PAUL SCHERRER INSTITUT

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich p—

ETH ZURICH
PSI

MASTER THESIS

Measurement of beam energy
spread from kicked beam
decoherence at the SLS storage

ring

Supervisor:
Dr. Andreas STREUN
Dr. Andreas ADELMANN

Author:
Davit MAYILYAN

August 29, 2014



Abstract

The energy spread of the beam is important for understanding the col-
lective effects like turbulent bunch lengthening and intra-beam scattering.
Beam positions from all BPMs was obtained and merged using theoretical
values of beta functions and phases. Local sine fits in a sliding window over
the BPM data were used to interpolate the amplitude of the beam oscil-
lation. A fit of the theoretical decoherence formula was performed to the
amplitude data.

Vertical and horizontal beam excitation were studied with different pinger
currents and for different chromaticity settings. The bunch current was var-
ied to study the dependence of the energy spread on the bunch current and
prove theoretical models and previous measurements on turbulent bunch
lengthening.
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1 Introduction

Beam physics studies require measurement of bunch parameters in all 6 dimen-
sions: transverse emittance can be measured by optical beam size determination
and by different methods of beam optics measurements. The bunch length can
be measured using a streak camera. The energy spread of the beam is impor-
tant for understanding the collective effects like turbulent bunch lengthening and
intra-beam scattering, leading to current dependent blow-up of the electron bunch.
There are several methods of measuring the energy spread: beam size measure-
ments in dispersive and non-dispersive regions, widening of undulator spectra [1],
and response of the beam to transverse excitation. The last one can be resonant
[2] or kick excitation [3], which is the method used in this work.

The betatron oscillations of the particles in a transversely excited beam due
to non-zero chromaticity will to go out of phase, resulting in decrease of the beam
average position. This effect is called decoherence and will lead to the decrease
of the apparent beam position measured by the beam position monitors. Along
with this decoherence there is also a recoherence effect caused by the synchrotron
oscillations over one period.

The time-variation of the beam position monitor signal due to decoherence
and recoherence has been calculated in [11], analysing its dependence on energy
spread, chromaticity, synchrotron tune and other parameters. In this work the
energy spread of the beam is found using the information about chromaticity and
synchrotron tune. To get the chromaticity value, tune values were measured using
the correlation between the tune the and RF-cavity frequency through momentum
compaction factor. To estimate the synchrotron tune, the Fourier spectrum of the
beam position was examined. The amplitude of betatron oscillations was obtained
by combining the data from all 73 BPMs of the SLS storage ring and fitting them
with local sine function of betatron oscillations. The resulting behaviour of the
amplitude was fitted with an envelope function taking the first order chromaticity
as a given value, and second order chromaticity and synchrotron tune as variables
with initial guesses discussed above. The resulting energy spread values were
plotted against the beam current.



2 Beam dynamics

2.1 Summary of stored beam dynamics
2.1.1 Charged particle in the ring

To understand the influence of the magnets on the motion of the particles let’s
consider a particle in the magnetic field, moving perpendicular to the field lines of
the magnet. The coordinate system is defined by z along the tangent to the design
orbit, x transverse to the motion along the radial vector and y perpendicular to
the plane of the circular trajectory (Frenet-Serret frame).

It is well known that such particle’s motion will outline a circle of radius R and
its motion will be described with the following formula

1 e
W = 5Bz(x7y7 z). (1)

Above B, is the field perpendicular to the particle orbit, e is the charge of the
particle and p is its momentum. Since transverse dimensions of the beam are
negligible compared to the radius of curvature, we can expand both sides of the

eq. @) around the nominal trajectory:
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Terms in the right hand side of the eq. (E) expansion correspond to different
types of magnets: dipole, quadrupole, sextupole and octupole. Dipoles are used
for the bending of the beam. Quadrupoles focus the beam. Sextupoles are used
to compensate for the chromatic focusing errors of the quadrupoles. Chromaticity
and chromaticity compensation will be discussed in detail in section @ Detailed
behaviour of charged particles in magnets can be analysed theoretically by solving
the equation of the motion for the approximated Hamiltonian.

2.1.2 Periodic solution of the Equation Of Motion (EOM)

With discrete magnetic elements, the fields are piecewise constant and can be
described by maps, relating the coordinates at entry to those at exit of the element.



In a storage ring, concatenation of the element maps results in the one-turn map.
Stability requires the existence of a periodic solution of EOM: the closed orbit is
a fix-point of the one-turn map. The periodic solution is given by the eigenvalues
of the Jacobian of the map at the closed orbit (linearisation). The stable solution
of the EOM is defined by the condition that eigenvalues are imaginary, which
are given by the expression exp(4i27v), where v is called tune, the number of
oscillations of a particle in one turn.

The linear maps of dipoles and quadrupoles are matrices, so concatenation
of these elements can simply be done by matrix multiplication. But this is not
applicable to non-linear elements like sextupoles. However, once the orbit (fixpoint
of non-linear one-turn map) has been found, the field of non-linear elements may
be linearised locally in order to establish the Jacobian for calculation of the tunes.
This is relevant for chromaticity correction with sextupoles, see figure @

To get the EOM we assume that z < R, y < R and that the energy deviation
is very small Ap/p < 1. Assuming high energies (7 > 1) hereafter we define
0= % = %. The EOM takes the form:

2(2) + (i - k:(z)) 2(2) = =5,
R? R

y'(2) + k(2)y(2) = 0,
where k(z) is the strength of the quadrupole (k < 0 is defined as a horizontally

(3)

focusing quadrupole, and k > 0 as a defocusing).

2.1.3 Dispersion and momentum compaction

In case of a pure dipole (1/R # 0 and k& = 0) from eq. (a) for off-momentum
particles (6 # 0) we get:

1 1

For the case of § = 1 we define a special trajectory D(z) and name it dispersion
function. Rewriting eq. (@) we get:

1 1
D"(z)+ ﬁD(z) =3
Solving this we will get
D(z) cos¢p  Rsing R(1—coso) Dy
D'(z)| = | —%sing cos¢ sin ¢ - | D§ (5)
1 0 0 1 1



where ¢ = % is the deflection angle and R is the dipole radius. Equation (B)
represents the dispersion for the dipole. Particles with non-nominal energies follow
dispersive trajectories and are described by xp = D(z)d. Radial position of a
particle in a dipole will be: R = Ry + xzp. The length of the path travelled by
an off-momentum particle will be L = Ly + [ Rd¢g, where integration is over all
dipoles in the ring and Ly is the length of straight lattice sections (quads, drifts
etc.). So, dependence of pathlength L on momentum deviation ¢ can be found by

differentiation and using d¢ = dz/R:

dL [ D(z)

We define the momentum compaction factor « as

ALJL
a=— (6)

2.1.4 Beta function and betatron oscillations

As discussed above, the motion of a particle in the accelerator can be described by
multiplication of individual element’s transformation matrices. Dispersion gave us
the off-momentum orbit behaviour. Now we investigate the motion of an ensemble
of particles. We consider the on-momentum case (6 = 0) of eq. (a) and include the
dipole focusing terms K,(z) = gz — k and K, (z) = +k for horizontal and vertical
focusing respectively, with

u" + K, (2)u =0, (7)

where w is the horizontal or vertical axis (z or y) and K,(z) is the distribution of

focusing along the beam line. We take the ansatz

u(z) = Av/B(2) cos[ih(2) — 4al, (8)

where A = v/2J is an invariant amplitude and J is the the Courant-Snyder in-
variant. Solving eq. (B) gives

yu? 4 20m’ + Bu? = A?, (9)
where (5, a = —% B and v = 1+60‘2 are the Twiss parameters [4]. Remembering that

for uniformly distributed betatron phases the average of sin?(z) or cos?(z) is 1/2,
we define the beam emittance . It is a statistical quantity calculated from eq. (B)

e = /(22 (2?) — (w2)? = () (10)

7
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Figure 1: Ellipse of particle motion in the phase space defined by the Twiss pa-

rameters. Picture taken from [B]

We choose A = /¢ as a characteristic amplitude defining the whole beam.
Then, the eq. (Q) describes an ellipse of area me in phase space. Moreover, it
represents a motion of a particle along the contour of the ellipse defined by Twiss
parameters (fig. El) Along the design orbit the shape of the ellipse will change due
to the transformation of Twiss parameters along the ring. Furthermore, due to
the Liouville’s theorem, a particle starting on an ellipse will stay on it during its
motion. Thus, the ellipse corresponding to a particle with some betatron amplitude
will confine the motion of all particles with smaller betatron amplitudes. In other
words, particles with smaller betatron amplitudes will oscillate within this ellipse.

