z (s) ,  z (s) ,  z (s) with
dispersion function  x (s) are known as the optical functions of the lattice. The optical
functions are all periodic functions of

 x ( s) 

s with period C . In equation 1.8 and 1.10,

d x ( s)
is the derivative of dispersion function  x (s) which is also periodic i.e.
ds

x s  C  x s  .
Equations 1.9 and 1.10 are the equations of phase space ellipse in vertical and horizontal

s in vertical plane z , z is shown in

plane respectively. The phase space ellipse at position

Figure 1.5 [15]. Similar equation of ellipse is obtained in horizontal plane x , x when   0
in equation 1.10.
z
z max   z  z

O
(0,0)

z

zmax   z  z
Beam centroid

Fig.1.5. Phase space ellipse at position s in the ring
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The shape and orientation of the two ellipses change as the

s position vary and the electron

moves along the ellipses in vertical and horizontal phase space. In the vertical phase space the
ellipse at position

s has its centre at z(s)  0 and z(s)  0 , whereas in the horizontal phase

space the ellipse centre at position

s depends on the momentum deviation  of the electron

and the ellipse has its centre at x(s)  x ( s)  and x(s)  x ( s)  as shown in Figure 1.6.

X

x s  ,x s  

Beam centroid

X

O

0 , 0

Fig.1.6. Phase space ellipse at position s in horizontal plane at dispersion location  x (s)

The phase space coordinate  y , y where y  x , z represents for horizontal and vertical plane
motion at a position s0 are related to the other position s1 through a transfer matrix M s1 s0 
as

 y
 y
   M s1 s0  
 y  s1
 y  s 0

1.11
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 s1
cos    s0 sin 

 s0

where M s1 s0   
   s1 cos   1   s0  s1 sin 
 s0

 s0  s1
















0
1

 1.12
cos    s1 sin  



 s  s sin 

s
s

0

1





where  s0 ,  s1 and  s0 , s1 are the twiss parameters as defined above at position s0 and s1
respectively and  is the phase difference between the position s0 and s1 .
For one turn transfer matrix, position s0  s1 , twiss parameters are periodic, we get from
relation 1.12 as

cos 2 y   y sin 2 y
My 
  y sin 2 y


 y sin 2 y

cos 2 y   y sin 2 y 

1.13

The condition for stable motion, cos 2 y 1  Trace M y  2 .
1.3.4 Twiss parameters propagation in ring

m12 
m
Let the transfer matrix from position s0 to s1 is given as M s1 s0    11
 then the
m21 m22 
twiss parameter  , and  propagation [14] from location s0 to s1 is given as
2
2

 2 m11 m12
m12
  s1   m11

 

  s1    m11 m21 m11 m22  m12 m21  m12 m22 
2
  s    m2

 2 m21 m22
m22
21
 1  


 s0 
 s 
 0 
  s0 

1.14

The estimation of the periodic solution for the dispersion also proceeds in the same manner
except for the use of 3×3 order transfer matrix to describe one turn. The periodicity condition
of dispersion is written as

 x   m11 m12 m13   x 
    m
  
 x   21 m22 m23   x 
0
1   1 
 1   0

1.15
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On solving relation 1.15, we get  x 

m21 m13  m23 1  m11 
m    m13
and  x  12 x
, using these
2  m11  m22
1  m11

initial value of  x and  x and using transfer matrix as in relation 1.15, we get the value of

 x and  x along the circumference of ring.
Using the above relation 1.14 and 1.15, we get the optical functions of the lattice along the
circumference of the ring. The variation of beta function in horizontal plane  x , in vertical
plane  z and dispersion  x in one unit cell of Indus-2 is shown in Figure 1.7.

Lattice functions (m)

20

15
x

10

5

z

0

x

SF SD SD SF

QD

0

QF

QF
QD BM

5

QD

10

QF
QF BM
QD QD

15

20

25

Path length (m)

Fig.1.7. Lattice functions in Indus-2, QD: defocusing quadrupole, QF: focusing quadrupole, BM:
bending magnet, SF: focusing sextupole and SD: defocusing sextupole

1.3.5 Equilibrium emittance in an electron storage ring
In an electron storage ring, beam sizes in horizontal, vertical and in longitudinal plane are
important parameters for the analysis of beam lifetime data. The transverse beam sizes are
obtained from the emittance of beam.
The energy loss per turn due to the emission of synchrotron radiation for synchronous
electron is proportional to the fourth power of electron energy. The synchrotron radiation is
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emitted along the instantaneous direction of motion of electron and the momentum of the
electron is decreased along this direction. The RF cavity restores the momentum
longitudinally without any change in transverse momentum. The net effect is a decrease in
the transverse angular deviation and in the amplitude of betatron oscillation known as
radiation damping. The discrete emission of the synchrotron radiation introduces quantum
excitations on the horizontal betatron oscillations. If the photon is emitted at a location with
dispersion, the electron will oscillate around a new off-momentum orbit which will on
average increase the betatron oscillation amplitude. The equilibrium between the quantum
excitation and the radiation damping gives a Gaussian distribution of the horizontal motion of
the electrons. For the estimation of equilibrium emittance and other parameters like
momentum compation factor, damping time, natural energy spread etc. we require the
evaluation of five synchrotron radiation integrals I1 to I 5 [16-17] which are as follows:
First synchrotron radiation integral I1 

 x ( s)
ds
 ( s)
dipoles b



Second synchrotron radiation integral I 2 

Third synchrotron radiation integral I 3 

1
ds
 ( s)
dipoles



1.17

2
b

1
ds
 ( s)
dipoles



1.18

3
b

I4 

Fourth synchrotron radiation integral

quadrupole strength k ( s)  

1.16


 x ( s)  1
 2  2 k ( s)  ds , k (s) is the
 ( s )  b ( s )

dipoles b



1 dB
, for separated function dipole k (s)  0 .
B b dx

Fifth synchrotron radiation integral I 5 

1.19

H ( s)
ds , H (s) is the H function given as
 3 ( s)
dipoles b



H (s)   x (s) x2 (s)  2 x (s) x (s) x (s)   x (s) x2 (s)
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1.20

For Indus-2 operating lattice, bending radius b  5.55 m , the values of five synchrotron
radiation integrals are as follows:

I1 1.266 m , I 2 1.132 m1 , I 3  0.204 m 2 , I 4  0.0411m1 and I 5  0.0158 m1 .
Using the above integrals, the horizontal equilibrium emittance [11] in electron storage ring is
given by

 x  cq  2

I5
J x I2

1.21

where cq  3.83 1013 m ,  is the relativistic factor, J x is the horizontal damping partition
number given by J x 1 

I4
.
I2

The emission of synchrotron radiation in an electron storage ring has a damping effect on
transverse betatron oscillations, the horizontal damping time  x is given by [11]

x 

2 E0
T0
J x U0

1.22

E0 is the synchronous energy of electron, T0 is the revolution time and U 0 is the energy loss

per turn given as

88.5 E04 (GeV )
U 0 ( KeV ) 
b (m)

1.23

Similarly the vertical damping time is given by

z 

2 E0
T0
J z U0

1.24

J z is the vertical damping partition number and its value is 1 because the vertical dispersion
is assumed to be zero, so I 4  0 .
From relation 1.21, 1.22 and 1.23, we see that the horizontal emittance and damping time in
horizontal and vertical plane depends on the beam energy. The variation in horizontal
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emittance and the damping time in horizontal and vertical plane in Indus-2 with different
beam energy are shown in Figure 1.8 and 1.9 respectively.
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Fig.1.8. Variation in horizontal beam emittance with beam energy in Indus-2
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Fig.1.9.Variation in damping time in transverse plane with beam energy in Indus-2

The quantum excitation process that increases the horizontal betatron oscillation amplitude is
not present for the vertical betatron oscillation amplitude. Due to finite opening angle of the
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emitted synchrotron radiation there is small excitation in vertical betatron oscillations. The
vertical emittance from the opening angle of the synchrotron radiation [18] is given by

z 

13 cq
 z ( s)
ds

55 J z I 2 b3 ( s)

1.25

The vertical emittance from the opening angle of the synchrotron radiation is a very small
number. In practice, there are misalignments of the magnets like rotational error of
quadrupoles about the beam direction, vertical misalignment of sextupoles, which give the
coupling between horizontal and vertical betatron oscillations that determine the vertical
emittance in an electron storage ring. The measurement of betatron coupling is thus important
for the estimation of vertical beam emittance or the vertical beam size. The measurement of
betatron coupling and vertical beam size in Indus-2 is presented in chapter 3.
1.4

Longitudinal motion of electron

An electron with the nominal energy E0 travelling around the ring on the ideal orbit will emit
a certain amount of energy U 0 per turn. The energy loss due to the emission of synchrotron
radiation is compensated by the accelerating radio frequency cavities in the ring. If the
electron regains the energy U 0 in each turn, it will continue to circulate on the ideal orbit.
This electron is known as synchronous electron. In order for the synchronous electron to
regain the same energy each turn the RF frequency f rf must be an integer multiple of
electron revolution frequency f rev , so f rf  h f rev where h is the harmonic number. In Indus2, harmonic number h is 291, so there are 291 points at a given time on the circumference of
ring where an electron could be located and arrive synchronously. The segments of the
circumference centred at these locations are called RF buckets. The group of electrons in
these RF buckets are called bunches. Not all RF buckets need to be filled with electrons to
minimize the ion trapping [19-22] problem in electron storage ring.
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Due to the ultra-relativistic motion of electrons in storage ring, a small momentum deviation
will not affect the velocity of the electron but will affect the electron orbit. An electron
passing through RF cavity with a momentum deviation  will follow the dispersive orbit
instead of the ideal orbit, which will give a different path length around the storage ring. The
ratio of the relative change in path length to the momentum deviation is known as the
momentum compaction factor  c and is given by  c 

C C   I1 , where


C

C is the change

in path length and C is the circumference of the ring, I1 is the first synchrotron integral
defined above, The momentum compaction factor  c is positive, so an electron with
normally positive momentum deviation will travel on a longer path around the ring as
compared to path travel by synchronous electron as is shown in Figure 1.10 [13].

Δp/p>0

RF cavity

Δp/p<0

Δp/p=0

Fig.1.10. Path for on-momentum and off-momentum electrons

The phase stable region of RF for stable motion of electrons in an electron storage ring is


<  <  . An electron B1 that has the same momentum as the synchronous electron A1 but
2
arrive at the RF cavity earlier than the synchronous electron as shown in Figure 1.11 will
receive more energy gain than the synchronous electron. During the next turn it will travel on
a longer path than the synchronous electron, so it will take a longer time than for the
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synchronous electron. During the next pass of the RF cavity the electron will be closer in
time to the synchronous electron. After a number of turns the electron will overtake the
synchronous electron and receive a smaller energy gain than the synchronous electron.
Similar explanation is for the electron C1 which gains less energy from RF cavity than for
synchronous electron so it will move on a shorter path length and will take less time to reach
RF cavity than synchronous electron in next turn. After a number of turns the electron C1
will overtake the synchronous electron and receive a larger energy gain than the synchronous
electron. This process gives rise to an oscillation in the longitudinal phase space  ,  
around the synchronous electron. These oscillations are known as synchrotron oscillations.
The electrons are stable i.e. they continue to make synchrotron oscillations inside the area of
longitudinal phase space which is known as RF bucket. The RF bucket in Indus-2 for RF
cavity voltage 1200 kV and beam energy 2.5 GeV is shown in Figure 1.12.
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Fig.1.11. Phase stability of electrons
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Fig.1.12. RF bucket in Indus-2

1.4.1 Longitudinal equation of motion
The longitudinal equations of motion [14] are given as
d
   c rf 
dt

1.26

d e Vrf    U  

dt
E0 T0

1.27

where rf is the angular RF frequency, Vrf ( ) is the RF voltage, U   is the energy loss per
turn, T0 is the revolution time of electron and E0 is the synchronous energy.
From the above equation we get

d 2
 s2   0
dt 2

1.28

where s is the angular synchrotron frequency given by
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s  2 

e Vrf  c h cos s

 fs  s 
2
E0
2 T0
2



e Vrf  c h cos s
E0
2 T02

where s is synchronous phase. For small oscillation amplitude the electrons in longitudinal
phase space  ,   will perform synchrotron oscillation in elliptical orbit as shown in Figure
1.12 around the synchronous electron with synchrotron oscillation frequency given above.
The number of synchrotron oscillation per turn is known as synchrotron tune  s and is given
as

s 

e V  h cos s
fs
  rf c
f rev
E0
2

1.29

Electrons with large amplitudes of synchrotron oscillation can escape from the RF bucket.
This gives a maximum momentum deviation known as RF acceptance above which electron
will be lost from the storage ring.
1.4.2 Damping of synchrotron oscillation
The energy loss per turn U   depends on the momentum deviation. The electron of positive
momentum deviation will lose more energy than synchronous electron and electron of
negative momentum deviation will lose less energy than synchronous electron, it will give
rise to a damping of synchrotron oscillation in longitudinal phase space. The longitudinal
damping time is given by

 

2 E0 T0
J U 0

1.30

where J  is the longitudinal damping partition number given by

39

J  2 

I4
, where I 2 and I 4 are second and fourth synchrotron radiation integral defined as
I2

above. So the emission of synchrotron radiation has a damping effect on the synchrotron
oscillations. The discrete emission of synchrotron radiation induces noise on the beam and
causes the amplitude of the synchrotron oscillations to increase. The equilibrium between the
radiation damping and the quantum excitation gives the distribution of the momentum
deviations of the electrons which is Gaussian and the standard deviation of the distribution is
known as the equilibrium momentum spread or the natural momentum spread and is given by

 

E0   Cq  2
2

I3
J I 2

1.31

where I 3 is the third synchrotron radiation integral, J  is the damping partition number, I 2 is
second synchrotron radiation integral, Cq and  are constant as defined above. The
longitudinal damping time and equilibrium energy spread with beam energy in Indus-2 is
shown in Figure 1.13.
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Fig.1.13.Longitudinal damping time and energy spread with beam energy in Indus-2
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1.5

Electron beam sizes in longitudinal and transverse plane

For a sinusoidal RF system and assuming small synchrotron oscillation amplitudes, the
longitudinal distribution [23-24] will also be Gaussian distribution if the momentum
deviation distribution is a Gaussian distribution. The standard deviation of the distribution is
called the bunch length and is given by

s 

c c  
E 2  c h c 2  
  0
2  f s E0
eVrf rf2 cos s E0

1.32

where c is the speed of light, f s is the synchrotron frequency and (  E0 ) is the momentum
spread as defined by relation 1.31 above.
The horizontal beam size and horizontal beam divergence of the electrons at location s in the
storage ring is given by

 x (s)   x  x (s)   x (s) (  E0 )2

1.33

 x (s)   x  x (s)   x (s) (  E0 )2

1.34

Similarly vertical beam size and vertical beam divergence of the electrons at location s in the
storage ring is given by

 z (s)   z  z (s)   z (s) (  E0 )2

1.35

where  z (s) is the vertical dispersion function at position

s

 z (s)   z  z (s)   z (s) (  E0 )2

1.36

where  z (s) is the derivative of vertical dispersion function
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where  x (s) ,  z (s) are the beta functions at position

s in horizontal and vertical plane

respectively.  x ( s) ,  z ( s) are the horizontal and vertical gamma functions (twiss parameter)
at position

s respectively.

