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Optimal placement of magnets in Indus-2 storage ring
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Abstract: In Indus-2, by optimizing the position of the magnetic elements, using the simulated annealing algorithm,

at different locations in the ring with their field errors, the effects on beam parameters have been minimized. Closed

orbit distortion and beta beat are considerably reduced by optimizing the dipole and quadrupole magnets positions

in the ring. For the Indus-2 storage ring, sextupole optimization gives insignificant improvement in dynamic aperture

with chromaticity-correcting sextupoles. The magnets have been placed in the ring with the optimized sequence and

storage of the beam has been achieved at injection energy without energizing any corrector magnets. Magnet sorting

has led to the easy beam current accumulation and the measurement of parameters such as closed orbit distortion,

beta function, dispersion, dynamic aperture etc.
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1 Introduction

Indus-2 [1], a 2.5 GeV electron storage ring, is now
operational at the Raja Ramanna Centre for Advanced
Technology, Indore, India. This is the second electron
storage ring after Indus-1, a 0.45 GeV electron storage
ring. Both the sources share a common injector system
consisting of a 20 MeV microtron and a 0.45–0.70 GeV
synchrotron. In Indus-2 the beam injection takes place
at 0.55 GeV and the beam energy is further ramped to
2.5 GeV to provide the beam to the synchrotron light
users for the experiments. The Indus-2 ring lattice
consists of 8 unit cells of a double bend achromat or
expanded Chasman Green lattice. Each unit cell ac-
commodates 2 dipoles, 9 quadrupoles and 4 sextupoles.
The ring consists of a total of 16 dipoles, 72 quadrupoles
grouped in five families: Q1D (16), Q2F (16), Q3D (16),
Q4F (16) & Q5D (8) and 32 sextupoles grouped in two
families SF (16) and SD (16). All 16 dipoles are con-
nected in series and driven by a single power supply. A
pair of quadrupoles in the first three families is driven
in series by one power supply and therefore there are 24
power supplies for 48 quadrupoles in these three fami-
lies. There is one power supply for Q4F and one power
supply for the Q5D family of quadrupoles. Thus 72
quadrupoles are powered by a total of 26 power sup-
plies. There are 2 power supplies for the sextupoles,
one for SF and another for the SD family. In addition
there are 48 horizontal and 40 vertical corrector magnets
driven by independent power supplies for the correction

of closed orbit distortion (COD). The lattice functions
of one unit cell with a magnetic structure are shown in
Fig. 1. In Table 1, the strengths of the magnets for
the design tune (9.3, 5.2) and chromaticity (2, 2) are
listed together with their numbers and the number of
power supplies driving the magnets. Table 2 lists some
of the design parameters of the Indus-2 storage ring. The
storage ring has tight tolerances for magnetic field and
alignment errors to achieve the desired performance. In

Fig. 1. Lattice functions and arrangement of the
magnetic elements in one unit cell of Indus-2.
Shown with the rectangles are DP-dipole mag-
nets; Q1D, Q3D & Q5D- defocusing quadrupoles;
Q2F & Q4F focusing quadrupoles and SF & SD-
focusing & defocusing sextupole magnets.
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Table 1. Strength of the magnets for tune (9.3, 5.2) and corrected chromaticity (2, 2).