Ignoring the phase term in eq. (B) we get the beam envelope

E(z) = £AVB(s), (11)

where the sign + indicates the presence of an envelope on two sides of the beam

(fig. B).



particle trajectory

envelope

Figure 2: Top: the evaluation of the particle in the envelope. Bottom: trajectories
of many particles in the envelope. Picture taken from [B]

2.1.5 Phase focusing and synchrotron oscillation

Radio frequency (RF) cavities are used in a synchrotron to accelerate particles and
in a light source storage ring to compensate for the energy loss due to synchrotron
radiation. The effect of the cavity on the beam is explained below.

For simplicity we assume that particles have some fixed velocity, for example
velocity of light (v = ¢). An ideal on-momentum particle with § = 0 travels along
the nominal trajectory fixed by lattice design of the ring and has the nominal
phase Uy relative to the RF voltage when it passes through RF-cavity. Here the
energy required by the particle to compensate for losses from synchrotron radiation
and for acceleration, is supplied exactly. A particle whose momentum is too high
(0 > 0) will travel along an outer dispersive trajectory, travelling a distance longer



N

|

Figure 3: Phase focusing of particles in a circular accelerator. Figure is taken from

[4]-

than the nominal trajectory. Therefore, it will arrive at the cavity later, with a
bigger phase ¥ = Uy + AV, and so it will see a correspondingly smaller voltage
(see fig. B) As a result it is accelerated less than an ideal particle and it will come
closer to the nominal phase in the next turn. The opposite is happening to the
particle with smaller energy. It gains more energy than the nominal and catches
up with the nominal phase. So, particles oscillate around the ideal phase and so
are kept stable within the accelerator. This longitudinal periodic particle motion

around the nominal phase is called synchrotron oscillation [6].

2.2 Chromaticity

One of the parameter requirements for a light source like SLS is the photon beam
brightness, which is preferable to be as high as possible. In order to get higher
brightness, strong quadrupole magnets are used to focus the beam.

These strong quadrupole magnets give us lower emittance which results in
higher brightness of outgoing photons. The spread of beam particle energies will
result in different focusings by the quadrupole. Particles with higher energy are
focused less than particles with lower energy. This phenomenon is called chro-
maticity and is illustrated in fig. @ In order to correct this aberrations in the
focusing one introduces sextupole magnets in the storage ring at points where the

10



quadru pglirz sextupole

Figure 4: Picture shows the unequal focusing of quadrupoles depending on the
energy. The sextupole correction of the chromaticity is also shwon. For high
energies it has a focusing effect and for low energies it has defocusing effect. Figure

is taken from [B]
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Figure 5: Non-linear elements like sextupoles perturb the elliptical shape and thus
may introduce instabilities.
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Figure 6: A deviation from the sextupole center provides a focusing or defocusing
effect.
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dispersion is not zero. So, sextupoles can be used both as a focusing element
for higher energy particles and as a defocusing for lower energy particles (see fig.
@) Beside, eliminating the quadrupole induced chromaticity, sextupoles introduce
other effects, particularly non-linear perturbations (figure B) The dependence of
quadrupole and sextupole position is shown in fig. . As it can be seen the field has
a linear dependence on transverse position whereas the sextupole has a quadratic

dependence.

2.3 Radiation equilibrium

Energy loss from the beam is a result of emission of y-particles from the beam and is
called synchrotron radiation. As we know from the theory it is a discrete process
and particles are emitted in quanta of energies. Emission of a discrete energy
portion gives a recoil on the trajectory of an electron. Emission of a quantum is
very small and is less than p/~c, where p is the radius of curvature of the trajectory
and v is the electron energy in units of its rest energy. Since the emission time
is much smaller than the period of betatron or synchrotron oscillation, we can
consider the emission as an instantaneous kick. Energy of the electron is much
larger than the energy of the emitted photon, the emission of successive photons
can be considered as purely random, statistically independent processes.

The emission of a photon disturbs the trajectory of the electron and excites
oscillations. Cumulative disturbance of trajectories of many particles in the beam
result in amplitude growth. The opposite effect is the radiation which is a dissi-
pative process, leading to damping. At some point these two contradicting effects
will be balanced, i.e. the excitation will be balanced by the oscillation damping

.

2.3.1 Radiation damping

Photon emission causes loss of a particle’s momentum both in longitudinal and in
transverse planes. This process is called damping and affects the motion of the
beam. Damping is a quasi-continuous process, where the particles lose momentum
by radiation successively. Afterwards, the momentum of the particles is restored
in the RF-cavity but since the electric field in the RF-cavity is oriented along the
longitudinal direction, only the longitudinal component of the particle’s momen-
tum is restored. The interplay of these two effects leads to the process of radiation

13



damping, where the longitudinal momentum asymptotically approaches the de-
sign value while the transverse momentum approaches zero. Damping changes the

—Qy

synchrotron oscillation amplitude by reducing it by A = Age~%!, where «, is the

damping coefficient along the trajectory [8]. The synchrotron oscillation damping
time is defined as 7, = 1/c,. The rate of change of the amplitude will be

dA? 2,
() 2

2.3.2 Quantum Excitation

Due to the recoil from photon emission, the particle momenta are randomly
changed. This is a statistical process leading to an energy spread within the beam.
To evaluate the effect of quantized emission of photons on the particles’ energy
spread we discuss particles performing synchrotron oscillations in a way that an

energy deviation of Ay at time t; will lead to an energy error of
At) = AyeHt=to)

at time ¢.

Due to transfer of momentum from the particle to a photon, emission of a
photon will lead to a change of a particle’s amplitude. The emission of a photon
of energy € at time t; will cause a change of synchrotron oscillation amplitude

Al _ AoeiQ(t—to) o EGiQ(t_tl).

Because the times at which photon emission occurs is random we have for the
average increase in oscillation amplitude due to the emission of a photon of energy
€

(A AZ) = (A2 A2) = &2,

The rate of amplitude change due to the quantum excitations is obtained by av-
eraging over the ring:

where /\./'ph is the total photon flux and n(e€) is the number of photons of energy

€ emitted per unit time and energy bin de. Due to the dispersion diffusion of
the longitudinal momentum translates to diffusion of the horizontal momentum.
Therefore, we get excitation in the horizontal plane, but not in the vertical plane.

