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Stabilization of betatron tune in Indus-2 storage ring
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Abstract:

Indus-2 is a synchrotron radiation source that is operational at RRCAT, Indore, India. It is essentially

pertinent in any synchrotron radiation facility to store the electron beam without beam loss. During the day to day

operation of Indus-2 storage ring, difficulty was being faced in accumulating higher beam current. After examination,

it was found that the working point was shifting from its desired value during accumulation. For smooth beam

accumulation, a fixed desired tune in both horizontal and vertical plane plays a significant role in avoiding beam loss

via the resonance process. This required a betatron tune feedback system to be put in the storage ring. After putting

ON this feedback, the beam accumulation was smooth. The details of this feedback and its working principle are

described in this paper.
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1 Introduction

The Indus-2 synchrotron radiation source, located in
Indore, India, has been providing the beam time to the
synchrotron light users since 2008. This facility is a third
generation synchrotron radiation storage ring that pro-
vides a propitious environment to the user communities
for carrying out research in various scientific domains. A
pre-injector microtron increases the energy of the elec-
trons generated by thermal emission from a cathode to 20
MeV. After passing through a transfer line, this electron
beam is injected to a booster synchrotron that acceler-
ates the beam to 550 MeV in less than a second. Then,
the electron beam is extracted from the booster ring and
injected into the storage ring, in which beam current is
accumulated to its desired level, and after that beam en-
ergy is ramped to 2.5 GeV [1, 2]. The circumference of
the Indus-2 storage ring is 172.47 meters and it has 8-fold
symmetry. The lattice is a double-bend achromat with
two families of quadrupoles in the arc and three families
of matching quadrupoles in the long straight sections.
In total, there are 72 quadrupoles to adjust the linear
optics and 32 sextupoles for correcting chromaticity are
distributed over the ring. For each quadrupole family of
Q1, Q2, and Q3, there are 16 quadrupole magnets con-
nected with 8 quadrupole power supplies and each family
of Q4 & Q5 of 16 quadrupoles are connected with a single
power supply. The sextupoles are classified by two fam-
ilies and they are excited by two power supplies: one for
each family, which consists of 16 sextupoles. There are
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few long straight sections available for the installation
of the insertion devices, such as wiggler and undulator
magnets. Beta functions in both the planes and disper-
sion function in horizontal plane in one superperiod for
the operating lattice of Indus-2 ring are shown in Fig. 1
and the Table 1 shows the general parameters of the ring.

Table 1. Beam parameters of indus-2.
parameters value
energy/GeV 0.550-2.5

circumference/m 172.47
beam current/mA 300
achromatic structure DBA
number of unit cell 8
betatron tune 9.29, 6.14
natural chromaticity —19, —11
emittance 134 nm rad at 2.5 GeV
coupling coefficient 0.1
harmonic number 291
RF frequency/MHz 505.8
critical Photon energy/keV 6

2 Betatron tune and resonance

In a storage ring, the betatron tune [3] is defined as
the number of betatron oscillations executed by an elec-
tron beam in travelling one turn around the ring, which

is symbolized by ‘v’.
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Fig. 1.

(color online) Lattice parameter in one superperiod of Indus-2 storage ring. Q1D, Q3D & Q5D: Defocus-

ing quadrupole magnets. Q2F & Q4F: Focusing quadrupole magnets. SF: Focusing sextupole. SD: defocusing
sextupole. LS: Long straight section. SS: Short straight section.

the integral is taken over the circumference of the ring,
and 3 is the betatron amplitude, which varies over the
length of the ring. The tune value has one integer part &
one fractional part, the latter is more important because
it has a strong impact on beam properties. Betatron
tunes depend on the beam optics, which are mainly gov-
erned by quadrupole focusing strength. The betatron
tune gets shifted due to a small change Ak in the focus-
ing strength and the shift in tune is given by

1
Av= HJ'ﬁ(S)Ak(S)d&

(2)
In a synchrotron or storage ring, betatron tunes need to
remain constant during machine operation, which might
otherwise drift and cause beam loss via resonance pro-
cess. Resonance of some kind occurs when the tunes of
horizontal and vertical plane, v, & v, satisfy