The momentum spread and the bunch length at stored beam current I is constant around the
ring whereas horizontal and vertical beam sizes and beam divergence depends on the position

s in the ring.
1.6

Beam loss mechanism in Indus-2

The stored electrons orbiting in an electron storage ring may be lost due to various causes
[25-26]. For a well designed storage ring there are two main classes for electron losses, first
is the loss due to scattering and another is the loss due to beam instabilities [27]. While the
electron losses due to scattering with other particles is a single particle effect leading to a
gradual loss of electrons from the electron beam whereas electron losses due to beam
instabilities is a multi particle effect and later can lead to a partial or complete loss of electron
beam. The multi particle effect arises due to electromagnetic interaction of the high intensity
electron beam with its wake fields which are induced due to resistive wall of vacuum
chamber, broad band impedance and narrow band impedance. The broad band impedance in
the ring arises due to non uniform cross section of the components in the ring like bellows,
kickers and beam position indicators etc. whereas narrow band impedance in the ring arises
mainly due to RF cavities. The wake fields due to broad band impedance are short range
whereas the wake field due to narrow band impedance are long range. The wake fields affect
the electron beam transversely or longitudinally. Losses due to beam instabilities are
generally very fast. Slow instabilities can be suppressed by natural damping i.e. radiation
damping due to synchrotron radiation emission and Landau damping introduced by partial RF
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buckets fill or efficiently cured by using transverse and longitudinal multi-bunch feedback
systems [28].
The instantaneous lifetime  t of stored electron beam during beam current decay is estimated
as  I dI dt  where dI dt is the instantaneous decay rate at a particular current I at time t .
Long beam lifetimes are desirable for the users of synchrotron radiation sources since it gives
higher integrated photon flux, reduce the number of refills necessary and improve the
stability by reducing thermal loading effects due to the varying current. There are several
effects that limit the beam lifetime in an electron storage ring [25]. The beam lifetime is
usually determined by the elastic and inelastic scattering of the electrons with the residual gas
atoms known as vacuum lifetime  v , the electron-electron scattering within the bunch known
as Touschek lifetime  tous and due to quantum excitation known as quantum lifetime  q . The
total beam lifetime  t is defined as

1



1



1



1

1.37

 t  v  tous  q

The mechanism leading to electron loss varies for the different lifetime limitations. For the
elastic scattering between electrons and residual gas atoms, the electrons are deflected and
undergo large betatron oscillations. If the oscillation amplitude is larger than the acceptance
of the ring, the electrons will be lost. For the electron-electron scattering within a bunch and
inelastic scattering between electrons and residual gas atoms, there is a change in energy of
electrons. If the change in energy is larger than the RF acceptance or transverse momentum
acceptance, the electron will be lost. So the apertures are the main limitation in all
accelerators and electron storage ring. The apertures of an accelerator are not only defined
physically by the vacuum chamber but also by the electromagnetic fields which guide and
accelerate the electron beam and confining it in six dimensional phase space. In designing
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electron storage ring three apertures i.e. physical aperture, dynamic aperture and momentum
aperture are defined which are explained as follows:
1.6.1 Acceptance of electron beam in Indus-2
1.6.1.1 Physical aperture
The physical aperture is defined from the particle transverse linear motion and the physical
limit in horizontal and vertical plane ax (s) and az s  respectively. For horizontal motion, as
from relation 1.4, the horizontal displacement of electron at location

s is given as

xs   Ax  x s  cos x s  x s 
A particle will be lost if xs   ax s  , where ax s  is the half width of vacuum chamber.
Since we consider many turns we drop the betatron phase and find the physical acceptance as
the maximum possible betatron amplitude Ax known as admittance or maximum emittance
by identifying xs  with its limit ax s  .
The physical acceptance in horizontal plane Ax , phys is the minimum value of Ax which exists
at least one location s0 around the ring for which xmax s0   ax s0  . It gives the acceptance
[29] that can be sustained by the ring, so

Ax , phys  

 ax s0   x s0  2 


s0 0, C  
 x s0 

min

1.38

where  x s0  and x s0  are the beta function and dispersion function at location s0 .
Physical acceptance x physs,   at location

s with energy deviation  , using the above value

of Ax , phys  is given as
x physs,    





Ax, phys   x s   x s 

1.39
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Using the Indus-2 lattice functions  x , x and half width of vacuum chamber a x  32 mm at
all locations along the circumference C , the physical acceptance in horizontal plane for
energy deviation   0 and 0.01 was estimated using the above relations. A comparison in
physical acceptance for   0 and 0.01 in one unit cell of Indus-2 is shown in Figure 1.14.
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Fig.1.14. Physical acceptance in horizontal plane in Indus-2 for energy deviation   0,  1%

The above results show that the on-momentum electrons for which   0 are lost at
maximum  x locations whereas off-momentum electrons   0 are lost at maximum
dispersion  x locations.
As there is no vertical dispersion (or negligible small), the physical acceptance Az , phys is the
minimum value of acceptance such that there exists at least one location s0 around the ring
for which zmax s0   az s0  , where az s0  is the half width of vacuum chamber. It gives the
minimum value of acceptance in vertical plane that can be sustained by the ring and is given
as

45

Az , phys 

 az2 s0  


s0 0, C    z s0 
min

1.40

Physical acceptance in vertical plane z phys at location

s , using the above value of Az , phys is

given as
z physs    Az , phys  z s 

1.41

The physical acceptance in vertical plane in Indus-2 was estimated using beta functions and
uniform aperture of vacuum chamber az 17 mm . The physical acceptance in vertical plane
in one unit cell of Indus-2 is shown in Figure 1.15.
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Fig.1.15. Physical acceptance in vertical plane in Indus-2

The above results show that electrons are lost in vertical plane at maximum  z locations in
the ring.
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1.6.1.2 Dynamic aperture
The particle motion in an accelerator is linear if the lattice is made of perfect dipoles and
quadrupoles. In a real storage ring, electrons are subjected to non-linear forces of the
sextupole magnets and multipole field errors of dipoles, quadrupoles and sextupoles. With the
increase in betatron amplitude, the motion of electrons becomes more and more non-linear
due to the presence of such forces. The dynamic aperture is the smallest initial amplitude of
the electron whose motion will cause its amplitude to increase until it is lost from the vacuum
chamber. So the dynamic aperture is defined to be the maximum stable initial transverse
amplitude in the presence of nonlinearities. A proper choice of tune point [30] helps in
enhancing the dynamic aperture.
To find the dynamic aperture for on momentum electrons   0 at the centre of long straight
section in Indus-2, single particle tracking was carried out using particle tracking codes
MAD-8 [31], ELEGANT [32] and RACETRACK [33]. The tracking was carried out up to
10,000 turns which is more than one damping time  x at beam energy 2.5 GeV. The results
of dynamic aperture using above code are shown in Figure 1.16(a-c). Figure 1.16(a) and (b)
shows the dynamic aperture in presence of systematic errors using MAD-8 and ELEGANT
code respectively whereas Figure 1.16(c) shows the dynamic aperture using RACETRACK
code in presence of both systematic and random errors using 20 different random seeds.
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The above results show that with aperture limitations in Indus-2, the dynamic aperture at the
centre of long straight section is ~15 mm and ~6 mm in horizontal and vertical plane
respectively. With these values of apertures, we can get apertures at other location in ring by
normalizing it with  function (if  x ( s0 ) and  z ( s0 ) are the beta function at the centre of
long straight section where the aperture is 15 mm and 6 mm respectively then the aperture at
location s where the beta function is  x (s) and  z (s) will be

 x (s)  x (s0 ) 15 mm and

 z (s)  z (s0 )  6 mm in horizontal and vertical plane respectively). All the three codes give
nearly same results. Ideally the dynamic aperture should be more than or equal to the physical
aperture.
1.6.1.3 Momentum aperture
Momentum aperture in the horizontal plane depends on the dispersion function and it varies
along the circumference of the storage ring.
An on-axis electron that suffer a large angle electron-electron scattering or inelastic scattering
with residual gas atoms at the ring location s0 , its momentum deviation changes to  0 moves
on a different closed orbit and start executing oscillation around it with invariant Ax .

xs   Ax  x s  cos x s   x s  0
Ax   x (s0 ) x 2 (s0 )  2 x (s0 ) x(s0 ) x(s0 )   x (s0 ) x2 (s0 )
At location of scattering s0 , xs0   x s0  0 and xs0  x s0  0 , we get phase ellipse as
shown in Figure 1.6 above.





Ax   x s0  x2 s0  2 x s0  x s0 x s0   x s0 x2 s0   02  H s0  02
xs 

2





H s0   x s  cos x s  x s   0
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The above equation shows induced betatron amplitude

H s0   x s   0 and consequently a

maximum acquired horizontal displacement given by

xmax s  





H s0  x s   x s   0

The transverse momentum acceptance is defined as the minimum momentum deviation such
that there exist at least one location s1 along the ring where the electron hits the horizontal
aperture

either

physical



aperture

or

dynamic

aperture

whichever

is

less,



xmax s1   min x phys1 , xdyn s1  , so the transverse momentum acceptance [29] is given as

 trans 0  



xmax s1 


s1 0, C  H s0   x s1    x s1  
min

1.42

Using the above relation 1.42, estimating H function for different scattering locations and
using lattice functions  x and  x , transverse momentum  trans was estimated and is shown in
Figure 1.17.
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Fig.1.17. Transverse momentum acceptance in one unit cell in Indus-2
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Momentum aperture in the longitudinal plane also known as RF momentum acceptance
corresponds to the maximum particle momentum deviation at which the longitudinal motion
remain stable due to RF field. The RF acceptance [25] is given as



2U 0 

 rf  
   c h E0 



U
 e Vrf 

 1  cos 1  0
 eV
 U0 
 rf
2

 
 
 
 

1

2

1.43

Using Indus-2 parameters, energy 2.5 GeV, cavity voltage 1200 kV, RF acceptance was
estimated and it is the same along the circumference of the ring. The variation in momentum
acceptance in transverse and longitudinal plane in one unit cell of Indus-2 is shown in Figure
1.18.
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Fig.1.18. Comparison of transverse and RF momentum acceptance in one unit cell in Indus-2

Single particle tracking was also carried out to find the momentum aperture in transverse
plane using 4D (4 Dimensional) particle tracking and momentum aperture using 6D
(including longitudinal motion also) particle tracking using TRACY-3 particle tracking code
[34].
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The momentum acceptance results obtained by 4D and 6D particle tracking is shown in
Figure 1.19.
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Fig.1.19. Momentum acceptance in Indus-2 using tracking code

The above results show that the momentum acceptance in Indus-2 is limited due to RF
momentum acceptance.
1.7

Closed orbit distortion and its correction

In an electron storage ring, the reference closed orbit is defined by assuming perfect magnetic
elements as well as perfect magnets alignment. In real practical conditions, unavoidable
magnet imperfection will cause the trajectory of the closed orbit to deviate from this perfect
closed orbit. The sources of closed orbit distortion (COD) are the dipole field errors and the
errors due to magnetic element positioning in the ring. The most prominent effects come
from the misalignment of quadrupole magnets where the resulting dipole field is proportional
to both field gradient and alignment errors. If the electron beam is passing off centre in the
sextupoles, it will generate a quadrupolar effect that can change the betatron tune and beta
function. The beam offset in the sextupole should be minimized to make the storage ring
optics near to linear optics.
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For an angular kick  due to dipolar error at location s0 in ring, the closed orbit distortion at
observation point s in the ring is given by [26]
ycod ( s) 

 y ( s0 )  y ( s )
2 sin  y





cos  y   y ( s)  y ( s0 )  ( s0 )

1.44

where y  x or z for horizontal and vertical plane,  y (s0 ) and  y (s) are the beta function at
the error point and observation point of COD respectively,  y is the betatron tune,



y



(s)  y (s0 ) is the phase difference between the point s0 and s1 in ring.

The uncorrected COD reduces the available aperture for the beam oscillations and hence
beam lifetime. The COD correction is essential for the improvement of beam lifetime and
also to minimise the feed down effect from the higher order magnetic elements such as
sextupoles.
Usually the dipole correctors (horizontal and vertical steering magnets) for COD correction
are distributed in the ring. The location and the number of correctors depend on the orbit
correction methods. For monitoring the closed orbit in horizontal and vertical planes, beam
position indicators (BPIs) are used. Normally, the number of correctors is less than that of the
BPIs and if too many correctors are in use for orbit correction then there will be cross talk
with them. Normally minimum four BPIs in one betatron tune are required for monitoring
closed orbit correction in ring. In Indus-2, 56 BPIs are used for beam position monitoring.
The orbit correction magnets produce dipole kicks and have the same effects as dipole errors.
The change of closed orbit at the BPI position s j resulted due to the corrector kick  i at
position si is given as [26]
y ( s j ) 

 y (s j )
2 sin  y

N


i 1

i



 y ( si ) cos  y   ( s j )  ( si )

It can be expressed in matrix form as
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1.45

ym  R ji  n

1.46

where ym : the vector formed by the change of the orbit at m BPIs and  n is the n
corrector vector, R ji is the orbit change per unit corrector strength known as the response
matrix and is given as
R ji 

 y (s j )
2 sin  y



 y ( si ) cos  y   y ( s j )  y ( si )



1.47

For closed orbit correction, the response matrices are measured in electron storage ring. The
objective of the orbit correction is to obtain the corrector strengths which give the minimum
value of ym  R ji  n . The distorted orbit can be corrected at least at the BPIs to the desired
value so that ym   um , where u m is the difference between the measured orbit and the
reference orbit with expression  n  R 1
ji ym . Since the number of correctors n are not equal
to the number of BPIs m , we cannot get an unique solution. Usually, some sophisticated
methods are used in solving the least square problems to avoid the unnecessary large
strengths in correctors for orbit correction. The correctors strength are estimated as

 n   RT R  RT um , where R T is the transpose operation on response matrix R . Some
1

popular orbit correction methods are as follows:
1.7.1 MICADO method
The orbit minimization package MICADO is the first orbit control algorithm. In this method,
we can find the single most effective corrector in the first iteration and then the second most
effective corrector in the second iteration and so on. We can choose any number of correctors
to be used in the ring.
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1.7.2 Harmonic correction method
Placing correctors and BPIs at the location of high beta functions uniformly with respect to
the betatron phase is an effective way to reduce the closed orbit distortion using harmonic
method. We can choose two correctors with phase advance of  2 such that the strength of
these two correctors can be adjusted independently to reduce the orbit stepwise. On the other
hand once we have enough well distributed correctors and monitors, we can choose a few
harmonics near the betatron tune to minimise the orbit with these correctors.
1.7.3 Local orbit bump method
For the correction of closed orbit locally in the ring we apply local orbit bump and the
correction is effective in the local region whereas it does not affect other parts of the ring.
Local bumps can be constructed using two, three or four orbit corrector magnets with angular
kicks. For example, the condition for local orbit bump using three orbit corrector magnets
with angular kicks i (i  1, 2, 3) at locations 1, 2 and 3 is
3

 Rki i  0 and
i 1

3

R
i 1

ji

i  0 , where j and k are the monitors inside and outside the local

orbit bump respectively and gives

1 1  2  2 3 3


where  ij  i  j
sin 32 sin 13 sin 21

1.48

In this method, we need to minimize the residual of the sum of measured orbit and local
bumped orbit stepwise and iteratively. The monitor errors and accuracy of lattice parameters
are rather sensitive in this method.
1.7.2 Singular value decomposition (SVD) method
As seen above, for m beam position monitors and n closed orbit correctors, we get response
matrix R of the order m n . A m n matrix R (m  n) can be written as the product of a
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m m column-orthogonal matrix U , a m n diagonal matrix W (diagonal elements are
called as singular values) with positive or zero elements and the transpose of an n  n
orthogonal matrix V . So the response matrix R can be written as
R U W V T , U T U U U T V V T V T V  I , where I is the identity matrix.