14



2.3.3 Equilibrium of damping and quantum excitation

Section described a process which leads to loss of energy and decrease of
the amplitude, while the section described an effect resulting in an increase
of amplitude. Therefore, in order to have a stable beam these two effects should
compensate each other. Equilibrium state of excitation and damping will be
. 2
(Non (&) = =(4%) =0. (13)
By evaluating eq. (@), the energy spread is derived [§]

55 hc , (|h?])
05 = 2/7 2 )
32v/3moc? " (h?) J,

where C,, = %% = 3.84:1073m, h = 1/R is the orbit curvature in the bending

magnets, J; = 2, Ty Fy /Uy the longitudinal damping partition number (7j is time

(14)

for one turn, Ey beam energy, Uy radiated energy per turn) and v = E,/mc?.
Using the parameters for SLS (R = 5.7m, J; = 2, E = 2.4 GeV) we get the energy
spread of o5 = 8.6 - 1074

Due to the central limit theorem of statistics, the particle distribution has

Ne x? y?
p(z,y) = expl—55— 55
y

2m0 .0y

Gaussian shape:

with the standard root mean square of o2 = % (A%) with u = z,y and 02 = 0.

2.4 Decoherence theory

The energies of the particles in the beam have a Gaussian distribution with the
rms energy spread given in eq. (@) After transverse excitation of the beam
with a fast kicker (pinger magnet), all particles will perform betatron oscillations.
In case of non-zero chromaticity, the individual betatron tunes of the particles
depend on their momentum, so they accumulate different betatron phase while
propagating, and their betatron oscillations get out of phase - a process named
decoherence. As a consequence, the value for the beam position, i.e. the mean
value of all particles’ coordinates, as measured by a beam position monitor (BPM),
will decrease. However, all particles have the same mean energy if we average over
one period of the synchrotron oscillations, thus they accumulate the same betatron
phase independent of their individual momentum, and a recoherence is observed

15



after each integer multiple of the synchrotron oscillation period. Due to non-linear
effects like higher order chromatiticy and amplitude dependent tune shifts, the
decoherence is only partially reversible, and a slow decay of the beam oscillation is
observed. This effect can be seen on one BPM’s data shown in figure H Dispersion
in the horizontal plane will not be an issue as the mean over the dispersion orbits

equals to zero.
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Figure 7: Signal from one BPM over 1000 turns. The coherence-decoherence

pattern of the signal is clearly seen.

The particle position in the n'® turns is given by pseudo-harmonic oscillation

formula
x(n) = rcosp(n), (15)
where r = v/2J4/B with 3 the function at the BPM, J the Courant-Snyder invari-
ant, and ¢(n) the betatron phase at n'® turn. After N turns the phase advance
Is
N
o(V) = 9(0) =2 [ vim)dn (16)
0
where v(n) is the betatron tune in n' turn. ¢(0) is the betatron phase at 0* turn.

For an ideal particle (z =y = 0 = 0), v(n) is equal to the nominal betatron tune

16



vo. The non-zero values of the first and second-order chromaticities and amplitude
dependent tune shifts result in different betatron tunes. The total tune shift with
respect to the nominal tune will be expressed as

ov,
0J,

v,
0Jy

Avy(n) = E.10(n) + E,90%(n) + (Jz) + (Jy)s (17)

where £, and &, are the first and second order chromaticities and the last two
terms are tune shifts due to the Gaussian distribution of betatron amplitudes
related to the beam emittances. Eq. () is for the horizontal tune, of course a
corresponding equation exists for the vertical tune. Only the first term with &; is
linear and reversible, the other terms are non-linear and always lead to decoherence
only.

Momentum deviation and longitudinal 7 coordinate change along the trajectory
due to the synchrotron oscillation are expressed by

d(n) cos2mvgn  sin2wvsn \ [ 0o
= , , (18)
7(n) —sin 2wvgn  cos2mvgn | \ 1o
where 7 = As/o; is the particle longitudinal coordinate normalized to the rms

bunch length.
Motion of the beam is described by the formula

(x(N)) = /Bepu/Bx A’ AN)H(N)e M™)

. (19)
sin(P(N) + Q(N) + 2nvyN),

where Sppys is the § function at the BPM, Sk is the 5 function at the pinger, Az’
is the kick applied by the pinger.
Parameters A(N), H(N), M(N) mentioned in the eq. () have the following

form:

1 2 (4mpyN)?

A(N) = exp (_w_ (s, N) 5 ) (20a)

V1 (471, N)2(1 + (4742, N )?) 2 1+ (4mpeN)?)
H(N) = [1 4+ 2KX(T? +sin®T) + K3(T* — sin® T)?]~W/4 (20b)

K#(1 —cosT)
M(N) = L 2
) = T2k + sm 772 (20c)
where,

K, = UZ& (20d)
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Vs
T = 27v, N (20f)
ov, v,
Ha =Sy M= Eug (20g)
ov ov,
Hyz = Ex aji Moy = 5y8_(]y (20h)
/
w = PBT (20i)
o

and where Az’ is the pinger amplitude and w is the kick in units of o,.

Here & and & are the first and second order chromaticities. vy is the syn-
chrotron tune and o4 is the energy spread. H(N) gives irreversible, non-linear
decoherence due to the second order chromaticity. As we see the modulation
deepness M contains information about the energy spread. Particularly K; and
K5 contain all crucial parameters giving the modulations. The second order chro-
maticity in M is responsible for the decrease of modulation depth in time. A
defines decay of decoherence due to a dependence of betatron tune on the oscilla-
tion amplitude and thus a diffusion due to the finite beam emittances. P and @)
are slow phase modulations which are not used further, because we will evaluate
only the envelope curve of the beam oscillation.

2.5 Turbulent bunch lengthening

Turbulent bunch lengthening (TBL) is the increase of bunch length and energy
spread beyond a threshold value of bunch current, I{". TBL is related to the
interaction of the field of particles with the pipe.

The energy spread behaviour due to TBL is:

I, 1/3
T = (ﬁ) for I > Ii", (21)
b

where x is the energy spread or bunch length normalized to the value at zero
current, [, is the current per bunch, I{* is the threshold current for the onset
of TBL and related to the broadband impedance of the machine. TBL leads to
an increase of energy spread above a threshold current. For the SLS a threshold

18



current of &~ 1.1 mA for the bunch had been found [5], so the energy spread
behaves approximately according to the following relation:

%0~ (LImAJJ1.1)5 for T, > I" (22)

Oe0

2.6 Third harmonic cavity

A usual requirement for the synchrotron source is high brightness of photons. High
brightness means high currents which lead to the loss of particles, i.e. to beam life-
time decrease. For improving the beam lifetime in high brightness operation mode
the bunches are lengthened by means of a third harmonic cavity [12], resulting in

an improvement of beam Touschek lifetime by a factor of about 3 at the SLS.

3 Data acquisition

3.1 Setup

Data acquisition from the BPMs is done with a control system package named
EPICS [13]. The Experimental Physics and Industrial Controls System (EPICS)
is an established framework for the development of distributed control systems in
the field of particle accelerators, particularly in SLS [14].

Horizontal and vertical plane data are obtained from the BPMs in turn-by-turn
mode. Turn-by-turn mode means that there is no averaging over turns, which
means that beam position at a given turn isn’t affected by the previous turn(s).
They were read out in one call in EPICS. One-call readout is important to examine
possible correlation effects between coordinates.

The data from the horizontal plane are written first and the data for the vertical
plane afterwards (see table E] for the data file structure). Overall there are 73
BPMs, thus 73 x 2 lines (+1 information line). The first information line contains
general information: in which mode the data were taken and the corresponding
file-name including the path. the file-name in this line and time in general is
written in the following format: DDMMMhh:mm:ss.dat. The first column indicates
the plane of the kick: 0 for horizontal and 1 for vertical kick. The second column
is the identifier of the BPM, which will be discussed below. The next columns
contain the data, i.e. beam centroid position for 1000 turns.