3)

where m, n and P are all integers. The order of res-
onance is defined as sum of absolute values of m and
n. This order determines the strength of the resonance
and impact on the beam which decreases as the order
of resonance increases. When P is multiple of machine
superperiodicity, the resonance excitation is sensitive to
systematic errors in the lattice elements. These reso-
nances are called structural resonances and are likely to
be strong. The family of resonance lines represented by
the above equation fills the whole betatron tune space
and it is difficult to find a working point for the ma-

mv,+nv,=P,

chine operation that is sufficiently free from low order
resonances. In addition, all of the resonances have some
thickness, which is called stop band width, that further
reduces the safe space. The stop band width depends
on the alignment precision of the magnets and magnetic
field errors. Resonances with v, , =P are driven by the
magnetic field imperfections of the dipoles. If any of
the horizontal or vertical betatron tunes is an integer
value, then a dipole magnet imperfection will lead to a
transverse kick of the electron orbit each time the elec-
tron passes the respective magnet. The kicks add up ev-
ery turn. This, therefore, leads to increasing oscillation
amplitudes, until the electron eventually hits the beam
pipe. Similarly, quadrupole field imperfections drive res-
onances with 2v, , = P and sextupole fields primarily
drive resonances with 3v, . =P etc. The resonance lines
are the manifestation of imperfections of the magnetic
fields and they are harmful for the survival of the elec-
tron beam if the operating tune point satisfies the reso-
nance equation. When the operating tune point is placed
close to a resonance line, the electron beam trajectories
in phase space become distorted and the beam becomes
unstable, which may eventually be lost or scraped by the
machine aperture. This phenomenon affects the beam
lifetime and injection efficiency.

A small variation of quadrupole strength will cause
large betatron oscillations if the respective betatron tune
is close to an integer or half integer resonance. The max-
imum focusing error, Ak/k that can be tolerated may be
as small as a few 1073, depending on the distance of the
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betatron tunes to the next resonance line. But the fo-
cusing errors in synchrotrons may be much larger due to
various physical effects, such as imperfections in magnet,
hysteresis effect and saturation of magnetic fields etc.
Therefore, betatron tunes of a ramped storage ring such
as Indus-2 is usually stabilized by some kind of dynamic
magnet field correction, which is made by the betatron
tune feedback mechanism.

3 Possible reasons of tune shift

Betatron tune plays a crucial role in the performance
of a synchrotron light source. In reality, a variety of dif-
ferent sources can result in the drift of the actual tune
value, and they are mentioned below.

1) Gradient errors in quadrupole magnets.

2) Closed orbit perturbations and misalignment of
sextupole magnet.

3) Hysteresis in the magnets of the machine that em-
ploy energy ramping.

4) Interaction of electrons and residual gas molecules.

The gradient error in the quadrupole comes from the
power supply noise, which is random in nature. Due to
this phenomenon, a change in betatron tune occurs in
Indus-2 by an amount 0.0003, which is estimated using
the code Accelerator Toolbox (AT) and taking the real
data of power supply noise. Although it seems, that this
tune shift is not a significant contribution, it adds to the
total tune shift. If a quadrupole magnet has an offset or
misaligned w.r.to the electron beam central trajectory,
the beam will experience an unwanted kick and generate
a closed orbit distortion that can result into tune shift.
Horizontal orbit deviation in chromaticity correcting sex-
tupoles creates a shift in tune in both the planes due to
the feed down effect; that is, the beam experiences a
quadrupolar field when it goes off center horizontally at
a sextupole magnet. Since the beam based alignment is
not yet performed in Indus-2, there may be a significant
orbit offset present at the sextupole magnet. Indus-2 op-
eration involves two energy regimes; that is, the electron
beam is accumulated at injection energy of 550 MeV and
then ramped to its maximum designed energy of 2.5 GeV.
As a result of the hysteresis phenomenon, the residual
magnetic field effect on betatron tune is noticeable. To
cancel out this impact on tune, a procedure of cycling of
magnets is adopted and after cycling three times it was
observed the effect is minimized. An electron beam cir-
culating through the vacuum chamber ionizes the resid-
ual gas molecules present in the chamber. Under certain
conditions, the positive ions are trapped in the negative
potential well of the beam, this phenomenon is called ion
trapping. Electron bunch experiences a focusing force
from the accumulated trapped ions and this also causes
the betatron tune shift.