name of type of normalized No. of No. of

family magnets
length/m

strength magnets power supplies

DP dipole 2.1795 0.3927 rad 16 1

Q1D quadrupole 0.30 −0.7986 m−2 16 8

Q2F quadrupole 0.55 1.5377 m−2 16 8

Q3D quadrupole 0.40 −1.6938 m−2 16 8

Q4F quadrupole 0.40 1.8197 m−2 16 1

Q5D quadrupole 0.40 −1.1165 m−2 8 1

SF sextupole 0.20 12.51 m−3 16 1

SD sextupole 0.20 −11.52 m−3 16 1

every fabricated magnet, for a given excitation current,
there is normally a deviation of the field from its de-
sign value. There are large numbers of magnets and the
magnet-to-magnet field deviations are present and their
disturbing effects are unavoidable. These disturbing ef-
fects on the beam can be minimized if the field devi-
ations are known from the magnet measurements and
the places of the magnets are optimized with some well-
defined procedures. In this paper, we report the method
to optimize the magnetic element locations and benefits
which are achieved by placing them as per this procedure
in the ring. With this optimal sequence of the placement
of the magnetic elements, the electron beam circulated
first one turn and later four turns with injection kickers
off. With injection kickers turned on beam circulation
lasted for ∼2.5 ms (1 turn is equal to ∼575 ns revolution
time) and later with RF cavity turned on the storage
of electron beam without energizing any of the steering
magnets has been achieved. Presently Indus-2 is oper-
ated at full energy of 2.5 GeV with 100 mA beam current
in user mode.

Table 2. A few design parameters of Indus-2 storage ring.

parameters values

energy/GeV 0.55–2.5

beam current/mA 300

circumference/m 172.4743

betatron tunes 9.3/5.2

natural chromaticities −19/−12

beam emittance/(nm·rad) 58

momentum compaction factor 5.1e-3

equilibrium energy spread 8.9e-4

RF frequency/MHz 505.8

harmonic number 291

Since the beam injection and accumulation is the
most critical part of the storage ring, the magnetic sort-
ing was performed at injection energy. The paper is di-
vided in sections as follows: in Section 2, we discuss the
effects of the magnetic field errors on beam parameters
and the objective functions which are to be minimized.
In Section 3, we describe the optimization algorithms.
The simulation results for the sorting of magnets are pre-

sented and discussed in Section 4. The measurement of
COD, beam accumulation rate, beta beat and dynamic
aperture etc. are discussed in Section 5.

2 Objective functions

The objective or cost function is a measure of the
goodness of a particular configuration of parameters.
The selection of an appropriate cost function is crucial
for achieving good results. The objective functions which
are affected by the field errors are defined independently
for each type of magnet [2]. The optimization proce-
dure based on the simulated annealing algorithm [2–5] is
applied for the sorting of dipoles, quadrupoles and sex-
tupoles. The error in the field strength of the individual
magnet is defined as the deviation of its integrated field
strength from the average value of the field strength. Let
k be the field error which is considered as a kick at the
centre of the magnet. An array of the error set is built up
in a specific sequence, d=(k1, k2, ···, ki, ···, kM ) depend-
ing on their positions in the ring, where M denotes the
M th magnet. The objective function W is constructed
and is used for comparison with the objective function
obtained with a different permutation of the error set.
The objective function (W ) is taken as the root mean
square of Wi defined by Wi =

√

A2
i +B

2
i where Ai and

Bi at ith observation point are constructed for each type
of magnet errors independently. It can be shown that
at the point of kick, only the A-component gets affected
and between the kicks vector W is simply rotated with
an appropriate phase advance, changing A and B but
preserving its length [6]. Because of this invariant char-
acter of W one observation point per kick is sufficient.
By permutation of the errors a new objective function is
constructed and used to optimize the disturbing effects.
In the following subsections the objective functions for
each type of magnet are discussed.

2.1 Dipole magnets

It is known that the dipole errors give rise to closed
orbit distortion. In order to minimize this distortion we
define the objective function required by the optimiza-
tion method. Let the error strength in the ith magnet
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be ki=θi−θ0, where θi and θ0 are measured and the de-
sign values of the normalized integrated field strengths
of the ith dipole magnet. The error strength ki is given
in terms of measured magnet-to-magnet field errors by
ki = (∆BL/〈BL〉)iθ0, where 〈BL〉 is the average inte-
grated strength of the dipole magnets.

To obtain the physical (stable) solution, the orbit
kicked by the error k must oscillate in a closed loop
around the ring. A single kick k and disturbed closed
orbit vector (x, x′) are related by the one turn transfer
matrix of the ring

(

x

x′

)

=Mrev

(

x

x′

)

+

(

0

k

)

. (1)

The amplitude of the closed orbit is given by

x=
k
√
ββicos(|µ−µi|−φ/2)

2sin(φ/2)
, (2)

where β and βi are the beta functions at the observation
point and the kick point respectively, ∆µ=|µ−µi|, is the
phase difference between the kick position and the point
of observation.