19



To identify data coming from different modules of accelerators a general naming
convention was introduced [15]. First two columns of file m are explained in the
sketch below.

0 ARIDI  — BPM —  01LB : WE-X-1
~— L N—— ~——— ~—— N——
0/1 A = Accelerator module sector no, attribute
horizontal RI = Ring identifier = BPM indentifier
or DI = Diagnostics
vertical

For each parameter setup measurements were taken 10 times from statistical
considerations, because sometimes BPMs fail to measure the beam position. All
these files were cleaned up and prepared for further analysis using simple Mathe-
matica code.

# | File content

1 | BPM Data (73 Waveforms) in Turn-Turn Mode,File: /path/30Apr11:24:45.dat
2 10 ARIDI-BPM-01LB:WF-X-1 7.6025  0.2943 -0.887456
310 ARIDI-BPM-01LE:WF-X-1  11.0775 0.0368924 0.130838
4 |0 ARIDI-BPM-01LD:WF-X-1 13.6225 0.203052 -0.546434

751 ARIDI-BPM-01LB:WF-Y-1 7.6025 -0.0843718 -0.117673
76 |1 ARIDI-BPM-01LE:WF-Y-1 11.0775 -0.160392  0.574342

77

147

Table 1: An example of data file structure. Horizontal data set comes first and

vertical set afterwards.

As it was mentioned in sec. @ the modulation depth is expressed by the
function M (N), particularly in eqns. (@) and () These two terms contain
the energy spread with other parameters. Particularly in eqns. (@) and () we
take the synchrotron tune and 2"¢ order chromaticity as varying, whereas the 1%
order chromaticity is measured with sufficient precision to be taken as fixed. The
only remaining untouched parameter is the energy spread, which is taken as a free
parameter in the fit.
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Figure 8: Horizontal frequency dependence. Red line corresponds to chromaticity
of 9 and blue line to chromaticity of 5.

3.2 Chromaticity data analysis

The first set of parameters that should be given to the fit procedure is the first
and second order chromaticities. While the first one can be determined with small
error, the later one varies significantly and should be taken as a varying parameter.

In order to get the chromaticities first we would like to find the relationship
between the change of frequency in the RF-cavity and the momentum of particles.
Rewriting the momentum compaction factor (eq. (B)) we get:

% = ad, (23)
where L is the path length and ¢ is the relative momentum deviation. On the
other hand the path length is equal to the RF wavelength multiplied by an integer
number L = hA, where h is called harmonic number. Assuming that energies
are high enough to take the speed of particles equal to the speed of light, we can

rewrite L as
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where f is the frequency of the RF-cavity and h is the harmonic number. Path
length change depends on the frequency change of the RF-cavity:

_hedf _he
frp

The minus sign comes from the differentiation of eq. (@) Physically it corresponds

AL = Af. (25)

to the fact that higher momentum results in longer path length and vice versa.
Using equations (@) and (@) we get

AL _ 4af

7 7 (26)
Merging eq. (@) with (@) results in
_ LAf
5*_Ef7 (27)

This is the needed dependence of energy of particles on frequency change of the
RF-cavity.

For further data analysis we need to remember first and second order chro-
maticity definitions:

dv 1d%v
&= 75 S = 3 ds2 (28)
Where v is the tune defined as: A
S — 2
v 5 (29)

with A¢ the phase advance over one turn. Connection between tune and chro-
maticity is given by:
v =1y + &0+ 667 (30)

From the plot of tune versus frequency change ( frominat — fmeasured)/ frnominai ON€
can get the experimental chromaticity value. Measurements were done by starting
from some nominal RF-frequency and varying the frequency around the nominal
by -800 Hz and +1 kHz. Nominal values for horizontal and vertical tunes were
vy = 20.4385 and v, = 8.74538. Chromaticity for both horizontal and vertical
components were set to values of 5 and 9. The filling pattern was 150 mA in 150
bunches. The currents for the pingers were 60 A and 100 A respectively. The plot
with polynomial fit for horizontal axis is presented in the figure B Polynomial fit of
experimental data gives & = 4.38 +0.14, & = —162 + 77 for a set of chromaticity
of 5. Results for vertical kick are given in figure @ For a set chromaticity of 9, the
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Figure 9: Vertical frequency dependence. Red line corresponds to chromaticity of
9 and blue line to chromaticity of 5.

results are & = 8.24 £0.18, & = —191 £ 97. First and second order chromaticity
values for horizontal and vertical kicks are presented in the table E

As it is seen from the table, the tune was measured for only 2 chromaticity
values, but BPM position data was taken also for other chromaticities. Hence,
other chromaticity values were obtained from linear interpolation of theoretical
versus experimental values of chromaticity. This scheme is valid only if we assume
that the tune measurement quality is not affected by the chromaticity value. This
scheme was used not only for obtaining the first order chromaticty but also for

estimating its error value and for second order chromaticity.

3.3 Synchrotron tune

Synchrotron oscillations and the resulting synchrotron tune are responsible for
phase focusing, explained in section . Synchrotron tune is the next parameter
which will be needed for obtaining the energy spread. It can be analysed from the
FFT spectrum of the turn by turn data from any BPM.

Modulation due to decoherence and recoherence with synchrotron tune in the
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& &9
x| 4.384+0.14 | 8.24 +0.18
y | 4.95+0.14 | 8.68 £0.18

(a) First order chromaticity values from the fit.

&s &9
x| =162+ 77 | —191 498
v| 51477 | 724018

(b) Second order chromaticity values from the fit.

Table 2: Chromaticity values obtained from the polynomial fit of tune versus
RF-frequency.
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Figure 10: Betatron peak with side-bands, corresponding to synchrotron oscilla-

tion. Figure was taken from control room online beam analysis tool-kit.

24



Fourier spectrum results in side-bands (figure @) The distance of these side-
bands to the main peak gives the synchrotron tune, which can be obtained from
an individual BPM data. In the Fourier spectrum of these data the peak with the
highest intensity corresponds to the betatron oscillation. Synchrotron tune is used
as a varying parameter in the fit procedure, and we need just an estimate for the
initial guess of the tune. The fit procedure turned out to be robust to variation of

the initial guess for the synchrotron tune.

4 Sine interpolation and evaluation of beam po-

sition envelope

As it was mentioned above SLS has 73 BPMs, which are located almost symmet-
rically in the ring (fig. ) BPMs are distributed around the ring to cover each
period of betatron oscillation horizontally and vertically by more than two BPMs
in order to control the beam orbit. So, each BPM is located at a different betatron

phase.
¥ T
vl i
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Figure 11: Positions of BPMs in the SLS storage ring
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The turn by turn signal from the BPMs is composed from two kinds of oscil-
lations, one coming from the fast betatron oscillation and the slow synchrotron
oscillation. A global fit of synchrotron and betatron oscillations according to Eq.
(@) turned out to be rather fragile. It worked only for very low pinger currents
and only for a reduced set of turn by turn data. Therefore, the global fit was
abandoned and another, more robust method was chosen.

The selected method is based on the fact that information on energy spread is
contained in the modulation of the envelope curve of the beam oscillation, thus it is
sufficient to perform a fit on the envelope only and do not consider the fast varying
sine-term in eq. (@) This requires interpolation of the fast-varying betatron
oscillation.

According to the theory betatron oscillations are described by a sinusoidal
function (see eq. (B)) Hence, in order to get the real maxima for the betatron
oscillations one needs to apply a sinusoidal function fit to the data in order to
restore the complete oscillation. In fig. () one can see turn-by-turn data from a
single BPM as well as the evaluation by many turns in fig. (H) One can see that
the sine is defined only by several points and in reality these points usually were
not enough to clearly fit the sine function. The fit was usually fragile and it was
decided to change the method and combine data of all the BPMs, to get robust
fit and better statistics.