4 Requirement of tune feedback

In the Indus-2 storage ring the betatron tune varies
during beam current accumulation, as observed from
measured data, and this tune variation is the reason for
the poor rate of the beam accumulation. The measured
tune value at injection energy in the Indus-2 storage ring
for operation of several days is shown in Fig. 2. It can be
observed that the tune varies up to 0.01 in a single run,
and from run to run this value goes up to 0.02. These
variations in tune during beam injection bring hurdles to
smooth beam accumulation. It was observed that main-
taining the fractional part of tune at [0.278, 0.152] with
allowable variation of +/—0.001 facilitated smooth beam
accumulation. This tune point is away from disturbing
low order resonance lines and, hence, does not pose a po-
tential threat to efficient operation. Since this tune vari-
ation is random in nature, feed forward correction does
not hold good to control the tune. Thus, a tune feed-
back is required to automatically correct the tune values
when they go off from the desired values. The main task
of feedback is to control random, non-predictable fluctu-
ations in the accelerator parameters, which may be due
to internal or external noise. The control of the tunes in-
volves a clean measurement of the tunes and setting up
a proper feedback. This helps in stabilizing the machine
optics during the machine operation.

measured betatron tune at injection energy during beam accumulation
T
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Fig. 2. (color online) The betatron tune variation

at injection energy for several beam accumula-
tions. Upper part: Horizontal tune, Lower part:
Vertical tune.

5 Tune feedback system for Indus-2

Indus-2 tune measurement system is based on the
continuous harmonic excitation method [4]. The mea-
surement system employs a spectrum analyzer equipped
with a tracking generator. A PC through GPIB bus
controls the spectrum analyzer to apply the required set-
tings and acquire the spectrum data. The span and res-
olution bandwidth of the spectrum analyzer were set to
1.738 MHz 1 kHz, respectively. The resolution of this
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Fig. 3.

tune and measurement system amounts to 0.0005 tune
units. To automate the measurement process, a control
program with MATLAB based graphical user interface
(GUI) has been developed [5]. The schematic diagram
of tune feedback control loop [6] is shown in Fig. 3. The
system bandwidth is 0.1 Hz and the residual variation
is £0.0005. The required changes in the quadrupole are
obtained using the PI control to make the system stable
and to enable fast convergence. The PI coefficients are
optimized during tune feedback operation using Ziegler-
Nichols method.

6 Choice of quadrupole family for beta-
tron tune correction

To correct the betatron tune in horizontal and ver-
tical planes, a minimum of two quadrupole families are
required: one is a focusing type and the other is a de-
focusing type. Here, we restrict the maximum num-
ber of quadrupole family to be used to two out of five
quadrupole families. Since the Q4F and Q5D families are
located in the achromat, these quadrupole families are
not used for this purpose. The sensitivity of the remain-
ing three quadrupole families was checked by measur-
ing betatron tune w.r.to change in current of quadrupole
family one by one in Indus-2, two of which are shown in
Fig. 4. The measured data reveals that per unit change
in Q1D current produces considerably less tune shift in
both the planes and, thus, is not very sensitive to tune.
Hence, out of the five families, two quadrupole families
are judiciously decided for use in tune feedback, which
are Q2F and Q3D; that is, these two quadrupoles pro-
duce maximum tune change with minimum change in
their current. The quadrupole families chosen for this
purpose are in the non-dispersive arc and are most ap-
propriate because of their decoupled tune sensitivities.
Using the real machine, the tune response matrix was
calculated by measuring the change in betatron tune in
both planes with reference to the change in quadrupole
current. In the measurements, the kick size was chosen

(color online) Schematic diagram of tune feedback system.

to create a minimum detectable tune change by the tune
measurement system so as to have a good noise to signal
level. This is measured several times and the results are
consistent with each other.