1.49

So the response matrix can be decomposed in to the product of the corrector eigen vector, the
orbit eigen vector and the singular values connecting these eigen vectors. Small singular
value w j requires larger angular kick strength in order to produce a required orbit response.
The corrector strengths for the correction of the orbit to the desired value can be obtained as

n   R1 um  V W 1 U T um  V (diag (1 w j )) U T um

1.50

If 1 w j is above the threshold value, let (1 w j )  0 . Rejection of the singular values or close
to the singular values can reduce the rms value of the orbit correctors.
This method is very effective for closed orbit correction in electron storage ring and is in use
in Indus-2.
Effect of closed orbit correction on beam lifetime in Indus-2 is presented in chapter 4 and 5.
1.8

Estimation of beam lifetime in Indus-2 storage ring

For a stable beam in an electron storage ring, the most important processes of electron losses
that decide the beam lifetime [35] are as follows:
1.8.1 Quantum lifetime due to emission of synchrotron radiation
1.8.2 Vacuum lifetime due to electron beam and gas atoms interaction
1.8.3 Touschek lifetime due to electron-electron interaction within a bunch
1.8.1 Estimation of Quantum lifetime
The synchrotron radiation is emitted in discrete units. The discrete emission of synchrotron
radiation induces noise on the beam which causes the electrons to diffuse. The equilibrium
between the quantum excitation and the radiation damping determine the distribution of the
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electrons. In principle, the tails of the distribution which is Gaussian in nature will extend to
infinity. The vacuum chamber and the momentum acceptance will however truncate the
distribution which leads to a constant loss of electrons. The resulting lifetime are known as
quantum lifetime.
The quantum lifetime in vertical, horizontal and longitudinal plane in Indus-2 was estimated
to find the sufficient aperture to overcome the electron loss due to aperture limitations.
The quantum lifetime [36] is given as

 q  x, z

eu
2u

1.51

where  x, z is the damping time in horizontal and vertical plane and u 

ax2, z
2  x2, z

, ax, z and  x, z

are the aperture and beam size in horizontal and vertical plane respectively. In longitudinal
plane the quantum lifetime is given as

 q  

eu
2u

1.52

where   is the damping time in longitudinal plane and u 

 rf2

2   E0 

2

where  rf and   E0

are the RF acceptance and energy spread of beam respectively.
The quantum lifetime in vertical, horizontal and longitudinal plane at beam energy 2.5 GeV
in Indus-2 was estimated and is shown in figure 1.20 (a), (b) and (c) respectively.
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Fig.1.20(a). Quantum lifetime with ratio of vertical aperture to vertical beam size

q (hours)

100

10

1

0
2
4
6
Ratio of horizontal aperture to horizontal beam size (ax/x)

Fig.1.20(b). Quantum lifetime with ratio of horizontal aperture to horizontal beam size
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Fig.1.20(c). Quantum lifetime with ratio of RF acceptance to beam energy spread
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From the above graph, we see that we get quantum lifetime of more than 100 hours for the
aperture to beam size ratio in transverse plane ~7. Similarly in longitudinal plane, for RF
acceptance to energy spread ratio ~7, we get quantum lifetime more than 100 hours. The
quantum excitation effect in Indus-2 has been studied using beam scrapers and is discussed in
chapter 5.
1.8.2 Estimation of vacuum lifetime due to beam-gas interaction
The electrons from the stored electron beam are lost by scattering of the residual gas
molecules present in the vacuum chamber. The effect is controlled by providing sufficient
pumping to reach low vacuum pressures and by careful construction of vacuum chamber to
minimise photo induced desorption of gas molecules. There are mainly two processes [35] in
beam-gas interaction which contribute in estimating vacuum lifetime which are as follows:
1.8.2.1 Elastic coulomb scattering between the electron and the nuclei of the residual gas
atom  el
1.8.2.2 Inelastic scattering between the electron and the nuclei of the residual gas atom  br

1.8.2.1 Elastic coulomb scattering between the electron and the nuclei of the residual gas
atom  el
The elastic scattering of the electron on the nuclei of the residual gas atoms leads to an
angular kick, which generates the betatron oscillation. If the increase in the amplitude of the
betatron oscillation exceeds the transverse acceptance of the ring, the electron gets lost. The
vacuum lifetime due to this process is given as [25, 35, 37]

1

 el



2 r02 c  Z 2 1

2

1.53

 m2

where r0 is the classical electron radius, c is the speed of light,  is the gas density, Z is the
atomic number of residual gas atom,  is the relativistic Lorentz factor and  m is the
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minimum scattering angle for the electron loss at beam loss location i.e. at maximum  x in
horizontal plane or at maximum  z in vertical plane. For a rectangular chamber of horizontal
aperture a and vertical aperture b at beam loss location, minimum scattering angle  m is
given as [25]

1



2
m
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p a b  2   z   zm  1 b 
pab 

tan  p   2
cot  p   2
2 2
2
2 2
b
 a a  p b 
 a a  p b 



1.54

  x   xm
,  xm ,  zm are the  functions at the beam loss location,   x  ,   z  are
  z   zm

where p 

average  functions in the ring. These expressions are derived and discussed in chapter 2.
1.8.2.2 Inelastic scattering between the electron and the nuclei of the residual gas atom

 br
The vacuum lifetime due to inelastic scattering between the electrons and nuclei of residual
gas atoms also known as bremsstrahlung [37-40] lifetime is given as

16 r02 c 
5 P

 ln    

 br
411 
8 k T
1
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 i 
2
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1.55

It depends on the vacuum pressure P and weakly depends on the momentum acceptance 
in the ring. The value of momentum acceptance  is the minimum value either in transverse
or in longitudinal directions.
Total vacuum lifetime  v due to these processes are given as
1



1



1

1.58

 v  el  br

Using Indus-2 lattice parameters and assuming 1 nTorr nitrogen equivalent vacuum pressure
in ring with dynamic aperture at beam loss location i.e. at maximum  x , a  20 mm and at
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maximum  z , b 12 mm (by normalizing the aperture with beta function), vacuum lifetime
due to these processes were estimated at energy 550 MeV to 2500 MeV in steps of 100 MeV.
As seen above that the momentum acceptance in longitudinal direction i.e. RF acceptance is
minimum and is taken for estimation of vacuum lifetime at different beam energy. During the
beam energy ramp from 550 MeV to 2500 MeV, betatron tune as well as synchrotron tune
should remain constant so the value of  rf at different energy is taken considering
synchrotron tune  s 1.18 102 (20.5 kHz) constant. The RF cavity voltage and RF
acceptance for constant synchrotron tune is shown in Figure 1.21. The variation in vacuum
lifetime due to these processes and total vacuum lifetime at beam energy 550 MeV to 2500

Cavity voltage
RF acceptance

1200

RF cavity voltage (kV)

1000

1.1x10

-2

1.0x10

-2

9.0x10

-3

8.0x10

-3

7.0x10

-3

6.0x10

-3

800

600

RF acceptance

MeV is shown in Figure 1.22.
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Fig. 1.21. RF Cavity voltage and acceptance at different beam energy in Indus-2
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Fig.1.22. Vacuum lifetime due to beam-gas atoms interaction at different beam energy
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From the above estimation, it is seen that the contribution of elastic scattering of electrons
with the nuclei of residual gas atoms is dominant in total vacuum lifetime at low energy
whereas at higher energy the contribution of inelastic scattering of electrons with nuclei of
residual gas atoms is dominant in total vacuum lifetime. The elastic scattering strongly
depends on the aperture and for small apertures it may compete with the bremsstrahlung at
high energy also. So the contributions of elastic and inelastic scattering between the electrons
and the nuclei of residual gas atoms are taken in the analysis of vacuum lifetime [35].
1.8.3 Estimation of Touschek lifetime due to electron-electron interaction within a
bunch
If two electrons inside an electron bunch collide, the collisions occur in both transverse and
longitudinal plane and there is a transfer of energy from transverse to the longitudinal plane
and vice versa [41]. The energy transfers involved from the longitudinal plane to the
transverse plane are insufficient to generate a betatron oscillation capable of leading to
electron loss whereas the energy transfer involved from the transverse plane to the
longitudinal plane are sufficient for loss of both colliding electrons. If all of the transverse
momentum is transferred to longitudinal momentum, the longitudinal momentum would be
approximately  times the transverse momentum if observed in laboratory frame of reference
which means the longitudinal momentum will receive a significant boost [42, 43]. The
Touschek scattered electron can gain or lose longitudinal momentum from such a scattering
process. If the momentum change experienced by the electron exceeds the momentum
acceptance of the electron storage ring then the electron will be lost.
The Touschek lifetime  tous due to electrons scattering within a bunch [25, 42] is given by

1
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For positive   p p  positive and negative   p p  negative  energy deviation, the
Touscheck loss rate along the circumference of ring is given as
1
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Where  x , z and  s : horizontal, vertical and longitudinal rms beam size respectively,

  p p : limiting momentum acceptance either in transverse or in longitudinal plane, N is
the number of electrons per bunch.
These expressions are discussed in chapter 3. For the estimation of Touschek lifetime, the
particle tracking code ELEGANT [32], ZAP [44] was used. The variation in Touschek
lifetime of 100 mA stored current (0.34 mA per bunch) and at different beam energy using
the cavity voltage as shown in Figure 1.21 with 0.5% and 1% betatron coupling using
ELEGANT code is shown in Figure 1.23.
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Fig.1.23. Touschek lifetime at different beam energy

The above results show that the Touschek scattering effect is significant at low beam energy
whereas it is significantly reduced at higher beam energy. The Touschek scattering effects in
Indus-2 are studied by storing electrons in single bunch and are discussed in chapter 5.
The total beam lifetime  t was estimated using vacuum lifetime  v and Touschek lifetime

 tous and is shown in Figure 1.24.
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Fig.1.24.Beam lifetime at different beam energy in Indus-2
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CHAPTER 2
DEPENDENCE OF ELECTRON LOSS ON THE SHAPE OF VACUUM CHAMBER
2.1

Introduction
As discussed in chapter 1 that the beam lifetime in an electron storage ring is limited

by the loss of the stored electrons due to the elastic coulomb scattering of electrons with the
nuclei of residual gas atoms. The contribution of the beam lifetime due to this elastic
scattering depends upon the shape of the vacuum chamber. Since in a real storage ring,
vacuum pressure is not the same at all locations along its circumference, it is essential to
know the shape factor at each location. In this chapter, analytical expressions for the shape
factor for a rectangular and an elliptical vacuum chamber at a scattering location in a storage
ring are derived using an approach in which the shape of the vacuum chamber at the focusing
quadrupole is transformed to the location of defocusing quadrupole and vice versa to define
the parts of the vacuum chamber, where the loss of electrons takes place at the quadrupoles.
This method has enabled derivation of more accurate expressions for the two shapes. A
comparative study of the value of average shape factor obtained from derived expressions
and with the existing expressions is discussed using Indus-2 design lattice parameters and
considering rectangular, elliptical, square and circular shapes of the chamber.
For the storage of an electron beam for a longer lifetime in an electron storage ring, average
vacuum pressure of the order of 1 109 Torr is required in the vacuum chamber in which the
electron beam circulates. The presence of residual gas species even at a low pressure of 1
nTorr, causes scattering of the electrons with the nuclei of residual gas atoms. The scattering
may be elastic or inelastic. In the elastic scattering of electrons of the stored electron beam
with the nuclei of residual gas atoms, the electrons are deflected from their path and the
amplitude of betatron oscillation of electrons increases. If the amplitude of betatron
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oscillation of an electron is more than the chamber aperture i.e. the acceptance of the ring, the
electron is lost there. The rate of loss of electrons due to this process contributes to beam
lifetime. The loss of electrons due to elastic coulomb scattering takes place at maximum β
function in horizontal  X  and vertical Z  planes, when the aperture of vacuum chamber is
uniform in the ring. The loss of electrons depends on the aperture which is related to a
parameter which we define the shape factor, which is governed by the shape and size of
vacuum chamber. In deriving the expression it is assumed that the dynamic aperture is equal
to or greater than the physical aperture of the chamber. In the electron storage rings,
rectangular or elliptical shapes of the vacuum chamber are widely used. The average shape
factor for a rectangular chamber is discussed in [25] and used for beam lifetime estimation in
operating rings like MAX II [45], SPEAR3 [46], INDUS-2 [47] etc. The shape factor for
elliptical chamber is given in [48] and used in estimating beam lifetime in SAGA-LS storage
ring [49]. The derivation of shape factor [50] for different shapes of vacuum chambers has
not been derived and discussed clearly in detail so the problem was re-visited for finding the
exact analytical expressions.
Here, general expressions of the shape factor for a rectangular and an elliptical chamber for a
given scattering location in a storage ring are derived starting from abinitio using linear beam
dynamics. The motion of electrons is considered to be constrained by the physical aperture
neglecting the non linear beam dynamical effects. To find the expression, the position of the
electron at the focusing quadrupole is transformed to the position at defocusing quadrupole
location based on the beta functions in horizontal and vertical planes and vice versa to define
the part of the vacuum chamber at which the beam loss takes place at these locations. This
approach has enabled derivation of exact expressions for the shape factor within the domain
of linear beam dynamics. A theoretical estimation of shape factor at different scattering
locations is also carried out using Indus-2 lattice parameters considering rectangular and
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elliptical chambers. The average shape factor is also estimated for these shapes and compared
with that calculated values using the existing expressions.
In section 2.2 we present the beam lifetime formulation due to elastic coulomb scattering of
electrons with the nuclei of residual gas atoms in which the shape factor appears as a
parameter. The approach for the derivation of expression for shape factor for a rectangular
and elliptical shape of the vacuum chamber is discussed in section 2.3 and the average shape
factor considering Indus-2 lattice parameters and a comparison with the estimated results
obtained using the existing expressions is discussed in section 2.4.
2.2

Beam lifetime due to elastic coulomb scattering

The rate of loss of relativistic electrons due to elastic coulomb scattering of electrons with the
nuclei of residual gas atom is given by [37, 51]


1 dN
c 
N dt

2.1

where N , c,  ,  are the number of electrons, speed of electrons, residual gas density of
molecular gas species present in the vacuum chamber and scattering cross section of
electrons respectively.
The rate of loss of electrons due to elastic coulomb scattering  el varies from location to
location in ring. So

1

 el

 

1 dN
c 
N dt

2.2

where     is the average of the product of residual gas density and scattering cross section
of electrons at different scattering locations spread over the ring.
Differential scattering cross section of elastic coulomb scattering of a relativistic electron
scattered by the nuclei of residual gas atom at a location j is given by [51]
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d j

Z i2 r02

d 4  2

1
 
sin 4  
2

2.3

where d  sin  d d is the solid angle in which the electron is scattered,  and  are the
scattering polar (range from 0 to  ) and azimuth (range from 0 to 2 ) angle respectively, Z i
is the atomic number of the nucleus of the residual gas atom of species i , r0 is the classical
electron radius and  is the relativistic Lorentz factor. The electrons will survive in the
chamber up to minimum scattering angle  m and will be lost for  above the value of  m .
Integrating equation 2.3 with respect to  from limit  m to  , we get


2 cos 2  m 
2
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 j   
d
2

4
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 2

2.4

For small angle of scattering  m 1 we get

d j   

2 Zi2 r02 d

2

2.5

 m2

The survival chances of a scattered electron depend on the shape and size of the vacuum
chamber. As shown in equations 2.3 and 2.4, the scattering cross-section has a dependence on
angle  . The maximum allowed displacement for  will be different for different shapes and
size of the vacuum chamber, therefore, the average scattering cross-section as it appears in
equation 2.2, will be different for different shapes and sizes of the vacuum chamber.
The elastic scattering cross section, causing loss of an electron scattered at the location j in a
storage ring is given as

j

2 Zi2 r02
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2
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d

    is defined as the shape factor
0

2
m
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2.6

Vacuum pressure or even the composition of residual gases varies from point to point in a
storage ring, therefore it is important to know the shape factor F j for each location in a
storage ring. If the vacuum pressure and gas composition is uniform along the circumference,
the equation 2.2 becomes
n

1

 el

 c    where

 

2 Zi2 r02

2

F and F 

F
j 1

j

2.7

n

where F is the average shape factor and n is the number of scattering locations spread
over the ring at a uniform interval.
Obviously, the correct value of average shape factor F  is essential to estimate the beam
lifetime due to elastic coulomb scattering between the electrons and the nuclei of residual gas
atom.
2.3

Expressions for shape factor F

When an electron collides with a nucleus of a residual gas atom at location s0 in the ring, the
electron gets deflected by an angle  . In spherical polar coordinates, for small scattering
angle, the deflection is resolved in X plane as  x  cos  and  z  sin  in Z plane. The
electrons are lost at maximum  x or at maximum  z as shown in Figure 2.1.
z
Beam direction



s0 : Scattering location
x
 x0 ,  z0





Maximum  x location

 xm ,  z 

Maximum  z location

 x ,  zm 

Fig.2.1. Scattering and beam loss locations in ring
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s

If the electron at location s1 reaches the boundary of the vacuum chamber, its horizontal
x and vertical z coordinates at s1 is given as
x   x ( s0 )  x ( s1 )  x   x ( s0 )  x ( s1 )  m cos 

2.8

 z ( s0 )  z ( s1 )  z   z ( s0 )  z ( s1 )  m sin 

z

where  x s0  and  z s0  are  functions at the scattering location s0 in X and Z planes
respectively and  x s1  and  z s1  are  functions at beam loss location s1 in X and Z
planes respectively and  m is the minimum scattering angle. In equation 2.8, maximum
betatron displacements are considered taking the betatron phase term equal to one because
here we consider the electrons, which are lost from the ring. Substituting x and z from
equation 2.8 into equation 2.6, the expression for shape factor at scattering location j i.e. F j
becomes
2

Fj  
0

d

 m2  

2



 x  j   x s1 cos 2    z  j   z s1  sin 2 

0

where tan  

x2  z 2

d

2.9

 x  j   x s1  z s1 
 z  j   z s1  xs1 

Dependence of the shape factor F j on x and z indicates that it is governed by the shape of
the vacuum chamber. We consider that the storage ring has a vacuum chamber of uniform
cross section all along the circumference. In such a ring, the beam loss will takes place either
at the location where  x is maximum or the location where  z is maximum. The derivation
of expressions for the shape factors for a rectangular and an elliptical vacuum chamber is
given in the following paragraph.
2.3.1 Shape factor for rectangular vacuum chamber
Let the horizontal and vertical dimensions of the rectangular vacuum chamber be a and b
respectively. In order to find out the domain of azimuth angle  for electron loss in X and
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Z plane, we assume that at maximum  z location, the electrons lie on the boundary of

vacuum chamber. The electron, which, is at Pa, b  at maximum  z location, will be at

  xm
P 
a,
 x

 z 
b at maximum  x location as shown in Figure 2.2(a), where
 zm 

 xm and  z are  functions at maximum  x location in X and Z planes respectively,
 x and  zm are  functions at maximum  z location in X and Z planes respectively. The
electrons which lie on the boundary of the chamber at maximum  z will, accordingly, follow
the dotted rectangle as shown in Figure 2.2(a) whereas the solid rectangle shows the actual
aperture at maximum  x location.
Similarly, we assume that at maximum  x location, electrons are on the boundary of the
vacuum chamber. Referring to Figure 2.2(b), the electron, which is at Pa, b at maximum
 x
 zm 
 x location will be at P 
a,
b at maximum  z location. The electrons which
 z 
  xm

lie on the boundary of the chamber at maximum  x will follow the dotted rectangle as shown
in Figure 2.2(b) whereas the solid rectangle shows the actual aperture at maximum  z
location.
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Fig.2.2. Electron Positions (a) at maximum  x (dotted rectangle) with respect to their positions on
the boundary of chamber at maximum  z and (b) at maximum  z (dotted rectangle) with respect
to their positions on the boundary of chamber at maximum  x .
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From Figure 2.2(a), it is seen that at the location of maximum  x , electrons, which have the
magnitude of horizontal displacement a or greater and also vertical displacement magnitude
 z 
up to OB 
b  are lost on the PAS  and QA1R parts of the vacuum chamber.

zm



Electrons, having the magnitude of vertical displacement greater than to OB are lost at the
maximum  z location.
Similarly, from Figure 2.2(b), it is understood that at the location of maximum  z , electrons,
which have the magnitude of vertical displacement b or greater and also magnitude of
 x 
horizontal displacement up to OA 
a  are lost on the PBQ and S B1R parts of the
  xm 

vacuum chamber. Electrons having the magnitude of horizontal displacement greater than to
OA are lost at the maximum  x location.