— Amplitude 0.4792 + 0.01687
Frequency 3.519 +0.004593
Phase -5.473 £ 0.1444

Beam centroid position [mm]

T O R B R L
27 28 29

Figure 12: Sine fitted betatron oscillation points taken from one BPM (without

error bars).
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It was decided to merge all the BPMs to get more realistic turn-by-turn prop-
agation of the beam which means an individual approach to each BPM. Merging
the BPM data also has more support from point of view of physics, since the corre-
lations between BPMs due to machine optics are known. Merging of data from 73
BPMs should be done with phase and amplitude normalizations, to get the same
scaling. Let’s find the coefficients which will lead us to the combined data.

The beam position in the i** location during the n'" turn is described by
x; = A/ B sin(2m(nvy + Ayy)), (31)

where (3; is the beta function value at given BPM, —0.5 < vy < 0.5 is the fractional
betatron tune of the ring and Ay is the fractional betatron phase of the ith BPM.

In order to normalize it we demand

@ = Asin[27(n + t)v). (32)
So, we get for t and ;
Av; .
p=20 g = (33)

% VB
So, for normalization by phase we need the S function value at each BPM. These
values were obtained from MAD-X simulation program, where the SLS lattice was
implemented and the 3 values were obtained. The corresponding output data file
needs to be cleaned-up before reading it in the program, this was done by small
Mathematica script. Applying the normalization, the betatron oscillation can be
restored very well (fig. ())

For betatron oscillations normalization procedure gives us the clearly defined
behaviour, which can be seen in the zoomed-in picture of the betatron oscillation
(fig. (@)) This new data are well defined enough to have a robust fit. One can
see in fig. @ that the sine is fitted using many points and is a robust fit.

In order to get the envelope we take a sliding window and perform sine fits
within this window on the betatron oscillations. Due to normalization there are
many points within a step of one turn when moving the window. So, the sine fit was
done moving on with one turn step and taking the window around this point. A
step size corresponding to one turn provides sufficient resolution for the envelope of
the betatron oscillation. Smaller step for moving the sliding window will only cause
computational time increase. Taking the amplitudes of the sine interpolations we

will get the envelope behaviour of the oscillation. After this procedure we can do
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Figure 13: Summed data from 73 BPMs including the 20 um errors.
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Figure 14: Magnification of a region of the fig. ()

28



10° »2 / ndf 1013/216

0.3 Prob 0
Amplitude 9.979e-05 + 6.264e-07

Freguency 2.742 + 0.006449

0.2 Phase 7.918 4 0.3156

=]

Amplitude [\/E]
(=]

=
|||ﬁ¥'_k

-0.2

47.5 48 48.5 49 49.5 50 50.5 51 51.5
Turns

T

Figure 15: Combined data with the sine fit.

our envelope fit neglecting the fast varying betatron oscillation term in eq. ()
(Z(N)) = A A(NYH(N)e MM, (34)

Overall number of parameters to be fitted is equal to 7, 4 of which are crucial
for the description of the envelope. These parameters are contained within the
parameter M, particularly in the parameters K; and K. These 4 parameters are
the 1% and 2" order chromaticities, the synchrotron tune, and the energy spread
itself. As it was mentioned in sec.@ and sec. chromaticity and synchrotron
tune come from the measurements. For the 2" order chromaticity an estimate
was taken from the measurements. Taking the measured value of & as a fixed
parameter was not resulting in better envelope fits, since its error bars were large.
Having these parameters and fitting the envelope function of the beam centroid
we obtain the required energy spread. A typical example of a good fit is presented

in fig. (@)
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5 Error calculation

Error propagation plays an important role in different stages of the data analysis.
Particularly, passing the calculated errors to further steps of analysis allows to
include inevitable position measurement errors, calibration issues etc.

There are two sources of errors: hardware based, coming from measurement
accuracy and analysis based, coming from different fits during the analysis steps.
First source of error is hardware based, i.e. measurement accuracy based. This
includes three different effects which disturb the position measurement values. The
first effect is the beam position measurement accuracy which is about 20 ym error
[16]. The second effect is connected with the calibration of the BPMs. The third
uncertainty is introduced by the measurement error of the 5 function value [[L7].

The errors are evaluated by the combined measured data error evaluation for-

mula. Assuming that = = f(a, b, ¢), the standard deviation o is:

o= G) o+ [(5) o] () o]+

Partial derivatives Ox/0a,0x/0b, etc. in eq. (@) state how = would change, if

one changes only a, only b, or only c, keeping the other quantities constant. The
index A in the partial derivatives states that the numerical values of the partial
derivatives are to be calculated at the means a,b, ¢ of a,b,c. Dots in the end of
(@) represent other mixed derivatives i.e. derivatives giving correlation between
parameters. These parameters can be ignored to a good approximation based on

negligible correlation effects. For our error propagation eq. (@) will take the form:

Oi; 2 (01 > (01 ?
Ai‘out = ( aal;n : Axnoise) + ( a;n : Axcalib) + ( 8én : Aﬁ) ) (36)

where Ax,:se i the beam centroid position measurement accuracy, A .q;p is the
uncertainty for the calibration of the BPMs and AfS is the uncertainty of the

function value. In (@) Zin 1s the normalized position of the centroid described by:

x

—. (37)

VB

For details on the normalization procedure see section H
Plugging eq. (@) into eq. (@) we get:

. 1 2 x Axcah-b)Q < r 1 Aﬁ)Q
A out — - A noise : - 5 )
! \/(ﬂ ! ) y (ﬁ ) P\vE s 38)
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where A5 is of order 20 um (see table 1 in [16]), Axcqp is the calibration error
which was estimated to be of 1% effect and % is the  value error of 5% (see
[17] for more detail). For § error values of 4% and 3% are given for horizontal
and vertical planes, therefore an approximate of ~ 5 % is a reasonable assumption.
Putting the mentioned error values into the eq. (@) and simplifying one gets:

Ayt = \/<% .20 10—6>2 + (% : 0.01)2 + (% : 0.05)2
- \/% ((20 £1076)? + (- 0.01)* + (g : 0.05)2).

This “hardware based” error propagation can be seen in fig. @

As it was discussed in sec. {l after combining the data from all BPMs we do
a sine interpolation. Sine interpolation is actually a fit procedure which assumes
errors. So, doing these fits in the sliding window we get the amplitude with error
bars which will be passed further to the envelope fit (fig. (@)) The fit of the
envelope function will introduce errors for the varying parameters, particularly for
the energy spread.

The last step of error propagation is the “hardware based” error from the

chromaticity measurement. Remembering the equation from sec. @:

5= 120 (39)
a f

we see that there are three possible sources of uncertainities. Particularly, dur-
ing the measurements we have uncertainities in the measurements of tune and
RF-frequency. For the tune measurements with the FF'T interpolation one has
uncertainty of 0.001, which is a typical value of tune fluctuation in the control
room [9]. For the RF-cavity frequency errors are much smaller and are of the
order of 1078. Another possible source of error is the momentum compaction fac-
tor, which can be obtained at high precision from measurements of beam energy
by spin depolarization for different path lengths, set by variation of the radio-
frequency (RF) [10]. The value measured at the SLS is a = 6.0 - 107* which is in
agreement with the designed value. Since the energy is measured at a precision of
10~?, and the RF at 1078, the error of the momentum compaction factor may be

neglected. Finally we are left with two sources of errors. Both errors where taken
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into account during the polynomial fit procedure as it is seen in fig. (B) and (Q)
The error of the momentum measurement was taken into account but is too small
to be seen in the figures.