Several kicks at different locations are added by lin-
ear superposition to get the resulting closed orbit (xi, x

′

i)
at the ith observation point. The vector (A,B) is con-
structed by using the local twiss parameters (αi, βi) at
that observation point. The components of vector (A, B)
are defined as [2, 6]

Ai=
αixi+βix

′

i√
βi

, Bi=
xi√
βi

. (3)

These are used to construct a component Wi at this ob-
servation point. This is equivalent to the Courant Sny-
der invariant of the closed orbit distortion. The objective
function is the root mean square of all Wi calculated at
all the observation points in the ring. Minimizing this
function for dipoles will reduce the amplitudes and slopes
of the closed orbit oscillations over the ring.

2.2 Quadrupole magnets

The quadrupole field gradient errors lead to beta
beat and change the in tune value of the machine. The
quadrupole gradient error ki = Ki −K0, between the
measured and design-integrated normalized quadrupole
strength is assumed to be located as a kick at the
centre of the quadrupole. In terms of relative field
errors (∆GL/〈GL〉) the error k is defined by k =
(∆GL/〈GL〉)K0, whereK0 is the normalized quadrupole
strength. Here G is the quadrupole field gradient and L
is the length of the magnet. These errors generate, in
general, the distortion in the twiss parameter ∆β and is
given by [2, 6]

∆β

β0

=−βk cos(|µ−µi|−φ)

2sinφ
. (4)

The components of vector (A, B) for this case are con-
structed by

Ai=
αiβ0i−βiα0i√

βiβ0i

, Bi=
βi−β0i√
βiβ0i

. (5)

Here (α0, β0) and (α, β) are the twiss parameters cor-
responding to the design strength and the error added
strength at the point of observation respectively. The ob-
jective function W is defined as the rms value of the vec-
tors (A, B) constructed in horizontal and vertical planes.
Minimizing this type of objective function will, in effect,
reduce the beta beating.

2.3 Sextupole magnets

We have considered five distortion functions defined
by T. Collins [2, 6]. These distortion functions describe
the nonlinear effects of sextupoles which are denoted by
(A1, B1), (A3, B3), (As, Bs), (Ad, Bd) and (A, B), where
Am functions are the derivatives of Bm functions. These
functions incorporate the effect of the resonances driven
by sextupoles and are defined by

Bm=sm

cos(|∆ψm|−φm/2)

8sin(φm/2)
, (6)

with Am =B′

m, where the sextupole strength is normal-
ized as

sm=

√

β3
x

β0

S, (7)

where S is the sextupole strength normalized with the
beam energy.

The following is the procedure to construct the ob-
jective function for sextupole sorting: calculate functions
(Am0, Bm0) using sextupole at their design field strengths
and (Am, Bm) including the field errors. The difference
(Am−Am0, Bm−Bm0) is now the vector (A, B). The
rms of all five vectors constructs the objective function.
Minimizing these functions by sextupole locations op-
timization with their field errors reduces the nonlinear
beam mismatch and improves the dynamic aperture.

We have also used another objective function which
describes the beam envelope smear [7, 8] as

Axi =

√
βxi

8

∑

j

√

βxjSj

{

(Jxβxj−2Jyβyj)

×cos(−πνx+|µxij |)
sin(πνx)

+Jxβxj

cos3(−πνx+|µxij |)
sin(3πνx)

−Jyβyj

cos[−π(νx+2νy)+2|µyij|]
sinπ(νx+2νy)

−Jyβyj

cos[−π(νx−2νy)−2|µyij|]
sinπ(νx−2νy)

}

, (8)
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Byi = −
√

JxJyβyi

8

∑

j

√

βxjβyjSj

×
{

cos[−π(νx+2νy)+|µxij+2µyij|]
sinπ(νx+2νy)

−cos[−π(νx−2νy)+|µxij−2µyij|]
sinπ(νx−2νy)

}

. (9)

The indices i and j denote the point of observation and
location of the sextupole magnets and Jx,y is the action
variable equal to half of the emittance in the horizental
and vertical plane respectively. Minimizing these kinds
of functions by sextupole locations with their field er-
rors will improve the dynamic aperture and reduce the
amplitude-dependent tune shift.