In Fig. 4(a) the linear dependency of the change in
tune and variation of quadrupole current is not well es-
tablished, although it is expected. This measurement
was taken several times and at different current levels,
but exact linearity could not be obtained in our machine.
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Fig. 4. (color online) Quadrupole sensitivity to be-

tatron tune for the quadrupole families Q2F &
Q3D. Red line: percentage change in Quadrupole
current X 100. Blue line: Percentage change in
horizontal tune. Green line: Percentage change
in vertical tune.
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This abnormal shift in tune may be attributed to some
other phenomena, such as ion trapping, which can cause
tune shift. However, to get the realistic tune transfer
matrix for the feedback, the portion in the graph up to
which linearity is maintained is taken into account. This
tune transfer matrix is measured again, which shows that
the repetition of the linear part and the coefficient ma-
trix works satisfactorily, thereby correcting the tune in
the feedback system.

7 Results and observation

Software code is developed for the tune feedback
system that runs on the real operating machine. The
code has been written in order to permit the operator
to set the betatron tunes to any desired values, using
quadrupoles in the non-dispersive straight sections. A
graphical user interface (GUI) is made that displays the
resonance diagram up to 6" order with the measured
tune values flashing on it, which facilitates visualization
of how far the measured tune point is away from the
nearby dangerous resonance lines. The program is writ-
ten in MATLAB environment, which provides an ex-
cellent and interactive GUI, and which also interfaces
to hardware of the machine. The main philosophy of
the design was based on creating panels that would be
user friendly as far as possible with the required safety
features. The graphical user interface for the program
displays the measured tune and reads the power sup-
plies currents of all the quadrupoles from the machine.
An operator, just by editing the desired tune value, can
start the program to perform betatron tune corrections
on the machine. The measured tune value (v, v,) is
subtracted from desired tune value (v rgr, Vyrer) to Ob-
tain tune error (Av,, Av,). PI control rule is applied
to multiply the tune error and the inverse of the pre-
measured tune transfer matrix to calculate the required
changes in the quadrupole power supply currents [7, 8].
For small changes of excitation currents of quadrupoles,
the variation of tunes depends linearly on the current
increments. The linear equation between the change in
tune and change in quadrupole current is mentioned be-
low:

v=A-AI, (4)
AT = A'Av,
Al/;c _ Q11 (o AIQF (5)
Al/y Qg1 Qlgp AIQD ’
Av, Av,
A — AIQF AIQD
Av, Ay,
Algr Algp

Using the tune transfer matrix for Indus-2 the coefficient
matrix at injection energy of 550 MeV is measured and
is given as

= . (6)

0.744694 —0.18032
—0.1031 0.248232

The tune feedback system calculates the required delta
currents to be added or subtracted in Q2F and Q3D
quadrupole families. The desired tune is approached in
several steps with 20% of full correction in each step.
Each step output is displayed in the mesh of resonance
lines. The betatron tune is measured once every 10 sec-
onds and correction through feedback in both the planes
is applied, all of which takes nearly 30 seconds. The tune
values during beam current accumulation were plotted
in resonance diagram for both modes (i.e. tune feedback
OFF & ON) and they are shown in Fig. 5. This figure

(a) tune feedlck ORF T 7
ke g —
X
. !
<€y
6.20
~
- o
>
X ;
j <
[] A%
* » )
6.15 R
*
2’1%31/
ol X3
/v;*lv‘ 1 7
6.10
(b) tune feedba¢k ON,_ . ) /
g -~
L
g '
&
6.20 >
. 7
> QX
/.
‘ A%
-
615 $
o
_ \ J'\\\?
Y i g
6.10 .
9.20 9.25 9.30 9.35
V.\‘
Fig. 5. (color online) Variation of betatron tune

during beam current accumulation with tune feed-
back OFF and ON with resonance diagram upto
5th order. Blue line: 2nd order resonance, Red
line: 3rd order resonance, Green line: 4th order
resonance, Black line: 5th order resonance.
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shows that without the feedback, betatron tune is shifted
and it crosses the 3rd, 4th and 5th order resonance lines
[9]. The equations of these resonance lines are