The polynomial fit procedure introduces a new error which is contained in the
chromaticity. Moreover, chromaticity is included in one of the important fitting
parameters: eq. (@) and (ROd). The error from the chromaticity will evolve
obeying the Gaussian error propagation law eq. (B5). Thus, the final energy spread
error will be changed by

AL

(AGs101a)” = (Acs)? + (ag?y. (40)

6 Results

Measurements of the motion of the beam centroid is examined for horizontal and
vertical planes separately in order to avoid possible correlation effects due to cou-
pling between the two plane kicks. For each (horizontal or vertical) measurement
both plane data is taken, out of which only the kicked plane is examined. In each
plane three different beam/bunch currents are analysed. For each of the planes
three different values for chromaticity and pinger currents are taken. Choice of
chromaticity and pinger current is not taken for high bunch currents because of
beam loss. The measurement data sheet given in table g shows which combina-
tions of parameters were taken and which were successful. The application of the
fit procedure described in @ to real data is quite time-consuming, as sometimes
the initial guesses for the fit parameters need individual adjustments, so a full

automation is not possible.

6.1 Envelope fits

In the following, we analyse the envelope fit behaviour depending on different
beam/bunch currents and pinger kicks. Narration is sorted by the beam/bunch
current. As mentioned fits were not always autonomous and sometimes required
manual tweaking of the range of the fit. Health report of the fits done is given in
the table B
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Table 3: Data files’ health report. Red file names correspond to files which were

discussed.

I, =40 mA + 1.8 mA in 50 bunches

& Iprx PIH Report PIV Report
100 | 12:47:00 success 12:52:30 cut at 600
51 300 | 12:49:21 success 12:54:13 success
700 | 12:51:22 cut at 650 - -
100 | 13:00:30 success 13:01:10 cut at 600
71 300 | 12:58:31 success 13:02:16 success
700 | 12:59:01 cut at 650 - -
100 | 13:03:20 success 13:06:03 success
3| 300 | 13:04:43 success 13:07:02 success
700 | 13:05:20 cut at 600 - -
I, =20 mA + 2 mA in 12 bunches
& Iprx PIH Report PIV Report
100 | 13:15:37 success 13:18:03  cut at 800
5| 300 | 13:16:08 success 13:19:01 success
700 | 13:17:04 cut at 450 - -
100 | 13:21:03 success 13:24:02 cut at 700
71 300 | 13:22:02 success 13:26:37  success
700 | 13:23:04 cut at 450 - -
100 | 13:27:13 success 13:31:12 success
31 300 | 13:28:01 success 13:32:01 fail
700 | 13:29:11 cut at 430 - -
I, = 15 mA + 2 mA in 3 bunches
& Iprx PIH Report PIV Report
100 | 13:35:04 fail 13:38:06  success
51 300 | 13:36:41 cut at 300 | 13:39:00 success
700 | 13:37:33 cut at 300 - -
100 | 13:40:24 cut at 300 - -
31 300 | 13:41:03 cut at 300 - -
700 - beam loss - -
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Figure 16: Fit of 22Jul12:47:05_0.png. Envelope fit for horizontal excitation at
100 A pinger amplitude.

We will proceed with analysis of different fits. Only the cases which are ex-
traordinary will be discussed in detail.

6.1.1 Beam current of 40mA, 0.8mA in a bunch

The first group of data were taken at a beam current of 40 mA with a variation of
error of 1.8 mA due to top-up operation. The number of bunches in the beam was
50, which corresponds to a current of 0.8 mA per bunch.

First let’s see a good case of a fit. A typical example of a good fit is at a set
chromaticity of 5 and pinger current of 100 A is shown in fig. ()

At a very large pinger current of 700 A distortions are visible after turn 650
which can not be fitted, see fig. ()

However, we see that the data before turn 650 are informative and is sufficient
to be used for the energy spread extraction. In figure llj we see that the first
part has still acceptable fit shape even though it is influenced by the later turns.
Nevertheless, to avoid the distorting influence of the “tail” the fit was done only
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Figure 17: Fit of 22Ju112:51:28_0.png. Envelope fit for horizontal excitation at
700 A pinger amplitude.

on the part of the modulations, particularly on first 650 turns.

The described techniques are usually successful. Examining the case for chro-
maticity of 7 with pinger current of 700 A in fig. (@), we see that even after the cut
fit of the 650 turns is not perfect and around turn 480 and later we see mismatch
with the data.

Now let’s examine the data for vertical excitation. The data are more noisy,
since the vertical pinger provides a smaller kick than the horizontal one at same
current. So the amplitude of the betatron oscillation is smaller vertially and thus
more affected by the BPM noise. Even though the fit is done for all 1000 turns, one
can see that there is some periodic effect which disturbs the shape of the envelope
modulations (fig. (@)) Perhaps it is due to a coupling between the vertical and
the horizontal betatron oscillations.
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Figure 18: Fit of 22Jul12:59:13_0.png. Envelope fit for horizontal excitation at
700 A pinger amplitude.

6.1.2 Beam current of 20mA, 1.66 mA in a bunch

Let’s start from an example of a good fit for this bunch current. Such an example
is the fit for chromaticity of 3 with pinger kick current of 700 A (see fig. (@))

Now let’s examine a case where in contrast to fig. @ the “tail” disturbs the fit
to an unacceptable limit (see fig. (@)) As one can see the data is not meaningless
for all turns. The first 430 turns represent expected modulations, while the “tail”
fails to fit properly. Thus, we take only the first 430 turns in order to obtain an
acceptable fit and required energy spread. The cut and fitted result is shown in
fig. () Comparing the x? values of the two fits we see an improvement by one
order.

Another extreme case of a fit are the noisy data sets, where only 1 in 10 files
gave an acceptable fit. Such an example is for a chromaticity of 5 with a pinger
current of 100 A in the vertical plane (see fig. ()) In this case, the turn by turn
signal is obscured by noise due to too low excitation, since the vertical pinger is
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Figure 19: Fit of 22Jul13:02:27_1.png. Envelope fit for vertical excitation at

300 A pinger amplitude.
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Figure 20: Fit of 22Jul13:27:21_0.png. Envelope fit for horizontal excitation at

700 A pinger amplitude.
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Figure 21: Fit of 22Jul13:29:17_0.png. Envelope fit for horizontal excitation at

700 A pinger amplitude.
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Figure 22: Fit of cut 22Jul13:29:17_0_cut.png by first 430 turns. Envelope fit

for horizontal excitation at 700 A pinger amplitude.
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Figure 23: Fit of 22Jul13:18:04_1.png. Envelope fit for vertical excitation at
100 A pinger amplitude.

weaker than the horizontal one.

Along successful fits there are also failures, where non of the 10 files had an
acceptable fit. Such an example is for a set chromaticity of 3 with pinger current
of 300 A because at low chromaticity, the modulation depth is rather small. The
best fit of such data is given in fig. (@)

6.1.3 Beam current of 15mA, 5mA in a bunch

Finally let’s discuss data sets for high beam currents of 5mA per bunch. The case
of chromaticity of 5 and kick of 300 A shows that the modulations are dominated
by other effects, thus only the first 300 turns were taken as basis for the fit (fig.
().