3 Optimization algorithm: simulated
annealing [2–5]

There are many schemes to optimize the locations
of the magnets in the lattice based on their field errors.
The simplest is the local compensation in which mag-
nets are placed along the beam direction of the accel-
erator based on the pairing of the magnets with similar
errors, which are mutually compensated by an appropri-
ate phase advance in the lattice. Generally, this method
does not work for the cases where the required phase re-
lationship between the error locations is not met in the
lattice. Another method one can think of is to permute
all the magnets and for all the permutations check for the
global minimum of the objective function. But for a large
number of magnets, all such possible permutations grow
exponentially. A computer simulation to check all pos-
sible permutations would be too time-consuming. The
method of simulated annealing is typically applied for
these kinds of problems to find a solution close to the
global minimum in a reasonable time limit. For a given
set of error vectors, the value of the objective function
W0 is calculated and compared with the objective func-
tion obtained with a permutated error set. The new

permutation is obtained from the previous one by a few
well-defined steps. First, one indicates in the given er-
ror vector a sequence of elements by randomly chosen
start and end elements. Second, this string is moved
to a randomly chosen position inside the error vector,
or alternately, is simply reversed. With this new error
vector, a new value of the objective function W is calcu-
lated. If the new distribution results in a smaller value
of the objective function, it is taken as a new reference
of error set. Also, in case the new objective function
is larger and differs by an amount W−W0 = ∆W >0,
this distribution will be taken as the new reference, if
e−∆W/T is above a given (randomly chosen) threshold.
Here T serves as a temperature-like parameter, which is
lowered with the increasing number of permutations. In
this way one scans the values of the objective functions
in the vicinity of the present reference point but avoids
being trapped in a local minimum. This is known as the
Metropolis algorithm [5]. The resulting solution of the
objective functions is not necessarily the smallest one,
but it is close to the minimum. The advantage of this
algorithm is that it can escape from local minima and so
more of the configuration space can be explored.

4 Sorting simulation results

The lattice at tune point (9.3, 5.2) and chromaticity
(2, 2) has been assumed for the sorting of the placements
of dipole, quadrupole and sextupole magnets based on
their magnetic field data [9] for the Indus-2 storage
ring. For the commissioning of any storage ring or syn-
chrotron, the first step is to make the beam injection and
one turn circulation of the beam. Keeping this in view,
it has been decided to sort the placement of the mag-
nets for the magnetic field errors at injection energy. For
Indus-2, the expected injection energy is 0.60 GeV. Once
the injection is completed and the beam is stored then
the machine parameters can be measured and correction
action can be taken.

Fig. 2. (a) ∆BL/〈BL〉 in dipole magnets at various energy levels, (b) closed orbit distortion before and after sorting
the dipoles at 0.6 GeV and (c) effect of sorting the dipole magnets on rms of closed orbit with different horizontal
tunes at fixed vertical tune =5.2.
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4.1 Dipole sorting

For the dipole sorting, no multipole effects and no
effect of cavity are taken into the calculations. The mea-
sured rms dipole field strength errors at 0.45, 0.6, 1.0,
1.5, 2.0 and 2.5 GeV energies are 1.5×10−3, 1.3×10−3,
9.1×10−4, 8.1×10−4, 7.1×10−4 and 1.6×10−3 respec-
tively and the distribution of the magnetic field errors
are shown in Fig. 2(a).

An attempt has made to sort the dipole magnets with
their field errors using a local compensation scheme. For
the present lattice at the dipole centre, where the beta
functions are the same and the phase advance between
the centre-to-centre of the dipole magnets is 180◦, the lo-
cal compensation scheme works well. Out of 16 errors 10
are identified to make 5 pairs and the remaining 6 errors,
which are very different in magnitude, are permuted and
a minimum of W was searched. As the local compensa-
tion scheme may not be applicable for quadrupoles and
sextupoles, sorting the dipole sorting has also been done
by a simulated annealing algorithm. The optimized se-
quence obtained by simulated annealing gives more of an
advantage over the local compensation scheme.