In order to obtain the shape factor, we consider only the first quadrant of the vacuum
chamber taking advantage of four fold symmetry. First, we consider the maximum  x
location and for this we refer to Figure 2.2(a). Here, the electrons are lost on the aperture
boundary PA . The azimuth angle  varies from 0 to an angle xm which is related to the
angle  x at this location.
Similarly at the maximum  z location, electrons are lost on boundary PB of Figure 2.2(b).
The azimuth angle  here varies from  zm to  / 2 which is related to the angle  z at this
location.


 z 
b  , where
From Figure 2.2(a), the coordinate of the electron at the location P is  a,

zm



 zm >  z . From equation 2.8, the coordinate of P x, z  at maximum  x location is given as
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i.e. xm is obtained at location P of electron loss,
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 x  xm
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 z  zm

2.11

0

0

From Figure 2.2(a), tan x 

 x0  xm
z
 tan   p1 tan x where p1 
(using eq. 2.10) 2.12
x
 z0  z

 x

a, b  ,
Similarly from Figure 2.2(b), the coordinate of the electron at point P is 
  xm

where  xm >  x . The coordinate of P x, z  at maximum  z location is given as

x

 x  x  m cos 

z

 z  zm  m sin 

0

tan  

0

x x z
 z  zm x
0

0

Using the coordinate of P , x 

x
a and z  b , the maximum value of  i.e. zm is
 xm
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tan zm 
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From Figure 2.2(b), tan z 

 x0  x
z
 tan   p2 tan x where p2 
x
 z0  zm

2.14

It is clear from equations 2.11 and 2.13 that xm zm m . In brief, for  varying from 0 to

m , the electrons are lost at maximum  x location on PA (Figure 2.2(a)) and from m to
 / 2 at maximum  z on PB (Figure 2.2(b)).
The shape factor F j taking into consideration the four fold symmetry of chamber is
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d
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m

In this integral, in first quadrant, electrons scattered into azimuth angle  between 0 to m
will be lost at maximum  x and those scattered between m to  / 2 will be lost at maximum

 z location.
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From Figure 2.2(a), 12  a 2  a 2 tan2 x , putting in first integral and from Figure 2.2(b),

22  b2  b2 cot 2 z , putting in second integral and using relation 2.12 and 2.14, we get
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The above expression, which gives the contribution to the shape factor due to the elastic
coulomb scattering at location j is the similar to that given for the average shape factor in
[25] as below
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  x   xm
,   x  and   z  are average values of  function in the ring
  z   zm

2.16

The expression 2.16 is derived by assuming the average value of minimum scattering angle

 x and  z avoiding point to point calculation of shape factor in the ring which we have
considered in deriving expression 2.15 by using above approach.
2.3.2 Shape factor for elliptical vacuum chamber
We follow the same approach as that used for a rectangular chamber to find out an expression
for the shape factor of an elliptical chamber. Here also we assume that at maximum  z
location, electrons are on the boundary of chamber surface. The position of these electrons at
maximum  x location will be as shown in Figure 2.3(a) by the dotted ellipse, whereas the
solid ellipse is the boundary of vacuum chamber surface at maximum  x location. Similarly
we assume that the electrons at maximum  x location are on the boundary of vacuum
chamber, these electrons at maximum  z location will lie on the dotted ellipse as shown in
Figure 2.3(b) whereas the solid ellipse here shows the boundary of the vacuum chamber at
maximum  z location.
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From Figure 2.3(a), it is clear that at maximum  x location, electrons are lost on the PAS
and QCR parts of the vacuum chamber. Similarly Figure 2.3(b) indicates that at maximum

 z location, electrons are lost on QBP and RDS parts of the vacuum chamber.
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Fig.2.3. Electron positions (a) at maximum  x (dotted ellipse) with respect to their positions on the
boundary of chamber at maximum  z and (b) at maximum  z (dotted ellipse) with respect to their
positions on the boundary of chamber at maximum  x

From Figure 2.3(a), equation of solid ellipse representing the vacuum chamber is

and that of the dotted ellipse is

x2 z 2
 1
a 2 b2

z
x2 z 2
 xm
 2  1 , where a1 
b . Let
a and b1 
2
a1 b1
 zm
x

 x and  z be the  functions at the location s0 where scattering of electron with gas atom
0

0

takes place. At location

s0 , the electron gets kick of angle  m , the position

coordinates P x, z  at the location of maximum  x is given as
x   x0  xm  m cos 
z   z 0  z  m sin 

From this equation, we get tan  

 x  xm z
z z x
0

0

In Figure 2.3(a), point P is intersection of two ellipses so on solving these, we get
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2.17

 z  xm   x  b
z

x
 xm  zm   z  a
Accordingly from equation 2.17, the maximum value of  at the location of electron loss xm
is,
tan xm 
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Let the coordinate of point P on ellipse in Figure 2.3(a) be 1 cos x , 1 sin x  so, we get
1


2

1

 
cos 2 x sin 2 x
, tanx  z  tan  p1 tanx where p1  x0 xm (using eq. 2.17) 2.19
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Similarly from Figure 2.3(b), equation of solid ellipse representing the vacuum chamber is
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a b
position coordinates P x, z  at the location of maximum  z is given as

x   x0  x  m cos 
z   z 0  zm  m sin 
In Figure 2.3(b), point P is the intersection of two ellipses, so on solving these, we get
z
 zm  xm   x  b

x
 x  zm   z  a

The maximum value of  at the location of electron loss zm is given as
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0
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0
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2.20

It is clear from equations 2.18 and 2.20 that xm zm m . In brief for  varying from 0 to m ,
the electrons are lost at maximum  x location and from m to  / 2 , they are lost at the
maximum  z location.
Let the coordinate of point P on ellipse in Figure 2.3(b) be 2 cos z , 2 sin z  so
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Shape factor F j is given as
2
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Using 12 from equation 2.19 and  22 from equation 2.21, we get
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Using equation 2.19, tan   p1 tan x in first integral and equation 2.21, tan   p2 tan z in
second integral, we get
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This is a new expression of the shape factor for an elliptical shape of vacuum chamber which
has not been reported so far in the literature.
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An expression of average shape factor for an elliptical chamber is reported in literature [48,
49] as below.
   
   
F    x 2 xm  z 2 zm 
b
 a


2.24

where   x  and   z  are the average  function in X and Z planes,  xm and  zm are the
maximum  function in X and Z planes respectively.
The expression 2.24 has been derived considering the loss of electrons at the location where
both  x as well as  z are maximum. The derivation is given in Appendix A. From the
relation A.4 from APPENDIX A, the shape factor at location j is given as

 s   
  s  
Fj    x 02 xm  z 02 zm 
a
b



2.25

A comparison in the point by point shape factor in one unit cell of Indus-2 using derived
relation 2.23 and existing relation 2.25 is shown in Figure 2.4.
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Fig.2.4. Shape factor variation for elliptical shape of chamber

The percentage increase in shape factor from relation 2.23 to relation 2.25 is shown in Figure
2.5.
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Fig.2.5. Increase in the shape factor along the circumference in ring

It shows that in case of Indus-2, the difference between the shape factors obtained from
derived and existing expressions is more than 16% at some locations which are significant.
2.4

Estimation of shape factor

The shape factor F j is estimated by using Indus-2 lattice parameters of design lattice for
rectangular and elliptical shape of the vacuum chamber.
Considering  xm  21.1m,  zm 18.7 m,  x  3.9 m,  z  5.4 m ,   x0   8.0 m and   z0   7.7 m ,
shape factor was estimated using expression 2.15 and 2.23 at different scattering locations at
uniform interval along the beam path using value of aperture a and b , for rectangular and
elliptical vacuum chamber. The point by point variation of shape factor in one unit cell of
Indus-2 for rectangular a  30mm, b  15mm , elliptical
shapes is shown in Figure 2.6.
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Fig.2.6. Comparison in shape factor in one unit cell for rectangular and elliptical shape of
chamber in case Indus-2

The percentage increase in the shape factor at all scattering locations was estimated and is
shown in Figure 2.7.
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Fig.2.7. Increase in the shape factor from rectangular to elliptical shape
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From the expression of shape factor for rectangular and elliptical shape, the shape factor for
square a  30mm, b  30mm and circle radius  30mm was estimated point by point in one

Shape Factor F

unit cell of Indus-2, a comparison of shape factor is shown in Figure 2.8.
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Fig.2.8. Comparison in shape factor in one unit cell for square and circular shape of chamber

The percentage increase in the shape factor at all scattering locations was estimated and is
shown in Figure 2.9.
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Fig.2.9. Increase in the shape factor from square to circular shape
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Using the derived expression 2.23 of shape factor for elliptical shape and with existing
expression 2.25, point by point shape factor was estimated for circular shape of chamber and
the results are shown in Figure 2.10.
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Fig.2.10. Comparison in shape factor in one unit cell for circular shape of chamber

The percentage increase in the shape factor for circular shape at all scattering locations was
estimated and is shown in Figure 2.11.
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Fig.2.11. Increase in the shape factor for circular shape
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2.4.1 Estimation of average shape factor
From the value of shape factor at different locations, average shape factor is estimated using
equation 2.7. The average value of shape factor for rectangular a  30mm, b  15mm , square

a  30mm, b  30mm , ellipse a  30mm, b  15mm and circular

(radius  30mm) shape of

chamber using derived expression 2.15 and 2.23 and existing expression 2.16 and 2.24 is
given in Table 2.1. The estimated values of average shape factor obtained from derived and
existing expressions are also compared.
Table 2.1. Comparison of estimated average shape factor using derived and existing
expressions for different shapes of chamber
Chamber shape

Dimensions

Average shape factor

Average shape factor

(mm)

using eq. (2.7) and

from existing expression

expressions (2.15) and

(2.16) and (2.24)

(2.23) (F1×106)

(F2×106)

% difference
(F2-F1)×100/F2

Rectangular

a=30, b=15

2.35

2.26

-4.0

Elliptical

a=30, b=15

2.41

2.61

+7.6

Square

a=30, b=30

0.96

0.90

-6.7

Circle

Radius= 30

0.99

1.09

+9.1

From the table, if we compare the change in average shape factor from rectangular to
elliptical shape a  30mm, b  15mm , the increase in shape factor from the derived
expression is ~2.5% whereas it increases to ~15.5% if we use the existing expression.
Similarly as reported in [25], the average shape factor increase from square to circle is ~22%
(from 0.9×106 to 1.09×106) whereas from the derived expression, the increase is ~3.3% (from
0.96×106 to 0.99×106). The result for a rectangular shape closely matches with the existing
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expression [25]. The small difference is attributed to the fact that in [25], an approximation
has been made in the derivation of the average shape factor by using average values of the
minimum scattering angles. The expressions for the shape factor developed in this chapter are
required for estimation of the lifetime due to scattering of electrons with nuclei because the
vacuum pressure in a storage ring is normally not the same everywhere. The expression 2.15
for the shape factor for the rectangular chamber looks similar to the expression 2.16 for the
average shape factor available in the literature. It shows that the approach for the derivation is
appropriate. This approach has resulted in a new expression 2.23 for the shape factor for the
elliptical shape, which has evolved after considering the effect of the shape accurately.
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CHAPTER 3
STUDIES OF ELECTRON-ELECTRON INTERACTION WITHIN A BUNCH
3.1

Introduction

In an electron storage ring, circulating electrons are scattered and lost through collision with
residual gas atoms present in the vacuum chamber. In addition, the electrons within a bunch
collide with each other via transverse betatron oscillations and longitudinal synchrotron
oscillations [25, 26]. As explained in section 1.8.3 of chapter 1, the beam loss due to electronelectron scattering within a bunch is due to Touschek effect, it was first explained by Bruno
Touschek [41] after observations of the beam lifetime on Frascati storage ring ADA at Orsay,
France. The Touschek effect is one of the limiting beam loss mechanisms in present day low
emittance and high brilliance [52, 53] synchrotron radiation sources.
To understand the beam loss mechanism [42, 54] we consider the motion of electrons in a
frame which moves with them. The betatron motion in this frame is purely transverse and a
collision will transfer momentum into the longitudinal plane. Transforming back to the
laboratory frame the transferred momentum is boosted by a factor  . The process is shown in
the Figure 3.1.

 p  px x

px
p||  px

p||   px

 p  p||    px

 px

p  p||   px

 p   px x

Laboratory system

Centre of mass system

Fig.3.1. Coulomb scattering of two electrons in centre of mass and laboratory system
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3.2

Expression of Touschek lifetime

The loss rate of electrons due to Touschek scattering 1  tous  between electrons within a
bunch is given as [25, 42, 54]

1

 tous
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1
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 2
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 p p  x 

  
  x 

3.13

2

The integral D  was evaluated numerically, the variation in D  with  is shown in
Figure 3.2. The sign marked in Figure 3.2 is the value of D  for Indus-2.
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Fig.3.2. The variation of D  with 

From Figure 3.5, we see that the function D  varies slowly with parameter  .  tous given
by the relation 3.12 gives half lifetime  1 2 ( s) due to Touschek scattering at one point s in
the ring. So the overall Touschek lifetime is obtained by taking the average over the whole
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circumference of ring 1 2   1 2 (s) . To convert it to  1 e required for the estimation of total
beam lifetime, the value of  1 2 is divided by ln 2 .
3.3

Methods for the enhancement of Touschek lifetime

In a low emittance electron storage ring operating at an average vacuum pressure 1×10 -9 Torr,
the beam lifetime is limited due to the electron-electron scattering within a high density
electron bunch. As seen from relation 3.12 and 3.13, the Touschek lifetime is
a) Proportional to the cube of beam energy ( tous   3 ) .





b) Proportional to the square of the momentum acceptance  tous  p p  .
2

c) Proportional to beam sizes in horizontal  x  , vertical  z  and longitudinal  s  plane
( tous  x  z  s ) .

d) Inversely proportional to the number of electrons in a bunch N  tous  1 N  .
To increase the Touschek lifetime, we have to increase the momentum acceptance. The
momentum acceptance in transverse plane is optimised while designing the lattice and the RF
acceptance is increased by increasing the RF cavity voltage. There are alternate methods for
the enhancement of Touschek lifetime which are described in next section.
3.3.1 Vertical beam size in Indus-2
Another way to reduce the Touschek scattering is by increasing the vertical beam size
because in an electron storage ring the beam is nearly flat. As we know, in a normal
quadrupole, the force experienced by the electron displaced in horizontal plane is in
horizontal direction and similarly for electron displaced in vertical plane, the force is in
vertical direction. If there is rotation error in normal quadrupole along the longitudinal axis
then the electron displaced in horizontal plane experience a force in vertical plane and for
electron displaced in vertical plane experience a force in horizontal plane. So, due to the
rotational error in normal quadrupoles about the beam direction, there is coupling between
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horizontal and vertical motion and it give rise to vertical emittance in storage ring. The
rotated qudrupoles in dispersion region ( x  0) will give rise to vertical dispersion and due to
this vertical dispersion, there is also vertical emittance in ring. So, the vertical size of the
electron beam in Indus-2 is mainly defined by two processes, first is betatron coupling
between vertical and horizontal motion and second is due to the residual vertical dispersion
function.
Main sources of vertical beam emettance [55-64] is
a) Betatron coupling due to rotation error in normal quadrupoles along beam axis and
vertical closed orbit distortion at sextupole location
b) Residual Vertical dispersion (generated due to dipole rotation error, quadrupole
transverse displacement, quadrupole rotation in dispersion region, sextupole transverse
displacement)