—v,+2v, = 3, (7
dv,—v, = 31, (8)
2v,+3v, = 37, (9)
3v,+v, = 34. (10)

Out of these resonance lines, the 3rd order line writ-
ten in Eq. (7) is stronger and partial beam loss occurs
while the tune crosses this line, as shown in the red
color in Fig. 5. Near this difference resonance, the cou-
pling transfers energy from horizontal to vertical motion
and, thus, the amplitude in the vertical plane increases
periodically. These particles are eventually lost at the
physical boundary of vacuum chamber. This 3rd order
resonance should not be driven if the 8-fold symmetry
of the Indus-2 lattice were perfect. However, we have
found this resonance troublesome, which indicates that
a sizable amount of sextupole errors were present in the
Indus-2 storage ring. With the feedback put ON, the
tune shift is under control and away from all resonance
lines, as shown in Fig. 5(b), and smooth beam accumu-
lation occurs. From Fig. 5(b) it can be seen that the
tune point momentarily crosses the fourth order reso-
nance line, at that instant it was found that beam ac-
cumulation rate becomes poor but no partial beam loss
has occurred. This may be due to the weak strength of
resonance line being a higher order one.
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Fig. 6.
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Before the installation of the tune feedback systems,
the betatron tune was corrected manually by iterative
modification of quadrupole current. In case of rapid
changes of the betatron tunes, it was not possible to
correct the tunes with sufficient precision and the cor-
rection often showed an oscillatory pattern. The tune
feedback provides a real-time correction of tune drifts.
In the Indus-2 storage ring, one typical beam current ac-
cumulation at 550 MeV is shown in Fig. 6 and the mea-
sured tune in both horizontal & vertical plane is shown as
the beam current accumulation increased up to 110 mA.
From the figure it is clearly observed that, when the tune
feedback is OFF, the tune variation is large and this cre-
ates trouble in beam accumulation. After putting ON
the tune feedback, the beam accumulation is smooth and
at the same time the tune variation is lower in compar-
ison with the earlier case. Also, with the addition of
the tune feedback system, the beam injection rate has
improved by 20% over that without tune feedback.

At the final energy of 2.5 GeV, the stability and
reproducibility of tune point is of utmost importance
to maintain a beam orbit that provides the customary
source point location to the Indus-2 beam line users. It
was observed that the drift in tune at 2.5 GeV is small, of
the order of 0.002, and it has not so far created any trou-
ble for the users. However, in the future, after the intro-
duction of insertion devices (IDs) in the storage ring, the
tune feedback will be required at the final energy. Con-
sequently, the existing tune feedback method will need
modification because the tune value has to be fixed irre-
spective of the gap opening in several IDs. At that

(b) tune feedback ON

Wy S

vertical tune

W

— horizontal tune

beam current

12:00 12:20 12:30 12:40 12:50
time/h

(color online) Beam current accumulation with tune feedback ON and OFF.
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time the tune variations will be compensated by the ad-
justment of the lattice optics, either local compensation
of tune, which corrects the tune shift by only powering
of adjacent quadrupoles, or global compensation, which
uses several quadrupole of the ring. In the future there
is also a plan to upgrade the tune measurement system
so that the measurement and correction will take place
at a faster rate.

8 Conclusion

The tune feedback system is developed and tested
in Indus-2 and is demonstrated to reduce the tune shift
during the beam accumulation at a beam injection en-
ergy of 550 MeV. The application of tune feedback has
proven to be extremely useful during the machine op-
eration, giving an excellent control of the machine and

at the same time facilitating operations that otherwise
might have been tedious and time consuming. This tune
feedback controls the betatron tune in both the plane
within the range of 0.001 and without tune feedback,
the maximum tune shift occurs up to 0.01. Presently,
the time interval between every correction in the tune
feedback is 30 s which is rather large. Although this
does not cause trouble during beam accumulation, the
time between successive corrections needs to be reduced
when the feedback is operational during energy ramping.
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plete this work. They also thank the shift crew members
of the Indus accelerator complex for their help during the
experiments conducted in the Indus-2 storage ring.
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