The effect of the sorted sequence of dipoles on the
closed orbit over the ring is shown in Fig. 2(b). The ef-
fect on the maximum and RMS of the closed orbit over
the entire ring before and after sorting, at various en-
ergies, are tabulated in Table 3. From Table 3 it can
be seen that by placing the dipole magnets at optimized
locations, the COD reduces in maximum and RMS by
65% and 63% compared to the unsorted situation. This
sorted sequence is effective, i.e. there is always a reduc-
tion in the closed orbit, all along the energy range.

Keeping in view that the actual machine may be op-
erating at a different tune point other than the design
tune (9.3, 5.2), the effect of sorting on COD at different
tunes are checked. The effect was seen by varying the
horizontal tune and keeping the vertical tune fixed and
the results are shown in Fig. 2(c). It shows that there is

always a reduction in RMS closed orbit with the sorted
dipole sequence with respect to unsorted COD at differ-
ent horizontal tunes. We have also checked the effect of
sorting at altogether different tune (9.3, 6.2), which is
the present operating optics. The sorting of the dipoles
reduce the RMS closed orbit at any scanned optics.

Table 3. Effect of dipole magnet sorting on closed
orbit at various beam energy levels.

beam energy/ before sorting after sorting

GeV max/mm RMS/mm max/mm RMS/mm

0.45 6.18 2.10 2.43 0.84

0.60 5.43 1.60 1.88 0.58

1.00 2.55 0.95 2.86 1.09

1.50 3.53 1.16 3.16 1.15

2.00 3.03 0.99 3.07 0.92

2.50 6.46 2.30 4.90 1.73

4.2 Quadrupole sorting

After optimising and fixing the locations of the dipole
magnets, the quadrupolar components in the dipoles,
shown in Fig. 3(a), are also considered while sorting the
quadrupole magnets. As each pair of the first three fam-
ilies of quadrupoles, i.e. Q1D, Q2F and Q3D, is driven
by one power supply, the pairing of the quadrupole mag-
nets was made. This pairing was done by searching the
quadrupoles in pairs having magnetic fields closed to
each other. In sorting, each pair was treated as a single
parameter. In the Q3D family, due to geometry, out of 16
magnets, 8 which are ‘open type’ should be placed down-
stream of the dipoles and the remaining 8, which are
‘closed type’, should be placed upstream of the dipoles.
The constraint due to geometry is also imposed on the
Q4F family of quadrupoles as in Q3D. The quadrupoles
in the Q4F family are driven by one power supply and
are divided into two groups based on ‘open type’ and
‘closed type’ quadrupoles. Out of 16 quadrupoles, 8 odd

Fig. 3. (a) Normalized field errors in five families of quadrupoles and quadrupolar components in dipole magnets at
various energy levels and (b) percentage of beta beat in horizontal and vertical planes before and after sorting the
quadrupole magnets with their field errors.
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numbers of quadrupoles from the point of injection are
‘open type’ and the other 8 are ‘closed type’. Even
though there are 16 magnet-to-magnet field errors, no
quadrupole from one group can enter into the other
group and while sorting the magnets, the rearrangements
should be within the group. All 8 quadrupoles of the
Q5D family are treated as independent parameters. The
magnet-to-magnet gradient errors in the quadrupoles, as
shown in Fig. 3(a), are used to calculate the objective
function. After applying all the magnet-to-magnet gra-
dient errors in the quadrupoles for their actual sequence,
the tune also changes from its design value. There is a
considerable change observed in the vertical tune and it
is expected that beta beat in this plane will be larger.

Sorting has been carried out for all families of
quadrupoles simultaneously with their field gradient er-
rors. After optimizing the places of the quadrupoles, the
minimum of the objective function is attained. The final
objective function is reduced by one order of magnitude.
The effect on beta beat over the ring before and after op-
timization in the horizontal and vertical planes is shown
in Fig. 3(b). There is 57% and 67% reduction in maxi-
mum beta beat in the horizontal and vertical planes and
52% and 71% reduction in the RMS beta beat in the
horizontal and vertical planes respectively. The effects
of this sorted sequence, on maximum and RMS percent-
age of beta beat at various beam energy levels, are listed
in Table 4. From Table 4 it can be observed that the
optimized sequence obtained is effective at other beam
energy levels. It is to be noticed that the quadrupole
gradient errors led to a larger contribution to the beta
beat in the vertical plane. The sorting algorithm is very
effective in this plane and it reduces the beta beat with
a larger gain.