3.3.1.1 Measurement of betatron coupling in Indus-2
In the presence of betatron coupling, the horizontal oscillatory motion of a beam can be
transferred to the vertical motion, thereby increasing the vertical beam size. It is necessary to
measure the degree of coupling in the storage ring.
Under the influence of linear coupling, the ratio of vertical beam emittance ( z ) to the
horizontal beam emittance ( x ) known as coupling ratio is given by [65]

 min 1
z

 x (2   min 1 2 )
2



3.14

where  min is the minimum tune separation at coupling resonance and 1  x  z  p .
The coupling ratio  is measured by driving the tunes across the coupling resonance. By
changing current in one of the quadrupole power supplies, the betatron tunes are changed and
when the tunes are close to the coupling resonance, the horizontal motion is transferred to the
89

vertical plane and vice versa which leads to a coupling between horizontal and vertical
motion. In Indus-2, the strength of Q3D family of quadrupoles was changed gradually at the
same rate and betatron tune in both horizontal and vertical plane was measured. Q3D family
quadrupoles were chosen for measurement because it is in a non-dispersion region and the
change in betatron tune in both planes with change in quadrupole current is less as compared
to the other quadrupoles like Q1D and Q2F which are also in the non dispersion region.
Figure 3.3 shows the measured horizontal and vertical betatron tunes as a function of the
quadrupole current in Q3D family of quadrupoles [66].
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Fig.3.3. Measured horizontal and vertical fractional betatron tunes with change of current in Q3D
family of quadrupoles

From Figure 3.6, the value of minimum tune separation at coupling resonance is

 min ~ 0.01 . From relation 3.14, the coupling ratio is 0.0049 (0.49%).
3.3.1.2 Measurement of vertical dispersion in Indus-2
By changing the RF frequency up to 8 kHz in steps of 2 kHz, change in vertical closed orbit
at all beam position indicators was observed. If with frequency change f rf , there is change
in orbit z in vertical plane, then the vertical dispersion is given as z  z p p  where
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change in momentum or energy is

p 1 f rf
where  c is the momentum compaction

p  c f rf

factor and f rf is the RF frequency and f rf is the change in RF frequency.
Change in energy was estimated considering  c = 0.00732. The measured value of vertical
dispersion at BPIs location with RF frequency change f rf  8 KHz is shown in Figure 3.4.
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Fig.3.4.Measured vertical dispersion at all BPI locations in Indus-2

The vertical beam size  z is given by  z (s)   z  z (s)  z2 ( s) (  E0 )2
3.3.1.3 Beam size measurement at beamline-16
The coupling measurement was complemented with the technique of beam size measurement
at one of the dipole beamlines. The beam sizes were measured at micro focus X-ray
fluorescence beamline (XRF-microprobe beamline-16) [67] which is connected at 5º port of
one of the dipole magnets. The measured horizontal and vertical beam sizes are

 x ( FWHM )  7.5 m and  z ( FWHM )  4.3 m respectively. These beam sizes were
measured at ~17 m away from the source point in storage ring. After applying the
demagnification factors of 118 in horizontal plane and 54 in vertical plane, the horizontal and
vertical beam size at the source point are 885 m and 232.2 m respectively.
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The electron beam sizes in horizontal and vertical planes at the source point are given by

 x   x  x  x2   E0 2

 z   z  z  z2 (  E0 )2
For the operating lattice, the optical functions  x ,  z , x at the source point are 0.636m,
6.362m, 0.00123m respectively, for which  x2   E0   x  x and measured value of
2

vertical dispersion at source is ~1.2cm, so  z2   E0   7 1011 is very small. It leads to
2

simple formula for the coupling ratio  as



 z  x  z2

 x  z  x2

3.15

Using the measured beam sizes and the lattice function in relation 3.15, the coupling ratio
comes out to be 0.0066 (0.66%). This value is very close to the coupling ratio obtained using
minimum tune separation method. So by increasing betatron coupling, Touschek lifetime in
an electron storage ring can be increased.
3.3.2 RF phase modulation
Touschek lifetime can be enhanced by decreasing the density of electron bunches. This can be
done by applying RF phase modulation in main RF which has been applied in other
synchrotron radiation sources such as KEK photon factory [68, 69], ASTRID [70], LNLS
[71], PLS [72], TLS [73] ring for the improvement in Touschek lifetime. A theoretical
simulation study of the application of RF phase modulation of nearly one and two times of
synchrotron oscillation frequency in main RF of Indus-2 ring at beam energy 2.5 GeV was
carried out.
3.3.2.1 Longitudinal beam dynamics under RF Phase modulation
Considering the longitudinal motion of a single electron under RF phase modulation and
neglecting the beam loading effect, let  be the longitudinal time advance of an electron
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away from the position of synchronous particle and  be the relative energy deviation from
that of the synchronous particle, the equations of motion [68] for electron are given as

d
 c 
dt

3.14

d eVrf cos s     m  U 0

 2  
dt
T0 E0

3.15

where  c is the momentum compaction factor, e is the electron charge, Vrf is the RF cavity
peak voltage, s is the synchronous phase,  is the angular RF frequency, U 0 is the
synchrotron radiation loss per turn for the synchronous particle, T0 is the revolution time, E0
is the energy of the synchronous particle,   is the radiation damping rate in longitudinal
plane and m is the phase modulation. The simulation is carried out with RF phase modulated
at the one and twice of the synchrotron oscillation frequency s .

m  m0 cos s t  and m  m0 cos 2 s t 
where m 0 is the modulation amplitude and s is the unperturbed synchrotron frequency
which is given as
s 

 c  eVrf sin s
T0 E0

3.3.2.2 Criterion for RF phase modulation
In order that the cavity field can follow any modulation in the input RF wave, the bandwidth
of the cavity which is the ratio of cavity resonant frequency to the loaded quality factor
should be comparable to or wider than the modulation frequency. In Indus-2, cavity band
width is about ~50 kHz, so the cavity can follow the phase modulation up to about this
frequency with certain amplitude and phase response due to the cavity impedance.
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3.3.2.3 Effect of the RF phase modulation on distribution of electrons in a bunch
A simulation study of the effect of RF phase modulation on the distribution of electrons in a
bunch was carried out using particle tracking code ELEGENT [32]. The particle tracking
equation is given as

 n 1  n    n T0
 n1  1  2   T0  n 

eV

rf

coss    n  m  U 0



E0

where n is the number of turns of electron motion
Particle tracking considering 5000 electrons in a bunch was carried out in longitudinal plane
for 10,000 turns with nearly one and two times of synchrotron frequency and with different
modulation amplitude. With applied RF modulation frequency of 20.5 kHz, 41 kHz and
modulation amplitude of 3˚, the longitudinal phase space of electrons at the start of tracking
i.e. 0 turn, after 1000 turns and 10000 turns are shown in Figure 3.5(a)-(c) and 3.6(a)-(c)
respectively, where  on y-axis is the relativistic factor. The tracking results show that by
applying the RF phase modulation of nearly two times of synchrotron oscillation frequency,
the distribution of electrons in a bunch in phase space changes. In low emittance storage ring,
the density of electrons in a Gaussian bunch is higher at the centre. Due to high density of
electron at the bunch centre, there is a large scattering which causes loss of electrons and
decrease in beam lifetime. As seen in Figure 3.6(c), the density of the electrons at the centre
of the bunch become lesser and the distribution is divided in two parts by applying RF phase
modulation so there is less scattering. The electrons execute two states of stable oscillations,
the phases of which are opposite to each other, there arises a quadrupole mode longitudinal
oscillation of the electrons and it leads to increase in bunch length [68, 74] which causes the
increase in Touschek lifetime. The studies show that it is not happening if we apply phase
modulation of frequency near to synchrotron frequency as shown in Figure 3.5(c).
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Modulation with synchrotron frequency

Modulation with two times of synchrotron frequency

Fig.3.5(a). Electron distribution at the start of

Fig.3.6(a).Electron distribution at the start of

tracking

tracking

Fig.3.5(b). Electron distribution after 1000 turns

Fig.3.6(b). Electron distribution after 1000 turns

Fig.3.5(c).Electron distribution after 10,000 turns

Fig.3.6(c).Electron distribution after 10,000 turns

95

3.3.2.4 Effect of RF phase modulation on longitudinal beam parameters
To study the effect of RF phase modulation on bunch length  s and energy spread   ,
particle tracking of 5000 electrons in a bunch was carried out for 10,000 turns. The tracking
results are shown in Figure 3.7(a, b) and 3.8(a, b) respectively.
Modulation with synchrotron frequency

Modulation with two times of synchrotron frequency

Fig.3.7(a). Bunch length variation

Fig.3.8(a). Bunch length variation

Fig.3.7(b). Energy spread variation

Fig.3.8(b). Energy spread variation

The bunch length and energy spread in Indus-2 at beam energy 2.5 GeV and cavity voltage
1200 kV without RF phase modulation are 1.53 cm and 9×10-4 respectively. The tracking
results show that by applying RF phase modulation of nearly two times of synchrotron
frequency, the bunch length is increased on an average from 1.53 cm to 2.0 cm and increase
in energy spread is from 9×10-4 to 1.1×10-3.
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Touschek lifetime is proportional to the bunch length. The increase in bunch length by the
application of RF phase modulation [74] gives rise to increase in Touschek lifetime. If the
beam lifetime is Touschek limited then by the application of RF phase modulation, the
overall beam lifetime will increase.

3.3.2.5 Implementation of RF phase modulation in Indus-2
A schematic diagram of RF phase modulation implemented in Indus-2 ring is shown in
Figure 3.9. An experiment was conducted to study the effect of RF phase modulation in
present operating condition. The applied RF cavity peak voltage was ~1200 kV. Beam
spectrum was observed on a spectrum analyzer and a signal of main RF was observed at
operating frequency ~505.812 MHz. The estimated synchrotron frequency at RF voltage
1200 kV is 20.5 kHz.
RF phase modulation of frequency ~41 kHz was made ON with 0˚ modulation amplitude. No
signal of modulation frequency was observed on beam spectrum. By increasing the
modulation amplitude, the modulated frequency signal was seen at a separation of ~41 kHz
from the main RF signal. As the modulation amplitude was increased, the modulated signal
amplitude on beam spectrum also increased. The beam spectrum without applying RF phase
modulation and for RF modulated frequency ~41 kHz and modulation amplitude 3˚ is shown
in Figure 3.10(a) and (b) respectively.
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Fig.3.9. RF phase modulation in Indus-2, AFG is arbitrary frequency generator, fs is synchrotron
frequency, LLRF is Low Level RF system, SSA is solid state amplifier
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Modulated
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Fig.3.10(a). Spectrum without RF phase
modulation

Modulated
signal
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Frequency
Fig. 3.10(b). Spectrum with RF phase modulation

The stored beam current in the ring at the time of experiment was ~100 mA at beam energy
2.5 GeV. From the beam spectrum showing the phase modulated signal, we found that the
beam has undergone the RF phase modulation. The beam lifetime at stored current 100 mA
before and after applying the phase modulation was observed and found nearly same. It
shows that the beam lifetime is not Touschek lifetime limited in Indus-2.
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CHAPTER 4
EXPERIMENTAL STUDIES OF BEAM LIFETIME IN INDUS-2
4.1

Introduction

Beam lifetime measurements and its theoretical analysis using measured vacuum pressure
and applied radio frequency (RF) cavity voltage in Indus-2 electron storage ring at beam
energy 2 GeV were carried out. Experimental studies of the effect of RF cavity voltage and
bunched beam filling pattern on beam lifetime were also carried out. An equation of stable
beam current decay is evolved and this equation closely follows the observed beam current
decay pattern. It shows that the beam is stable and the beam current decay is mainly due to
the beam-residual gas interaction and electron-electron interaction within a bunch. The
estimated vacuum, Touschek and total beam lifetimes from analytical formulations are also
compared with the measured beam lifetime.
The pressure in the ring has gradually reduced (at 100 mA stored current, average pressure:
1.210-9 Torr) due to cleaning of the surface of vacuum chamber by synchrotron radiation.
The pressure reduction, closed orbit correction [75] and optimization of RF phase with
electron beam have led to the improvement in beam lifetime from ~1.5 hours to ~22 hours at
stored beam current 100 mA.
Experiments were conducted to study the beam lifetime and loss mechanism during the beam
current decay from 100 mA to 50 mA at beam energy 2 GeV. Experiments were also
conducted to study the effect of RF cavity voltage on beam lifetime to find the limiting
momentum acceptance in transverse as well as in the longitudinal plane. There are 291 RF
buckets available for electron beam accumulation in Indus-2 storage ring. To study the effect
of bunch filling pattern on beam lifetime, experiments were conducted by accumulating
electron beam current uniformly in all 291 RF buckets and also accumulating same amount of
current in two-third RF buckets keeping the rest one-third empty. During all these
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experiments, safety shutters of all working beam lines (open for synchrotron radiation users)
were kept closed to avoid any variation in storage ring pressure through beam lines.
An analysis was carried out using analytical formulations to estimate the vacuum, Touschek
and total beam lifetimes with existing vacuum pressure and applied RF cavity voltages. The
estimated vacuum, Touschek and total beam lifetimes are compared with the measured beam
lifetimes.
As regards the number of bunches in the circulating current, there is a provision to fill [76] all
the RF buckets uniformly or fill part of RF buckets in succession keeping the remaining RF
buckets empty or to fill only one RF bucket leading to a single bunch. The experimental
results of beam lifetime studies carried out at beam energy 2 GeV in multi-bunch mode are
presented in this chapter.
4.2

Effect on beam lifetime due to the emission of synchrotron radiation

At the start of operation of Indus-2 at beam energy 2 GeV, the measured beam lifetime at 100
mA stored beam current was ~1.5 hours. Short beam lifetime is attributed to increase in
pressure (at 100mA stored current, average pressure in the ring: 1.310-8 Torr) resulting from
the photo-induced desorption of gases from the vacuum chamber caused by the incident
synchrotron radiation emitted from the circulating electron beam. With cleaning of the
vacuum chamber surface due to emission of synchrotron radiation, the reduction in vacuum
pressure was observed and this led to an increase in beam lifetime. A comparison in beam
current decay from 100 mA to 50 mA with time was observed and is shown in Figure 4.1.
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Fig.4.1. Comparison in beam current decay with time

During the beam current decay as shown in Figure 4.1, vacuum pressure and beam lifetime
was measured. Vacuum pressure was measured from Bayard Alpert Gauges (BAGs) installed
in ring. The systematic diagram of one unit cell in Indus-2 with vacuum pumps and BAGs are
shown in Figure 4.2 [77, 78]. A DC Current Transformer (DCCT) installed in long straight
section 7 (LS-7) is used for the measurement of average beam current circulating in the
storage ring.