Another extreme case for this beam energy is present in vertical data set,
particularly for chromaticity of 5 with kick of 300 A (see fig. (@))

We can conclude from the observations of the above fits, that the fit becomes
more difficult, when we go to higher beam/bunch currents. Probably there are cur-
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Figure 24: Fit of 22Jul13:32:11_1.png. Envelope fit for vertical excitation at

300 A pinger amplitude.

0.5 10° %2 / ndt 6.6340+05 / 949
- Prob 0
0.45— sigma_le| 0.001319 % 7.821e-07
= nu_s 0.005088 + 8.704e-07
0.4— Amplityde 0.0003686 + 2.55e-07
= Shift -25.33 + 0.02596
035 Xi_2 -429.8 + 0.3817
@ 03 % mu_x 0.000131+ 1.389e-07
2 - mu_xy| | 4.794e-12 + 3.896e-07
§ 0.25;—
_-l;l [
S 02k
£ E
< 015
0.1
0.05— .i_! '_’1*
= =12
oF | . . . . A
0 200 400 600 800 1000
Turns

Figure 25: Fit of 22Jul13:36:43_0.png. Envelope fit for horizontal excitation at

300 A pinger amplitude.
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Figure 26: Fit of 22Jul13:39:00_1.png. Envelope fit for vertical excitation at
300 A pinger amplitude.
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rent dependent effects perturbing the betatron oscillation which were not included
in the decoherence model we use.

6.1.4 Turbulent bunch lengthening and the results

In order to estimate the quality of our results of data processing it should be com-
pared to the theoretical calculations. Theoretical calculations of bunch length and
energy spread as a function of bunch current had been confirmed experimentally

[b]. As it was mentioned in sec. @ energy spread behaviour due to TBL is:

2o (L[mA]/1.1)5 for I, > I (41)
50

This work was done in 2001 and corresponds to the state of the machine in that

year. Thus, it may not fully correspond to the present machine parameters.

In our measurement data sets with chromaticity values of 3, 5 and 7 were
analysed. They are marked by different colors in fig. (@) The symbols represent
the pinger current by which the beam was kicked. During this measurement three
different pinger amplitude values were chosen: 100, 300 and 700 A. At each of the
amplitudes the beam was kicked in 3 different accelerator setups. First setup was
40 mA beam current in 50 bunches with an error value of current from Top-Up of
1.8 mA. Second setup corresponded to beam current of 20 mA in 12 bunches and
2mA current error. Third setup which was analysed was 15mA of beam current
in 3 bunches and error value of Top-up current of 2mA. In other words, bunch
currents of 0.8 mA, 1.67mA and 5mA were taken. These currents are chosen to
check the energy spread change due to TBL.

n—1

The following table @ compares results obtained and expected as a function of
bunch current. As well as fit quality check RMS value of the obtained data was
calculated by the eq. (@)
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Figure 27: Energy dependence versus the beam current. Yellow background with
thin lines correspond to the horizontal datasets and points without background
and with thick lines correspond to the vertical datasets. Blue, green and orange
are for chromaticities of 3, 5, and 7 respectively. Crosses, triangles and squares
are for pinger currents 100, 300, 700 A respectively. Dashed line represents the
expected theoretical variation of energy spread with bunch current from turbulent
bunch lengthening.

0.8 mA 1.67mA 5mA
Obtained | 0.89-1072 | 0.9-1073 | 1.22-1073
RMS 0.24-107210.22-1072 | 0.34-1073
Expected | 0.86-1072 | 1.05-1073 | 1.4-1073

Table 4: Obtained and expected values of the energy spread.

For high beam currents measurement data was usually noisy and the energy
spread values were usually obtained from 1-2 fits of the envelope. As it can be
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seen in table H in the last row, some of the points were obtained from just one fit
of the envelope.

During our analysis we have neglected the influence of the passive third har-
monic cavity used at the SLS to lengthen the bunches, because the total beam
currents used here are small compared to the 400 mA beam current in user op-
eration mode. Nevertheless, if there would have been some influence, this could
explain why the energy spread obtained at high bunch current is lower than ex-
pected.

The results show a systematic dependence on bunch current, but no correlation
to pinger current and chromaticity - which is the expected behaviour of the energy
spread.
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7 Conclusion

The rms beam energy spread at the SLS was measured from the decoherence and
recoherence after a transverse kick to the beam applied by a pinger magnet. Turn
by turn signals were recorded from all 73 BPMs and merged using theoretical
values of beta functions and phases. Local sine fits in a sliding window over the
BPM data were used to interpolate the amplitude of the beam oscillation. A fit of
the theoretical decoherence formula was performed to the amplitude data. Seven

2" order chromaticity,

parameters were fitted: energy spread, synchrotron tune,
two amplitude dependent tune shift terms, the pinger amplitude and a temporal
delay. Initial guesses for these parameters were taken from theory, except for
the synchrotron tune, which was taken from the side-bands of the beam’s Fourier
spectrum and 2"? order chromaticity which was obtained from tune-RF-frequency
dependence measurement fits. The first order chromaticity was used as a given
parameter and measured before as variation of tune vs. radio frequency.

Beam excitation was performed vertically and horizontally with different pinger
currents and for different chromaticity settings. The bunch current was varied
to study the dependence of the energy spread on the bunch current and prove
theoretical models and previous measurements on turbulent bunch lengthening.

At low current, the theoretical energy spread was confirmed very well. At
higher currents, the measured values were slightly lower than the expected ones.
The fit, i.e. the agreement of the theoretical decoherence function with the mea-
sured beam response, was best at low beam current and for moderate pinger cur-

rents.
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A ROOT codes

Data analysis used in this work can be done using the two programs listed be-
low. Prior to run the program one should set the correct parameters for his/her
experimental data in lines 33-43.The next step is to check the files over which the
program will run on lines 522 to 526. In case of manual fitting additionally lines
661, 702 and 734 should be corrected to the desired limits. If one wants to do the
global fit, line

Some comments on the chromaticity measurement analysis. This program is
included in the main fit analysis for getting the chromaticity values. It is called
at the beginning of the main() function. Besides being called in main program,
it can also be executed seperately by passing to the function the axis (0 or 1) and
the order of chromaticity. Other parameters k, b, k_error and b_error can be
put randomly.

Data analysis used in this work can be done using the two programs listed
below. If one wants to replicate the results, he/she should check if the lines between
33 to 43 are correct. This lines are the parameter sets used during the experiment.
The next thing that should be checked is the files over which the program will run.
These can be adjusted on lines 522 to 526. In case of manual fitting additionally
lines 661, 702 and 734 should be corrected to the desired limits.

The other is the chromaticity measurement analysis. This program is included
in the main fit analysis for getting the chromaticity values. It called in the be-
ginning of the main() function. Besides being called in main program, it can
also be executed seperate by passing to the function the axis (0 or 1) and the
order of chromaticity. Other parameters k, b, k_error and b_error can be put

randomly.