Table 4. Effect of quadrupole sorting on percent-
age of beta beat at various beam energy levels.

beam

∆β

β0
%

energy/GeV
unsorted sorted

max RMS max RMS

0.45 H 3.2 1.38 2.47 1.15
V 6.71 2.52 3.53 1.13

0.60 H 2.42 0.89 1.05 0.43
V 8.38 3.22 2.30 0.93

1.0 H 1.16 0.48 0.99 0.47
V 6.78 2.75 4.44 1.72

1.5 H 0.99 0.43 0.87 0.29
V 8.15 3.04 4.78 1.99

2.0 H 0.96 0.47 1.38 0.49
V 11.93 4.46 9.76 3.43

2.5 H 1.47 0.66 1.43 0.55
V 6.55 2.62 5.91 2.13

H & V: stand for horizontal and vertical planes.

The sextupolar components in the sorted sequence of
dipole magnets are considered as shown in Fig. 4. The

magnet-to-magnet field errors in the SF and SD family
of sextupoles are also shown in Fig. 4. For the working
tune point of (9.3, 5.2) the distortion functions are min-
imized and the effect on the dynamic aperture is seen by
tracking the particle for a different number of turns. No
gain in dynamic aperture is achieved in the presence of
the main sextupoles. For various working tune points,
sorting is done and no or little improvement in dynamic
aperture is observed. So it was decided that the sorting
of sextupole magnets is not required.

Fig. 4. Normalized sextupole to sextupole field er-
rors and sextupolar components in dipole magnets
at various energy levels.

Including quadrupolar and sextupolar components in
dipoles and magnet-to-magnet field errors in dipoles and
quadrupole families, dynamic aperture has been calcu-
lated using frequency map analysis [10] for unsorted and
sorted sequences of the magnets. For comparison, a dy-
namic aperture has also been calculated with bare lat-
tice, i.e. without any field errors. For the bare lattice
in the presence of chromaticity correcting sextupoles the
dynamic aperture is more than 35 mm in the horizon-
tal and 17 mm in the vertical plane respectively. With
the unsorted errors it was reduced to 24 mm and 15 mm
in the horizontal and vertical planes. After sorting the
magnets with their field errors the dynamic aperture re-
covered and improved to ∼30 mm and ∼16 mm in the
horizontal and vertical planes. We have also seen the ef-
fect of sorting on the beam emittance. Before sorting the
beam emittance increased to 67.9 nm·rad from the ideal
value of 58 nm·rad. After sorting the beam emittance
was recovered to the value of 60 nm·rad. The magnetic
elements were placed in the ring as per their optimized
positions in the Indus-2 storage ring. In Indus-2, the
electron beam circulated for a few turns without the in-
jection kicker magnets and later on the beam was accu-
mulated with the RF cavity turned on at the injection
energy. This was achieved without energizing any of the
corrector magnets. The sorted sequence of the magnetic
element resulted in sufficient available beam aperture.
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5 Measured results

After placing the magnets at an optimized location
real beam commissioning was started. The electron
beam circulated first one turn and then four turns with-
out injection kickers with ease. With injection kick-
ers turned on beam circulation lasted for ∼2.5 ms (1
turn is equal to ∼575 ns revolution time) and later with
RF cavity turned on the storage of the electron beam
without energizing any of the steering magnets has been
achieved. Presently Indus-2 is being operated at injec-
tion energy 0.55 GeV for beam accumulation and full
energy of 2.5 GeV with 100 mA beam current in user
mode.