Fig.4.2. BAGs and vacuum pumps location in one unit cell of Indus-2
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The average vacuum pressure and beam lifetime with different stored beam current during
beam current decay is shown in Figure 4.3.
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Fig.4.3. Average vacuum pressure and beam lifetime during beam current decay

During the above measurements, all other parameters in the storage ring were same except
the vacuum pressure. So, due to the reduction in pressure with time, an increase in beam
lifetime was observed.
4.3

Effect of aperture on beam lifetime

The total displacement of the beam from the ideal design orbit is given by
x  xcod  x  x

4.1

where xcod is displacement due to closed orbit distortion, x due to betatron oscillation and
x due to off momentum electrons. As explained in section 1.7 in chapter 1 that due to

dipolar field error, there is distortion in ideal closed path of electrons in the ring so the
aperture available for beam motion is reduced this lead to decrease in beam lifetime. Beam
experiments were conducted to study the effect of aperture on the beam lifetime. For the first
experiment, a beam current 100 mA at beam energy 2 GeV was stored and beam current
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decay with time was taken without applying closed orbit correction. Next experiment was
conducted with the same condition but with applying closed orbit correction. The closed orbit
in horizontal plane was corrected by energizing 48 horizontal steering magnets and in vertical
plane using 40 vertical steering magnets. The horizontal and vertical closed orbit was
monitored and corrected at 56 beam position indicators. The beam current decay without and
with closed orbit correction is shown in Figure 4.4.
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Fig.4.4. Beam current decay without and with closed orbit correction

The vertical and horizontal closed orbit without and with closed orbit correction is shown in
Figure 4.5(a) and (b) respectively. Uncorrected rms horizontal and vertical orbit at beam
position indicators were 5 mm and 1.7 mm respectively whereas the corrected rms horizontal
and vertical orbit reduced to 1.3 mm and 0.7 mm respectively.
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Fig.4.5(a). Vertical orbit without and with closed
orbit correction

Fig.4.5(b).Horizontal orbit without and with closed
orbit correction
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Vacuum pressure along the beam path was also monitored; the pressure along the beam path
is shown in Figure 4.6(a). From the beam current decay data, beam current decay rate dI dt
was estimated for a short duration and from this beam lifetime was estimated. The beam
lifetime during beam current decay without and with closed orbit correction is shown in
Figure 4.6(b). The results show that without closed orbit correction, the beam lifetime
suddenly reduced at beam current 80 mA and it was observed several times but this
phenomenon was not observed when closed orbit correction was applied. It shows that
without closed orbit correction, the aperture available for beam motion is reduced so the
distance of beam centre from the vacuum chamber wall also reduced and beam undergoes
unstable motion. So after applying closed orbit correction, beam instabilities may be
suppressed and significant improvement in beam lifetime was achieved.
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orbit correction during beam current decay

Equation of beam current decay with time

As electrons circulate in an electron storage ring they collide within the bunch and also with
residual gas atoms. The rate of electron loss can be written as [79]


dI
 I 2 T  I   B  I   C
dt

4.2
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Where I is total beam current,  is the residual gas density and T,B,C are the effective
scattering cross sections of the electron loss due to Touschek, inelastic or bremsstrahlung and
elastic coulomb scattering respectively. If we include the dynamic pressure response

  0  0 I and put in equation 4.2, we get


dI 2
 I [ T  0 ( C   B )]  I [ 0 ( C   B )]
dt

It has the form 

dI
 a. I  b. I 2
dt

4.3

where a  0 ( C   B ) and b   T  0 ( C   B ) are the arbitrary constants.
After integration of equation 4.3, we get
I0

I (t ) 
ea t 

4.4

b
I 0 ( e a t  1)
a

where I 0 is the Initial stored beam current at time t  0.
4.5

Beam current decay and lifetime with 900 kV RF cavity voltage

Beam current ~100 mA at beam energy 2 GeV was stored with total RF cavity peak voltage
of 900 kV by energizing all four RF cavities at the same voltage. In this condition, electron
beam was accumulated uniformly in all 291 RF buckets (~0.34 mA, equivalent to 1.23109
electrons in a bunch per bucket). Beam current decay from stored beam current 100 mA to 50
mA was measured and is shown in the Figure 4.7(a). During the beam current decay, vacuum
pressure in the ring was also measured. Betatron and synchrotron tunes during the beam
current decay remained unchanged. It shows that the beam optics also remains unchanged
during the experiments. From the beam current decay data, decay rate (-dI/dt) and
instantaneous beam lifetime [-I/(dI/dt)] were estimated. The beam lifetime at different stored
beam current is shown in the Figure 4.7(b).
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Fig.4.7(a). Measured beam current decay
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Fig.4.7(b). Beam lifetime at different stored beam current during beam current decay
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4.5.1 Beam current decay and lifetime with 750 kV RF cavity voltage
To study the limiting momentum acceptance, an experiment was conducted with RF cavity
peak voltage 750 kV. In this condition, a comparison in beam current decay and beam
lifetime from 102 to 85 mA with RF voltage of 750 and 900 kV are shown in the Figure
4.8(a) and 4.8(b) respectively. In this condition, all 291 RF buckets were filled uniformly. It
shows that by increasing cavity voltage, RF acceptance increases that leads to increase in
beam lifetime.

102

Beam current (mA)

99
96
93
900kV
90
87

750kV

84
0

1

2

3

4

Time (hours)

Fig.4.8(a). Beam current decay at different RF voltages
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Fig.4.8(b). Beam lifetime at different stored current at different RF voltages
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4.6

Beam current decay and lifetime in different bunch filling pattern

To study the effect of increase in number of electrons in a bunch assuming that the volume of
the bunch remains same (increase in bunch density i.e. number of electrons in a
bunch/volume), beam current was stored uniformly in two-third RF buckets (194) and the rest
one-third (97) were kept empty. Stored beam current ~100 mA was filled uniformly in 194
RF buckets (~0.51 mA, equivalent to 1.85109 electrons in a bunch per bucket). The applied
cavity peak voltage was 750 kV. The wall current monitor signal stored on the CRO
indicating the bunch filling pattern for all 291 and 194 RF buckets filled are shown in the
Figures 4.9(a) and 4.9(b) respectively. The beam current decay and beam lifetime in both
cases at same RF cavity peak voltage of 750 kV were compared and are shown in the Figures
4.10(a) and 4.10(b) respectively. The vacuum pressure during the beam current decay was
measured at all BAGs and found to be the approximately same at the same stored beam
current in both the cases as shown in Figure 4.11.

Fig.4.9(a). Wall current monitor signal at 100mA stored current when all 291 RF buckets are filled

Fig.4.9(b). Wall current monitor signal at 100mA stored current when two-third RF buckets are
filled
108

Beam current (mA)

105

100

95
291 RF buckets
90

85
194 RF buckets
80
0

1

2

3

4

Time (hours)

Fig.4.10(a). Beam current decay for two different RF buckets fill pattern
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Fig.4.11.Measured pressure at all BAGs for two different filling pattern at stored current 100 mA

4.7

Analysis of measured beam lifetime

From the measured beam current decay curve Figure 4.7(a), it was tried to obtain an equation
that follows the beam current decay pattern. Let us assume that the beam current decay is due
to the beam-gas scattering and Touschek scattering, so the beam current decay rate should
follow equation 4.3.
We take 100 data points of measured stored beam current I i (i  1,2,.....,100) and its decay
rate 

dI i
( say di ) . Using the data of stored beam current and decay rate, a curve fitting of
dt

the form di  a.I i  b.I i2 was generated.
To estimate the coefficients a and b we use least square minimization method as follows:
1

d i  a.I i  b.I i2 
error  (a, b)   
i 1   i

100

2





2

4.5

where  i is the uncertainty in measured data.
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For minimization of  2 , put

 100 I i2
 2
a   i 1  i

b   100 3
I
 
 i 2
 i 1  i

I i3 

2
i 1  i 
100
I i4 

2

i 1  i 
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1

 2
 2
 0 and
 0 , we find coefficients a, b as
a
b

 100 d i .I i 
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 i 1 i 
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 i 1  i 

100
 100 I i4
I i3 


 2
2
a  1  i 1  i
i 1  i 

b      100 3
100
Ii
I i2 
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From this expression we get a and b as

a

b

1  100 I i4
 
  i 1  i2

1  100 I i2
 
  i 1  i2

100

d i .I i


i 1

100


i 1

2
i

d i .I i2



2
i

d i .I i2 
2 
2 
i 1  i i 1  i 

4.6

d i .I i 
2 
i 

4.7



I i3

100

100

I i3

100

100


i 1





2
i i 1

We take beam current data using the same DC Current Transformer (DCCT) so uncertainty in
all measurement is assumed to be same so  i   and is given [80] as

2 



1 100
d i  a.I i  b.I i2

N  m i 1



2

4.8

where N-m is the number of degrees of freedom and is equal to the number of measurements
minus the number of parameters determined from the fit. In this case N=100, m=2 so number
of degree of freedom is 98.
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Putting the measured data in equations 4.6, 4.7 and 4.8, we get

 1.6788  105 mA. / sec ond
a  4.3943  10 6 / sec ond
b  8.4766  108 / mA.sec ond

 2  98
4.7.1 Estimation of uncertainties in the coefficients a and b
In order to find out the uncertainty in the estimation of the coefficients a and b , error
propagation method [80] is used. Uncertainty is given as
100





100



 a2    i2 a / d i 2 and  b2    i2 b / d i 2
i 1

i 1



Estimating partial derivative of a and b with respect to d i , we get

1 100 I i4
   2
 i 1  i

4.9

1 100 I i2
   2
 i 1  i

4.10

2
a

2
b

Using the measured data we get uncertainty  a and  b in a and b respectively.

 a   1.2829  107 / sec .
 b   1.5524  109 / mA. sec .
Equation of beam current decay with uncertainty in coefficients a and b [81] is written as


dI i
 (4.3943  10 6  1.2829  10 7 )  I i  (8.4766  10 8  1.5524  10 9 )  I i2
dt

4.11

The instantaneous beam lifetime  t is estimated as  Ii dIi dt  from measured beam
current decay data. Due to uncertainty in coefficients a and b , there is uncertainty in
measured beam lifetime of ~2.5%.
The measured beam current decay rate and fitted decay rate curve with coefficients a and b
at different stored beam currents is shown in the Figure 4.11(a).
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Fig.4.11(a). Measured beam current decay rate and fitted curve at different beam current

Substituting the value of coefficients a and b in equation 4.4 and initial beam current I 0 =
102mA, the measured beam current decay and current decay curve using coefficients
a and b with time is shown in the Figure 4.11(b).
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Fig.4.11(b). Measured beam current decay and curve with coefficients a and b
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It is seen from Figure 4.11(a) and 4.11(b) that all the points in the measured beam current
decay curve closely satisfies the fitted equation of the curve with coefficients a and b . So
the measured beam decay is due to the beam-gas scattering and Touschek scattering only.
A theoretical estimation of the contribution of beam lifetime due to the vacuum lifetime and
Touschek lifetime is as follows:
4.8

Estimation of Vacuum lifetime

For the estimation of vacuum lifetime as explained in chapter 1, there are two main processes
that contribute in beam-gas interaction. One is elastic scattering of electron beam with the
nuclei of the residual gas atoms and other is inelastic scattering of beam with the nuclei of the
residual gas atoms.
4.8.1 Vacuum lifetime due to elastic scattering
The vacuum lifetime due to elastic scattering is given by expression 1.53 as given in chapter
1. It depends on aperture available, lattice functions  x and  z and vacuum pressure in the
ring. Because the vacuum pressure in Indus-2 ring is not uniform along the circumference of
ring so it is essential to estimate  x .P and  z .P for the estimation of vacuum lifetime due to
elastic gas scattering.
4.8.2 Vacuum lifetime due to inelastic scattering
Due to inelastic scattering of electrons with nuclei of residual gas atoms, there is a change in
the momentum of electrons. If the change in momentum of an electron is more than the
momentum acceptance  of the storage ring, it gets lost. Using the expression 1.55 of  br as
given in 1.8.2.2 of chapter 1, the vacuum lifetime due to inelastic scattering (bremsstrahlung)
of the stored electrons with the nuclei of the residual gas atoms was estimated. In the
expression of  br ,   E / E0 (E  E  E0 , E0 : energy of synchronous electrons ) is the
limiting momentum acceptance either in transverse or in longitudinal plane, P : average
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pressure in storage ring. From the experiment of the effect of RF voltage on beam lifetime, it
is clear that by increasing cavity voltage from 750 kV to 900 kV, there is an increase in beam
lifetime so the momentum acceptance due to RF (longitudinal plane) is a limiting factor for
electrons loss. For 900kV, calculated RF acceptance    0.9% was used for beam lifetime
estimation. The RF acceptance reduced to 0.76% for RF voltage 750 kV.
For the estimation of vacuum lifetime due to elastic and inelastic scattering, average
pressure P , average of  x .P and  z .P over the whole ring was estimated as follows:
_

4.8.3 Estimation of average pressure P and average of  x .P and  z .P
The residual gas pressure in Indus-2 was measured using thirty Bayard Alpert Ionization
Gauges (BAGs) calibrated for nitrogen equivalent gas pressure installed in the storage ring.
From the measured vacuum pressure data at thirty BAGs in the ring, a vacuum pressure
_

profile along the beam path was generated. From the pressure profile, average pressure P
n

_

was estimated as P 

 P .l
i 1
n

i

i

l
i 1

i  1,2,3......, n where Pi is measured pressure at location i

i

representing the vacuum condition over the length li . Here from 

li
l
to  i over which Pi is
2
2

taken constant. The average pressure during beam current decay from 100mA to 50mA in
steps of 10mA is shown in the Figure 4.12. The linear curve fit of average pressure graph
shows that the average pressure without beam I  0 is 0.5510-9 Torr, which is close to the
real measured value 0.6010-9 Torr in the storage ring. The horizontal and vertical beta
functions  x and  z of the operating lattice were measured using quadrupole scan method
[82]. The measured beta function in the ring was found to be very close to the theoretical
operating value, so we have used the theoretical value of beta functions for the analysis. From
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pressure profile and beta functions, average value of  x .P and  z .P in whole ring was
calculated. The average value of  x .P and  z .P during beam current decay is shown in the
Figure 4.13.
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Fig.4.12. Measured vacuum pressure during beam current decay
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Fig.4.13. Variation of < x.P>, < z.P> during beam current decay
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4.8.4 Estimation of available aperture for beam motion
The physical aperture available in vacuum chamber of Indus-2 is 32mm (outward and
inward from the centre of beam axis) in the horizontal plane and 17mm (upward and
downward from the centre of beam axis) in the vertical plane. Due to the presence of
sextupoles, magnet multipole errors and magnet misalignment errors, aperture available for
stable motion of the electrons is reduced. The tracking studies as discussed in chapter 1, show
that aperture available at  max location including closed orbit distortion (closed orbit was
corrected to less than 1mm rms in both horizontal and vertical plane) is 20 and 12 mm in
horizontal and vertical plane respectively. By using these values of the dynamic apertures,
vacuum lifetime due to elastic scattering was estimated.
The estimation of vacuum lifetime due to elastic scattering  el and due to inelastic scattering

 br was carried and from these lifetimes, total vacuum lifetime was estimated.
Total vacuum lifetime  v is given by 1  1  1
v

 el

4.13

 br

The estimated total vacuum lifetime  v along with the contribution of elastic  el , inelastic
scattering  br , assuming nitrogen equivalent gas pressure during beam current decay is
shown in the Figure 4.14.
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Fig.4.14. Vacuum lifetime during beam current decay
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4.9

Estimation of Touschek Lifetime  tous

The Touschek lifetime  tous  due to electrons scattering within a bunch is given by relation
1.59 in chapter 1.
For the estimation of Touschek lifetime, the particle tracking code ELEGANT [32] was used.
For Indus-2, the momentum acceptance for positive and negative off momentum electrons
was estimated by six-dimension (6D) particle tracking. The tracking result shows that the
momentum acceptance is limited by RF acceptance, for RF voltage 900 kV,  is 0.9%. It
was also confirmed experimentally by studying the effect of RF voltage on beam lifetime.
The motion of the electrons is stable inside the RF bucket. If the momentum change during
Touschek scattering in two electrons is more than the RF acceptance , the electrons will
come out of the RF bucket and is lost. The synchronous phase s is the phase of right energy
U
electron called synchronous electron, s  Sin 1  0
 eV
 rf


 where U0: energy loss per turn due to



synchrotron radiation and Vrf is applied RF cavity peak voltage. For RF cavity voltage 900
kV,  s is 163.7 whereas for 750 kV it is 160.5. The RF buckets in Indus-2 at RF cavity
voltage 750 and 900 kV is shown in the Figure 4.15.
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Fig.4.15. RF buckets for two different RF voltages
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For estimating vertical beam size  z , betatron coupling was measured using minimum tune
separation method [82] and found to be ~0.5% as discussed in chapter 3. Using RF
momentum acceptance 0.9% and measured betatron coupling 0.5%, the estimated Touschek
lifetime for beam current decay from 100 mA to 50 mA using formula 1.59 is shown in the
Figure 4.16.
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Fig.4.16. Touschek lifetime during beam current decay

1

The total beam lifetime  t is given by



1



1

4.14

 t  v  tous

A comparison of estimated beam lifetime and measured beam lifetime during beam current
decay is shown in the Figure 4.17.
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Fig.4.17. Comparison of estimated and measured beam lifetime
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The theoretical analysis shows that the estimated beam lifetime using analytical formulations
is close to the measured beam lifetime at different stored beam current during its natural
decay.
4.10

Estimation of vacuum and Touschek lifetime from measured beam lifetime

From the measured beam lifetime, the contribution of vacuum and Touschek lifetime [83, 84]
was determined by using measured vacuum pressure. In the above experiment, we have taken
beam current decay from 102 mA to 50 mA, the measured beam lifetime at 100 mA was 21.6
hours and at 50 mA it was 32 hours.
Let  tous 100mA and  tous 50mA be the Touschek lifetime at stored beam current 100 mA and 50
mA respectively. From Touschek lifetime formula 1.59, we see that if volume of the bunch is
same (no change in horizontal, vertical rms beam size and rms bunch length during beam
current decay) then Touschek lifetime is inversely proportional to the number of electrons in
the bunch. The number of electrons in one bunch at 50 mA beam current will be half the
number of electrons at current 100 mA. So the Touschek lifetime at 50 mA stored current
will be twice of the Touschek lifetime at stored current 100 mA and

 tous 50mA  2   tous 100mA

4.15

Let  v 100mA and  v 50mA be the vacuum lifetime at stored beam current 100 mA and 50 mA
respectively. The measured average vacuum pressure at 100 mA P100mA  is 1.2 nTorr and at
50 mA P50mA  is 0.87 nTorr.
We know that the vacuum lifetime  v is inversely proportional to the pressure in ring. So

 v 100mA P50mA 0.87


 0.725   v 100mA  0.725  v 50mA
 v 50mA P100mA 1.2

120

4.16

If 100mA and  50mA be the total beam lifetime at stored beam current 100 mA and 50 mA
respectively then

1

 100mA

1

 50mA





1

1



 v 100mA  tous 100mA
1



and

1

4.17

 v 50mA  tous 50mA

Using the conditions  tous 50mA  2   tous 100mA and  v 100mA  0.725  v 50mA , we find that

 v 100mA  27.7 hours and  tous 100mA  98 hours and
 v 50mA  38.2 hours and  tous 50mA  196

hours

The vacuum lifetime and Touschek lifetime estimated for 50 and 100 mA stored current are
close to the values estimated from analytical formulations using measured vacuum pressure,
cavity voltage and horizontal and vertical aperture.
Accumulating electron beam in different bunch filling pattern was also carried out to find the
contribution of Touschek and vacuum lifetime in total measured beam lifetime. It was found
experimentally that at the same stored current, average pressure remains the same either all or
two-third RF buckets are filled. So the vacuum lifetime at the same stored beam current in
both the cases is same. From the measured beam lifetime at 100mA in both cases and
considering vacuum lifetime same, vacuum and Touschek lifetime at 100mA stored current
was estimated using formula 4.14 and found to be close to the estimated results from
analytical formulations.
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CHAPTER 5
MEASUREMENTS OF APERTURE AND BEAM LIFETIME USING BEAM
SCRAPERS IN INDUS-2
5.1

Introduction

The measurements of vertical and horizontal apertures which are available for stable beam
motion in Indus-2 at beam energy 2.5 GeV using movable beam scrapers are presented and
discussed in this chapter. These beam scrapers are installed in one of the long straight
sections in the ring. With the movement of beam scrapers towards the beam centre, the beam
lifetime is measured. The beam lifetime data obtained from the movement of vertical and
horizontal beam scrapers is analyzed. The contribution of beam loss due to vacuum lifetime
and Touschek lifetime is separated from the measured beam lifetime at different positions of
the beam scrapers. Vertical and horizontal beam sizes at scrapers location are estimated from
the scraper movement towards the beam centre in quantum lifetime limit and their values
closely agree with measured value obtained using X-ray diagnostic beamline. From the
analysis of aperture measurement data, further experiments were carried out for the
improvement of beam lifetime in Indus-2 at operating energy 2.5 GeV. Beam lifetime in
single bunch storage at low and higher beam energy in Indus-2 is also discussed.
Beam experiments in Indus-2 were conducted to measure the vertical and horizontal aperture
at scraper location which are available for a stable beam motion at beam energy 2.5 GeV with
stored beam current 100 mA. The main purpose of these studies is to choose an appropriate
aperture for undulators which are planned to be installed in long straight sections and also to
understand the contribution of beam loss which are mainly due to the scattering between
electrons and residual gas atoms and electron-electron scattering within a bunch. For aperture
measurements, vertical and horizontal beam scrapers, installed in one of the long straight
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sections are used. A DC Current Transformer (DCCT) also installed in that section is used for
the measurement of average beam current and beam lifetime of circulating beam in the
storage ring.
A set of experiments were conducted to measure the vertical and horizontal aperture [85-91]
at the scrapers location at beam energy 2.5 GeV with stored beam current 100 mA. Similar
studies have been carried out in other electron storage rings like MAX II [45], SPEAR3 [46]
and SAGA-LS [49] etc. The vertical beam scraper in Indus-2 has two rectangular blades with
50 mm width and 10 mm thickness which can move vertically in or out independently or
simultaneously using stepper motors. Similarly the horizontal beam scraper has two blades
with 30 mm width and 8 mm thickness which can move horizontally in or out independently
or simultaneously using stepper motors. To study the beam off-set and beam instabilities in
vertical plane as reported in MAX II ring, three experiments of beam lifetime with vertical
scraper movement towards the beam centre were conducted which are as follows:
1. Measurement of beam lifetime by moving upper blade of vertical scraper towards the beam
centre while lower blade was fixed at its extreme lower end.
2. Measurement of beam lifetime by moving lower blade of vertical scraper towards the beam
centre while upper blade was fixed at its extreme upper end.
3. Measurement of beam lifetime by moving both the upper and lower blades simultaneously
towards the beam centre.
Similar experiments were also carried out for the measurement of horizontal aperture with the
movement of horizontal scraper blades towards the beam centre. The experimental set-up of
beam scrapers in Indus-2 ring is described in the next section. During the vertical and
horizontal scraper blade movement, vacuum pressure in the ring was observed at all Bayard
Alpert Gauges (BAGs) installed in the ring whereas particular attention was paid to the BAGs
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which are installed near the beam scraper location. We also monitored the radiation dose
using radiation area monitors which are placed near the location of beam scrapers during the
movement of scraper blades to know whether the beam is lost at the scraper location when
scraper blade is inserted and lifetime starts decreasing. The scraper movement experiments
were conducted within 5% beam current decay. A computer program has been developed and
is in use to acquire the continuous beam current samples from beam current measurement
system i.e. DC Current Transformer (DCCT) for the measurement of beam lifetime. During
the beam scraper movement, beam lifetime decreases which depends on the position of
scraper blade from the beam centre, so the time of beam current decay for beam lifetime
measurement at different position of beam scrapers is calculated under the condition that the
uncertainty in the beam lifetime measurement [46] is within 5%. The curve fitting and
mathematical operation required for beam lifetime measurement is performed using
MATLAB function for efficient computation. During the scraper movement, the program
suitably selects the number of data point within the uncertainty of measured beam lifetime.
The beam lifetime obtained at different positions of scrapers is analyzed using theoretical
formulations. For analysis of vacuum lifetime, mass spectra of the residual gas molecules
present in the vacuum chamber obtained from a quadrupole mass analyzer are used. Using
the measured partial pressures of residual gases and applied RF cavity voltage, beam lifetime
due to elastic coulomb scattering and bremsstrahlung is calculated using analytic expressions.
A theoretical estimation of Touschek lifetime due to momentum aperture limitation during
horizontal scraper movement is also carried out using the particle tracking code ELEGANT.
The theoretical results of vacuum and Touschek lifetimes are verified by measuring the beam
lifetime with partial beam bunch fill. The vertical and horizontal beam sizes are estimated by
moving the scraper blade towards the beam centre up to the limit which is nearly six times of
beam sizes, where quantum lifetime also contributes to the beam lifetime. The beam sizes in
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both planes corresponding to theoretical  functions at scraper location closely agree with
the beam sizes measured at X-ray diagnostic beamline set-up at 10˚ port of a dipole magnet in
the ring. To study the Touschek lifetime, beam lifetime was measured with different beam
bunch fill pattern. Bunch length in different bunch filling patterns was measured at visible
diagnostic beamline set-up at 5˚ port of the same dipole magnet used for X-ray diagnostic
beamline in the ring.
5.2

Experimental set-up for aperture measurement

The movable vertical and horizontal scrapers reduce the physical aperture in the vertical and
horizontal directions. The vertical and horizontal scrapers are close to each other and installed
in a long straight section as shown in Figure 5.1. Operation of a scraper [92, 93] requires
movement of blades in and out for vertical and horizontal movement. It requires a precise and
ultrahigh vacuum compatible actuation mechanism, which can transmit the motion across the
vacuum air interface. As shown in Figure 5.1, the blades are bolted to a movable flange,
which is guided by precision ball bushes running over a cylindrical guide to ensure linear
motion. A ball screw provides a low friction and precise means to convert rotary motion of
stepper motor to linear motion of blades. The position of the beam scrapers relative to the
beam centre is known with an accuracy of 50μm.
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Fig.5.1. Vertical and horizontal scrapers in the ring, mark (1) vertical scraper, (2) horizontal
scraper, (3) stepper motors for vertical and horizontal movement of scraper blades

5.3

Measurement of beam lifetime with scraper movement

5.3.1 Beam lifetime with vertical scraper movement
The physical aperture available in vertical plane at scraper location is ± 18 mm. During the
normal operation, the upper blade of scraper is at +18 mm and lower blade is at -18 mm from
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the centre of the vacuum chamber pipe. For lifetime measurement, lower blade was moved
gradually towards the beam centre using a stepper motor while upper blade was fixed at its
extreme end. The experiments of beam lifetime measurement with scraper movement were
carried out during beam current decay from 100 mA to 95 mA. Similar experiment was
carried out with upper blade movement towards the beam centre, while lower blade position
fixed. The same experiment was also carried out by the movement of both the upper and
lower blade towards the beam centre simultaneously. The measured beam lifetime at different
upper blade positions towards the beam centre is shown in Figure 5.2. Similar results were
obtained in other two cases. The results show that, during beam scraper movement up to 4.1
mm from the beam centre, there is no change in beam lifetime and it remains ~13 hours. The
lifetime starts decreasing, when the scraper position from beam centre becomes less than 4.1
mm. There was no change in vacuum pressure during the movement of scraper blades.
During the beam scraper movement, no beam instabilities were observed as was reported in
MAX II ring. The experimental results indicate that the measured vertical aperture is the
same whether the upper or lower blade move independently or simultaneously. The aperture
was measured by filling Indus-2 ring with a beam current of 100 mA in all 291 RF buckets as
well as with 10% and 33% bunch gap uniformly. In all cases the measured aperture was
found to be the same. Figure 5.2 shows the measurement of beam lifetime when all 291 RF
buckets were filled uniformly. It shows that the aperture available in vertical plane at scraper
location is ±4.1 mm. When the scraper position from beam centre becomes ±0.58 mm, a
sudden loss of beam takes place.
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Fig.5.2. Beam lifetime with vertical scraper movement towards the beam centre

5.3.2

Beam lifetime with horizontal scraper movement

Similar procedure was followed to measure beam lifetime with the horizontal scraper. The
physical aperture available at the scraper location is ±42 mm. During the normal operation,
the left blade of the scraper is at +42 mm and right blade is at -42 mm from the centre of
vacuum chamber pipe. For lifetime measurement left blade was moved gradually towards the
beam centre using a stepper motor and right blade was fixed at its extreme end. Similar
experiment was carried out by keeping left blade fixed and right blade was moved. The same
experiment was also carried out by the movement of both the left and right blades towards the
beam centre simultaneously. The measured beam lifetime with left scraper movement
towards the beam centre is shown in Figure 5.3. The experimental results indicate that when
the horizontal scraper is at ±12.45 mm from the beam centre, the beam lifetime start
decreasing before it there was no change in beam lifetime. It shows that the aperture available
for beam motion in horizontal plane at scraper location is ±12.45 mm. When the scraper
position from the beam centre becomes ±7.6 mm, very fast beam current decay takes place.
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Fig.5.3. Beam lifetime with horizontal scraper movement towards the beam centre

5.4

Analysis of measured beam lifetime with movement of vertical and horizontal
scrapers

As discussed before that the lifetime of stored electron beam  t in a storage ring is mainly
governed by elastic coulomb scattering between the electrons and the nuclei of residual gas
atoms  el , inelastic scattering between electrons and the nuclei of residual gas atoms known
as bremsstrahlung lifetime  br , electron-electron scattering within a beam bunch known as
Touschek lifetime  tous and due to emission of synchrotron radiation known as quantum
lifetime  q and is given as
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5.1

 t  el  br  tous  q
5.4.1 Beam lifetime due to elastic coulomb scattering  el

As discussed in chapter 2, the beam lifetime due to elastic coulomb scattering between the
electrons and nuclei of a residual gas atoms is given by relation 1.53.
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For a rectangular chamber of horizontal aperture a and vertical aperture b at the scraper
location, minimum scattering angle  m is given as

1
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,  xs ,  zs are the  functions at the scraper location,   x  ,   z  are
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average  functions in the ring in horizontal and vertical plane respectively.
The beam lifetime due to elastic coulomb scattering for different scraper positions was
calculated using partial pressure of residual gases [94] obtained from mass spectra of
quadrupole mass analyzer as follows:
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where P is the total pressure of all gases present, Z i , N i and f i are the atomic number,
number of atoms per molecules and partial fraction of gas i respectively, k is the Boltzmann
constant and T is the ambient temperature. The total pressure of residual gases at stored beam
current 100 mA was 6.47×10-9 Torr and percentage of residual gas contents are given in
Table 5.1. The vacuum pressure in the ring was also measured using BAGs and the ring
average vacuum pressure at 100 mA stored current was 1.8×10-9 Torr nitrogen equivalent gas
pressure.
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Table 5.1. Partial pressure of residual gases at stored beam current 100 mA
Mass number and gas species

Pressure (Torr)

% contents

2 H 2 

4.76×10-9

73.60

28 CO 

1.53×10-9

23.72

32 O2 

1.28×10-10

1.98

44 CO2 

4.53×10-11

0.70

The measured  functions in Indus-2 [82] are near to its theoretical estimated values, so for
the analysis we have taken theoretical value of  x and  z at the scraper location. As vertical
and horizontal beam scrapers are close to each other in the ring, we have taken the same
values of  function at their locations. The  function at their location are  xs 10.2 m ,

 zs  4.2 m and average value of  function in ring are   x   6.97 m ,   z   5.56 m .
5.4.1.1  el with movement of vertical scraper
During this scraper movement, as vertical aperture b decreases, the scattering angle is
reduced resulting in a reduction in beam lifetime.
Using the  functions as mentioned above and measured value of aperture a 12.45 mm and
b  4.1 mm to 0.58 mm , minimum scattering angle  m using relation 5.2 was calculated.

With substitution of vacuum pressure and minimum scattering angle in relation 5.3, beam
lifetime  el is calculated. The variation in scattering angle and beam lifetime  el at different
vertical scraper position is shown in Figure 5.4.
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Fig.5.4. Scattering angle and beam lifetime at different position of vertical scraper

5.4.1.2  el with movement of horizontal scraper
Using the  functions as mentioned above and b  4.1 mm , a 12.45 mm to 7.0 mm ,
minimum scattering angle  m and beam lifetime  el is calculated using relation 5.2 and 5.3
respectively. The variation of  m and beam lifetime  el with horizontal scraper position is
shown in Figure 5.5.
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Fig.5.5.Scattering angle and beam lifetime at different position of horizontal scraper
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5.4.2 Beam lifetime due to inelastic scattering

 br

The vacuum lifetime due to inelastic scattering between the electrons and nuclei of residual
gas atoms is given by equation 1.55 of chapter 1. It depends on the average vacuum pressure
P and weakly depends on the momentum acceptance  [95, 96] in the ring. The value of

momentum acceptance  is the minimum value either in transverse or in longitudinal
directions.
5.4.2.1  br with movement of vertical scraper
The vertical dispersion in the ring is negligible small, so the momentum acceptance is the
same in the ring during vertical scraper movement. The momentum acceptance corresponds
to applied RF cavity peak voltage 1200 kV,   0.7% is the minimum value.
With substitution of   0.7% and measured vacuum pressure in relation 1.55, we obtained
bremsstrahlung lifetime. As there is no change in vacuum pressure and momentum
acceptance during vertical scraper movement, so the bremsstrahlung lifetime remains same.
5.4.2.2  br with movement of horizontal scraper
During the movement of horizontal scraper towards the beam centre, the horizontal aperture
as well as the momentum aperture reduces. The momentum aperture for different position of
scraper from beam centre is estimated using particle tracking code ELEGANT and is shown
in Figure 5.6. In Indus-2 operating lattice, dispersion is finite in the long straight section. At
scraper location, magnitude of dispersion is 0.3 m, so during scraper movement, there will
also be reduction in aperture due to dispersion. Using the value of minimum momentum
acceptance in the ring at different scraper positions and vacuum pressure in relation 1.55,
beam lifetime due to bremsstrahlung is calculated.
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Fig.5.6. Momentum aperture with the horizontal scraper at a 12.45  7.0 mm

5.4.3 Beam lifetime due to Touschek scattering

 tous

The Touschek lifetime  tous is given by relation 1.59 in chapter 1.
5.4.3.1

 tous with the movement of vertical scraper

As there is no change in momentum aperture during vertical scraper movement, the Touschek
lifetime remains the same.
5.4.3.2

 tous with the movement of horizontal scraper

From the momentum acceptance in the ring at different horizontal scraper position as shown
in Figure 5.6 and using measured betatron coupling 0.5%, Touschek lifetime is calculated
using particle tracking code ELEGANT.
5.4.4 Quantum lifetime

q

The quantum contribution to beam lifetime  q is given by 1.51 in chapter 1.