After successful accumulation of the beam current the
measurement of various parameters was started. We re-
port here the measurement of COD, beta beat, dynamic
aperture and the effect on beam accumulation rates be-
fore and after COD correction. In the real machine the
contribution to COD will also come from the alignment
errors of the quadrupoles which we have not consid-
ered in simulations. The resulting COD may be differ-
ent than the simulated orbit obtained from the dipole
magnet-to-magnet field errors. The measured horizon-
tal and vertical COD at injection energy are shown in
Fig. 5(a). Beam injection was taking place even with-
out correcting the COD but with a poor beam injection
rate. The horizontal COD at the injection point is nega-
tive which helps in the injection. With COD correction
this becomes near to zero and brings the orbit nearer
to the injection septum as the injection is taking place
from the outside of the ring, and results in the difficulty
of beam accumulation. The horizontal COD correction
at injection energy was optimized using the constrained
COD correction method [11] in such a way that there
should be overall correction, but the COD at the injec-
tion point remained unchanged. There are two BPMs,
namely LS1-BPM2 and LS1-BPM3, placed in the injec-
tion bump zone. As seen by the circle in Fig. 5(a), the
horizontal orbit at these two BPMs is the same as before
COD correction. It means the injection conditions, i.e.
the injection kicker settings, can remain the same as the
settings without COD correction. The RMS after hori-
zontal COD correction is 1.65 mm while uncorrected was
4.5 mm. The uncorrected and corrected vertical COD are
shown in Fig. 5(b). The vertical RMS COD is 0.7 mm
while uncorrected was 1.7 mm. The COD correction was
made so that any of the steering magnet strengths should
not get saturated up to 2.5 GeV operation in user mode.

A beam accumulation rate comparison up to 100 mA
beam current accumulation with and without COD cor-
rection is shown in Fig. 6. Normally the injection with-
out COD correction is taking place. In the typical beam
injection the injection rate is about 36 µA/s. After ap-

plying the COD correction the injection rate improves to
55 µA/s. During this experiment the booster current was
∼2.5 mA. The injection kickers and timing setting were
kept the same as the bump amplitude and should remain
the same even with COD correction. With the increase
of booster current up to 4 mA, the beam accumulation
rates in Indus-2 also increased to ∼90 µA/s.

We have also measured the average beta functions at
quadrupole locations in both the horizontal and vertical
planes by conventional quadrupole scan method [11] and

Fig. 5. (a) The uncorrected and corrected horizon-
tal COD at injection energy. The horizontal orbit
at the injection zone is the same with and with-
out COD correction as shown in the circle; (b)
The uncorrected and corrected vertical COD at
injection energy.

Fig. 6. The comparison of beam accumulation
rates with and without COD correction.
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Fig. 7. The model and measured horizontal average beta functions at quadrupole locations obtained by quadrupole
scan method in horizontal and vertical planes.

the results are shown in Fig. 7. The measured beta beat
is ∼15%–20% in both the planes. The measured beta
beat is higher than the beta beat obtained by sorting
the quadrupoles. This may be due to the calibration
error of the quadrupole power supplies. The measured
dynamic aperture in one of the eight long straight sec-
tions at the corrected COD is > 20 mm in the horizontal
and >8 mm in the vertical plane.

In this paper we have reported only the mea-
sured parameters relating to the sorting of the dipoles,
quadrupoles and sextupoles at the injection energy. A
comprehensive list of the measurement and analysis of
parameters in Indus-2 at the injection energy as well as
at intermediate energy 2 GeV and final energy 2.5 GeV
have been reported recently in Ref. [12–14].

6 Conclusions

The simulated annealing algorithm used to obtain
the optimal placement of the magnets depending on their
field strength errors in the Indus-2 ring is quite effective.
The dipole and quadrupole magnets are placed in the
ring according to the optimized locations in the ring. By
the optimization of dipole placement, closed orbit distor-

tion is reduced by a factor of three in RMS and maximum
value over the ring. The percentage of beta beat in the
vertical plane due to the sorted sequence of quadrupoles
is also reduced by a factor of three with respect to the
un-optimized sequence. The effect of sextupole sorting
is insignificant when chromaticity correcting sextupoles
are included, since the dynamic aperture is dominated
by the main sextupole component. Therefore, sorting
the main chromaticity correcting sextupole magnets was
not recommended. By sorting, the dynamic aperture
has improved by ∼6 mm in the horizontal and 1 mm in
the vertical planes. The magnets are placed in the ring
with the optimized sequence, and storage of the beam
has been achieved at injection energy without energizing
any steering magnets. With the stored beam current
various parameters were measured and with COD cor-
rection the injection efficiency has improved by nearly a
factor of 2.
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to the Department of Atomic Energy for the award of
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