134

5.4.4.1

 q with movement of vertical scraper

Using  d  4.62 ms and  z 100 m , quantum lifetime for different vertical scraper position is
calculated.
5.4.4.2

 q with movement of horizontal scraper

Using  d  4.74 ms and  x 1.3 mm , quantum lifetime for different horizontal scraper position
is calculated.
The values of beam lifetime due to elastic coulomb scattering  el , bremsstrahlung  br ,
Touschek  tous and quantum excitation  q are calculated for both vertical and horizontal
scraper movement by using analytical relation. The beam lifetimes due to  el ,  br ,  tous ,  q with
total theoretical and measured lifetime at different positions of the vertical and horizontal
scraper are shown in Figure 5.7 and 5.8 respectively.
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Fig.5.7. Calculated and measured beam lifetime with vertical scraper position
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Fig.5.8. Calculated and measured beam lifetime with horizontal scraper position

From Figure 5.7, we see that when the vertical scraper position from the beam centre was
0.58 mm, a sudden beam loss occurred. The vertical beam size  z at scraper location is ~100
μm (normalized to  z from the vertical beam size measured at X-ray diagnostic beamline),
so the beam loss occurred at ~6 times of the beam size which is theoretical quantum lifetime
limit for vertical plane. From Figure 5.8, we see that when the horizontal scraper position
from beam centre was 7.6 mm, a fast beam loss occurred and at 6.8 mm beam was lost
completely. The horizontal beam size  x at scraper location is ~1.3mm (normalized to  x
from the horizontal beam size measured at X-ray diagnostic beamline), so the loss of beam
occurred at ~6 times of the beam size which is theoretical quantum lifetime limit for
horizontal plane.
5.5

Verification of theoretical calculated results

The theoretical calculated value of  el ,  br and  tous at 100 mA stored beam current for
measured aperture and using analytical expressions are 26.9 hours, 28.7 hours and 285 hours
respectively as discussed in section 5.4.
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To verify the results obtained as above, an equation of curve of measured data of beam
lifetime  t with vertical scraper position b from beam centre was generated using least
square minimization method. The measured data with a fitted curve is shown in Figure 5.9.
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Fig.5.9. Beam lifetime versus vertical scraper position with fitted curve

The equation of curve relating beam lifetime  t with vertical scraper position b is as follows
1
1
0.6229
where b  4.1mm

 2
 t (hours) 25.8 b (mm2 )

5.5

The bremsstrahlung and Touschek lifetime contribution are constant during the vertical
scraper movement, so the fitted data is described as
1



1



1

5.6

 t  tb  el

where  tb is the combined lifetime due to bremsstrahlung  br and Touschek lifetime  tous ,  el
is elastic coulomb lifetime, b is the vertical scraper distance from the beam centre. The fitted
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parameters results in  tb  25.8 1.4 hours and  el  27 0.4 . The fitted results of beam
lifetime due to elastic coulomb scattering  el closely agree with the value of the theoretical
beam lifetime. The value of  tb and  br are close to each other. So the contribution of  br in

 tb is more as compared to the contribution of  tous .
The uncertainty in the value of measured vacuum pressure will cause the change in  el and

 br but will not affect the Touschek lifetime. To approach or know the real value of  tous ,
partial beam bunch fill experiments were conducted.
The partial beam fill experiments were conducted in continuation after the completion of
beam scraper experiments. For the experiments, the ring was filled with 10% and 33% bunch
gap and beam current decay was monitored. The beam current decay with 10% and 33%
bunch gap is shown in Figure 5.10.
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Fig.5.10. Comparison of beam current decay with 10% and 33% bunch gap
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The horizontal and vertical beam sizes in these fill patterns were measured using X-ray
diagnostic beamline and bunch length was also measured using visible diagnostic beamline.
The beam sizes were found to be the same in both cases. As beam sizes in transverse and
longitudinal planes in both cases are the same so the bunch volume is same. The Touschek
lifetime is inversely proportional to the number of electrons in a bunch when bunch volume is
same.  tous is the Touschek lifetime when the beam current fill uniformly in all 291 RF
buckets.

Touschek lifetime with 10% and 33% bunch gap is 9 tous 10 and 2 tous 3

respectively. The vacuum pressure in both cases was also monitored and found to be the same
at same stored beam current. Considering same vacuum lifetime in both cases of bunch fill
pattern at stored beam current 100 mA, we obtained Touschek lifetime from measured
lifetime as given in Table 5.2.
Table 5.2: Value of Touschek lifetime from measured beam lifetime
Filling pattern

Measured lifetime (hours)

Touschek lifetime (hours)

10% bunch gap

12.9

286

33% bunch gap

12.7

212

From the above results, we get Touschek lifetime  tous  318 hours for uniform fill of all RF
buckets and vacuum lifetime 13.5 hours. Using  tb  25.8 hours as obtained from curve fit
and  tous  318 hours, we get  br  28.1 hours.
The value of lifetime  el ,  br and  tous at 100 mA stored beam current using equation 5.6 and

 q are given in Table 5.3.
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Table 5.3: Contribution of different lifetime in total beam lifetime at 100 mA stored beam
current
Contributors of total lifetime

Lifetime (hours)

 el

27.0

 br

28.1

 tous

318.0

q

>1000

The theoretically calculated value of Touschek lifetime is 285 hours whereas measured value
is 318 hours. The measured value of Touschek lifetime is near to the theoretical value which
is theoretically calculated using particle tracking code ELEGANT.
The value of vacuum lifetime obtained from partial beam bunch fill experiments is found to
be 13.5 hours whereas the theoretical calculated vacuum lifetime is 13.9 hours. The small
difference between the experimental and theoretical calculated value of vacuum lifetime may
be due to uncertainty in the measured vacuum pressure.
5.6

Further experiments for beam lifetime improvement

From the aperture measurement and beam lifetime analysis it was found that the measured
aperture at scraper location ±4.1 mm is significantly less as compared to value ~6 mm as
obtained using particle tracking. Beam experiments were conducted for the improvement in
vertical aperture by applying vertical closed orbit correction whereas all other parameters
were same. The vertical closed orbit before and after correction is shown in Figure 5.11. The
beam lifetime at 100 mA stored current at beam energy 2.5 GeV which was ~13 hours before
correction was increased to ~18 hours after correction was applied. The beam current decay
at ~100 mA stored current before and after vertical orbit correction is shown in Figure 5.12.
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Fig.5.11.Vertical closed orbit before and after correction

100.5

Beam current (mA)

99.0

97.5

After vertical orbit correction
96.0

Before vertical orbit correction
94.5
0

15

30

45

60

Time (minutes)

Fig.5.12. Comparison in beam current decay before and after vertical orbit correction

The vertical orbit correction was also applied at the higher stored beam current and ~40%
increase in beam lifetime was observed. A comparison in beam current decay at higher stored
beam current before and after vertical orbit correction is shown in Figure 5.13.
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Fig.5.13. Comparison in beam current decay before and after vertical orbit correction

So by conducting experiments with beam scraper it was found that the lifetime of stored
electron beam in Indus-2 depends on vertical aperture and with increase in vertical aperture
there is significant increase in beam lifetime.
5.7

Beam experiments using single bunch mode

To study the effect of higher density of electrons in a bunch i.e. Touschek scattering, beam
experiments were conducted to fill electrons in single bunch in single RF bucket out of 291
RF buckets. The single bunch fill [76] was observed on wall current monitor installed in the
ring for the observation of bunch fill pattern. The wall current monitor signal showing the
storage of one bunch after repetition of revolution time i.e. 575 ns is shown in Figure 5.14(a)
and (b). The photograph of single bunch taken using the streak camera installed in visible
diagnostic beamline (BL-23) [97] is shown on Figure 5.15.
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Fig.5.14(a). Wall current monitor signals during
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Fig.5.14(b). Wall current monitor signal showing
the storage of single bunch at beam energy 2.5GeV

Fig.5.15. Single bunch photograph taken using streak camera in visible diagnostic beamline

In one experiment a beam current of 7 mA (2.5×1010 electrons in a bunch) was stored in
single bunch at beam energy 550 MeV and beam current decay was observed. In the second
experiment, a beam current of 7 mA was stored in single bunch at beam energy 2.5 GeV and
beam current decay was observed. A comparison in beam current decay of same amount of
current in single bunch i.e. 7 mA at beam energy 550 MeV and 2.5 GeV is shown in Figure
5.16.
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Fig.5.16. Beam current decay in single bunch mode at different beam energy
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During the above experiments of beam current decay at beam energy 550 MeV and 2.5 GeV,
bunch length was measured using visible diagnostic beamline in which streak camera are
installed. The variation in bunch length during current decay is shown in Figure 5.17(a) and
(b) respectively.
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Fig.5.17(a). Measured bunch length during beam
current decay at beam energy 550 MeV

Fig.5.17(b). Measured bunch length during beam
current decay at beam energy 2.5 GeV

From the beam current decay, it was found that the beam lifetime at 7 mA @ 550 MeV is ~38
minutes whereas beam lifetime at 7 mA@ 2.5 GeV is ~9 hours. The results show that the
Intra-beam scattering (IBS) effect (small angle Touschek scattering) is more significant at
low energy 550 MeV as compared to high energy i.e. 2.5 GeV. From the measured bunch
length, it was found that change in bunch length during beam decay takes place at 550 MeV
but this effect was not observed at beam energy 2.5 GeV. The results indicate that the
Touschek scattering effect is significant at low energy.
5.7.1 Effect of RF voltage on beam lifetime
A beam current ~14 mA at beam energy 2.5 GeV was filled in two bunches in two RF
buckets (7 mA in one bunch as in first experiment) and rest RF buckets were kept empty. All
parameters were the same as above except that two bunches of same amount of current were
filled. The beam current decay is shown in Figure 5.18.
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Fig.5.18.Effect of RF voltage on beam lifetime at beam energy 2.5GeV
The beam lifetime at 14mA@2.5 GeV was found to ~9 hours. Using ELEGANT code
Touschek lifetime for 7 mA in single bunch with 0.5% coupling is ~16 hours, vacuum
lifetime ~30 hours, so the theoretical lifetime at 7 mA in single bunch is ~10.4 hours.
Experimental observed value of the beam lifetime is thus in agreement with the theoretical
estimate.
A total RF cavity voltage ~1250 kV was applied. As seen in the Figure 5.18, up to the point
B, it was normal beam decay. The effect of RF cavity voltage on beam lifetime was studied
by reducing the cavity voltage. It was found that by reducing RF voltage to ~1100 kV, fast
beam decay was observed. So the RF voltage ~1100 kV is the quantum lifetime limit of
Indus-2 at beam energy 2.5 GeV. The result of quantum lifetime limit in longitudinal plane is
close to the theoretical estimation (relation 1.52 in chapter 1).
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SUMMARY AND CONCLUSIONS
The acceptances of beam in Indus-2 electron storage ring has been studied by using analytical
formulation and particle tracking codes MAD-8, ELEGANT, RACETRACK and TRACY-3
(Chapter 1). The loss of electrons due to elastic scattering between electrons and the nuclei of
the residual gas atoms for rectangular and elliptical shape of the vacuum chamber was studied
using linear beam dynamics. Analytical expressions for the shape factors for rectangular and
elliptical shape of vacuum chamber as a function of position along the circumference of
storage ring have been derived (Chapter 2). These expressions are very useful to estimate the
beam lifetime due to elastic scattering of electrons with the nuclei of residual gas atoms in
realistic conditions like non uniform vacuum pressure in storage ring. The expression for
shape factor for the rectangular shape of vacuum chamber is similar to the expression for the
average shape factor available in the literature. It indicates that the approach followed for
deriving the expression is appropriate. The expression of shape factor for elliptical shape of
vacuum chamber was derived using the same approach as used for rectangular chamber. The
expression of shape factor for elliptical shape was found to be different from the existing
expression because in existing expression the loss of electrons was considered at one location
only which does not happen in a modern electron storage ring.
The electron-electron interaction within a bunch known as Touschek scattering was studied.
Parameters affecting the Touschek scattering such as betatron coupling and RF phase
modulation were also studied. The betatron coupling in Indus-2 was measured and found to
be ~0.5%, this value of coupling was used for the estimation of Touschek lifetime. Effect of
RF phase modulation on beam lifetime in Indus-2 was studied (Chapter 3). The effect of
aperture on beam lifetime was studied by conducting beam experiments without and with
application of closed orbit correction. The results show that with closed orbit correction, there
is an increase in beam lifetime. The contribution of vacuum lifetime and Touschek lifetime in
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measured beam lifetime was separated by storing electrons uniformly in all 291 RF buckets
and also storing electrons in two-third RF buckets keeping rest of the RF buckets empty
(Chapter 4). These studies are very useful to know the limiting factor of beam lifetime i.e.
either vacuum lifetime or Touschek lifetime. The effect of RF cavity voltage on beam
lifetime was studied to find the limiting momentum acceptance either in transverse or in
longitudinal plane.
The vertical and horizontal aperture available for stable beam motion at scraper location in
Indus-2 at beam energy 2.5 GeV with 100 mA stored beam current was measured by using
movable beam scrapers (Chapter 5). The objective of the measurement was to find an
appropriate vertical aperture for undulators which are planned to be installed and also to
understand the beam loss mechanism. The measured vertical and horizontal aperture at
scraper location was found to be ±4.1 mm and ±12.45 mm respectively. The beam lifetime
variation with the movement of vertical and horizontal scraper was measured and analyzed
using analytical formulations and particle tracking code ELEGANT. Vacuum lifetime was
calculated using partial pressure of the residual gases present in the vacuum chamber. From
the measured beam lifetime with scraper position from the beam centre, the contribution of
beam lifetime due to elastic scattering of electrons with the nuclei of residual gas atoms,
bremsstrahlung, Touschek scattering and quantum excitation was estimated separately. The
contribution to beam lifetime due to elastic coulomb scattering, bremsstrahlung and Touschek
scattering are separated from the measured total beam lifetime. The theoretical value of
vacuum lifetime due to elastic coulomb scattering in vertical plane closely follows the values
obtained from fitted curve of measured data. The quantum lifetime is studied by inserting the
vertical and horizontal scraper to the vicinity of the beam core (Chapter 5). The beam sizes
obtained from quantum lifetime limitation are close to the beam sizes measured using X-ray
diagnostic beamline. The quantum lifetime limit in longitudinal plane was studied by
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reducing the RF cavity voltage. The vacuum and Touschek lifetimes obtained using scrapers
were closely same as obtained using partial bunch fill experiments. The vertical and
horizontal apertures studies using movable beam scrapers show that the beam lifetime is
limited due to elastic coulomb scattering and inelastic scattering between electrons and nuclei
of residual gas atoms. The measured vertical aperture at scraper location was found to be less
than its theoretical estimated value. The vertical aperture was improved by minimizing the
closed orbit distortion in vertical plane and it resulted into ~40% increase in beam lifetime
(Chapter 5). It shows that the lifetime of stored electron beam in Indus-2 depends on the
vertical aperture. These studies indicate that the beam lifetime in Indus-2 will further improve
with reduction in vacuum pressure. The vertical aperture measurement carried out also
indicate that the beam lifetime will not be reduced after installation of insertion devices as the
vertical aperture available in undulators will be ± 8 mm. The beam lifetime due to a high
density of electrons in a bunch was studied by storing the electrons in a single bunch in one
RF bucket out of 291 RF buckets in Indus-2 ring. It was observed experimentally that the
Touschek scattering effects are dominant at lower energy.
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APPENDIX A
Assuming that the loss of electrons takes place at one location. This implies that both

 x and  z have maxima at this point, which is rarely the case for example, it can occur in
weak focusing storage rings. Then we may substitute the following x and z in equation 2.9
x   x0  xm  m cos 

A.1

z   z 0  zm  m sin 

we get
2

Fj  
0

d

 m2  

2



 x s0   xm cos 2    z s0   zm sin 2 
x2  z 2

0

d

A.2

At the location of electron loss, x 2  z 2   2 and  cos  ,  sin   are arbitrary coordinates
of P . The coordinate

1

2



P cos  ,  sin  

lies on ellipse

x2 z 2
 1
a 2 b2

, so using

cos 2  sin 2 
 2 in equation 2.3 we get
a2
b

2
 cos 2  sin 2  
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A.3

After integration, we get similar relation 2.24

 s   
  s  
Fj    x 02 xm  z 02 zm 
a
b



A.4

Taking average  in ring, we get average shape factor F as

  
  
F    x 2 xm  z 2 zm 
b
 a

In deriving this equation, we have assumed that the loss takes place at one location where
both  x and  z are maximum. This relation is not applicable to the modern storage rings in
which the maxima of  x and  z occurs at different places.
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