A.1 Main data analysis code
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Listing 1: Main fit code

#include <iostream>

using namespace std;

#include <fstream>
#include <cstdio>

#include <iomanip>
#include "TMath.h"
#include "TH1.h"

#include "TF1.h"

#include "TGraph.h"
#include "TGraphErrors.h"
#include "TStyle.h"

#include "chrom_analysis.C"

#define
#define
#define
#define
#define
#define

AV_POINTS 3

N 1000

N_all 73000; // 73 * 1000

excl_points 20

begin_cut 40 // O-padding length from begining
num_files 10 // Number of files to be analysed

// Phystical definitions

#define
#define
#define

j| #define

#define
#define
#define
#define
#define

nu_x_0 20.436

nu_y_0 8.737

eps_x 5.5e-9 // Emmitance

eps_y be-12

dnu_xdJ_x -1300

dnu_ydJ_y -1100

dnu_ydJ_x 600

dnu_xdJ_y dnu_ydJ_x // mized derivatives are the same
delta_ys 0.001 // Angle of kick

VA A A A A A A A A A A A A A A A A A A A A A A A s ad

// Check thtis wvalues before running the analysis

double
double
double

)| double

double
double

axis = 0;
chromaticity = 5;
PIX = 100;
I_b = 40;

I_b_error

1.8;
num_bunch = 50;

VA A A A A N A N A A A A S A N A A A A N A S A V4

double

double
double

)| double

double
Double _
Double_

WINDOW = O;

xi_1,xi_2 = 0;
xi_1_error,xi_2_error = 0;
z,mu_u, mu_vu = O0;

z_part = 0;

t mu_x = eps_x * dnu_xdJ_x;
t mu_y = eps_y * dnu_ydJ_y;
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j| double mean_Amplitude_error
7| double mean_Shift = O0.;

Double_t mu_xy eps_y * dnu_xdJ_y;

Double_t mu_yx = eps_x * dnu_ydJ_x;

char fdsname [260] = {0};

char datasetname[260] = {0};
double mean_sigma_e_error = 0;
int ds_counter = 0;

double mean = 0.;

double mean_Chisquare = O0.;
double mean _nu_s = 0.;

double mean_nu_s_error = 0.;
double mean_Amplitude = 0.;

]
o

double mean_Shift_error = 0.;
double mean_xi_2 = 0.;
double mean_xi_2_error = 0.;
double mean_mu_x = O0.;
double mean_mu_x_error = 0.;
double mean_mu_yx = 0.;
double mean_mu_yx_error = 0.;

I_b /= num_bunch;

I_b_error /= num_bunch;

Double_t chrom_val(int axis, int chrom_order, Double_t req_chrom,

{

Double_t chrom_exp = O0.;

Double_t chrom_exp_error = 0.;

double k,k_error,b,b_error = 0.;
chrom(axis,chrom_order ,k,b,k_error,b_error);
chrom_exp = k * req_chrom + b;

chrom_exp_error = k_error * req_chrom + b_error;

if (lerror)
return chrom_exp;
else

return chrom_exp_error;

Double_t fitf(Double_t *v, Double_t *par)
{

Double_t arg = O;

arg = v[0];

Double_t K_1 = par[0]* xi_1/par[1];

Double_t K_2 = pow(par[0],2)* par[4]/par[1];
Double_t T = 2xTMath::Pi()*par[1]*(arg +par[3]);
Double_t a = K_1 * sin(T) / 2;

Double_t A = K_2/4*x(2*T+sin (2*T));

Double t B = K_2/4%(2%T-sin (2%T));

Double_t C = K_2*sin(T)*sin(T)/2;

Double_t lambda = B - 4%A*C*C/(1+4*A*A);
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Double t f 0.5 * (1 + 4%CxC/(1+4x%Ax%A));
Double_t h 2%C/ (1+4%xA*xA);
Double_t gamma = tan(T/2) -4*%A*xC/(1+4xAx*A);

Double_t z = par[2]*par[2]*z_part;
Double_t A_N = 1/(sqrt(1l + (4*TMath::Pi()*par[6] *(arg + par[3])) * (4*TMath::Pi
() *par[6] * (arg + par[3])))*
(1 + (4 x TMath::Pi() * par[5] * (arg + par[3])) * (4xTMath::Pi()*par[5] * (
arg + par[3])))) x
exp(-1/2 * zxz * (4*TMath::Pi()*par[5] * (arg + par[3])) * (4*TMath::Pi()*
par [6] * (arg + par[3])) /
(1 + (4*%TMath::Pi()*par[5] * (arg + par[3])) * (4*TMath::Pi()*par[5] * (arg
+ par[3]1))));

Double_t M_N (K_1*K_1 *(1-cos(T)))/(1+K_2*K_2* (T+sin(T))*(T+sin(T)));
Double_t H_N pow (1+2*K_2*K_2*(T*T+sin(T)*sin(T)) + pow(K_2,4) *
pow ((T*T - sin(T)*sin(T)),2),-1./4);

Double_t fitval = par[2] * A_N * H_ N *x exp(-M_N);

return fitval;

Double_t fitf_global(Double_t *v, Double_t *par)
{

Double_t arg = 0;

arg = v[0];

Double_t K_1 = par[0]* xi_1/par[1];

Double_t K_2 = pow(par[0],2)* par[4]/par[1];
Double_t T = 2*TMath::Pi()*par[1]*(arg +par[3]);
Double_t a = K_1 * sin(T) / 2;

Double_t A = K_2/4*%(2*T+sin(2%T));

Double t B = K_2/4%(2%T-sin (2%T));

Double_t C = K_2%*sin(T)*sin(T)/2;

Double_t lambda = B - 4*%A*CxC/(1+4xAxA);
Double_t f = 0.5 * (1 + 4xCxC/(1+4xA*A));
Double_t h = 2*C/(1+4*xA*A);

Double_t gamma = tan(T/2) -4*A*C/(1+4xAx*A);

Double_t z = par[2]*par[2]*z_part;
Double_t A_N = 1/(sqrt(1 + (4*TMath::Pi()*par[6] *(arg + par([3])) * (4*xTMath::Pi
() *par[6] * (arg + par[3])))*
(1 + (4 * TMath::Pi() * par[5] * (arg + par[3])) * (4*TMath::Pi()*par[5] * (
arg + par[3]1)))) =x
exp(-1/2 * zxz * (4*TMath::Pi()*par[5] * (arg + par[3])) * (4*TMath::Pi()*
par [5] * (arg + par([3])) /
(1 + (4xTMath::Pi()*par[5] * (arg + par[3])) * (4xTMath::Pi()*par[5] * (arg
+ par[31))));

Double_t M_N (K_1*K_1 *(1-cos(T)))/(1+K_2*K_2* (T+sin(T))*(T+sin(T)));
Double_t H_N pow (1+2*%K_2*K_2* (T*T+sin(T)*sin(T)) + pow(K_2,4) *
pow ((T*T - sin(T)*sin(T)),2),-1./4);
Double_t P_N = 0.5*atan(2*A) + O.5*atan(lambda/f) - axax*
((lambda*gamma*gamma - lambda*h*h + 2xfxgammax*h)/(f*f+lambda*lambda)+4x*A
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/(1+4%xA*A)) ;

Double_t Q_N = z*z/2 * (4*xTMath::Pi()*mu_u * (arg +par[3]))/(1+(4*TMath::Pi()*
mu_u * (arg +par[3]))*(4*TMath::Pi()*mu_u * (arg +par[3]))) =*
atan ((8*TMath::Pi()*mu_u * (arg +par[3]))/(1-(4*TMath::Pi()*mu_u * (arg +par
[31))*(4*TMath::Pi()*mu_u * (arg +par[3]1)))) +
atan (4*xTMath::Pi () *mu_yx * (arg +par[3]));
Double_t fitval = par[2] * A_N * H_ N * exp(-M_N) * sin( par[7] * (P_N + Q_N + 2%
TMath::Pi()*nu_x_Ox(arg +par[3]1)) );;
return fitval;
¥
Double_t tune_scaling(double tune)

{
double t = 0.;

t = tune - (int)tune;
if (¢ > 0.5)

t =t - 1;

return t;

void graph_compile ()

{
sprintf (fdsname, "./Final_data_sets/Data.dat");
// Reading the data file
ifstream fdsf_read;
fdsf_read.open(fdsname, std::ifstream::in);
gr3 = new TGraphAsymmErrors();
gr5 = new TGraphAsymmErrors();
gr7 = new TGraphAsymmErrors();
gr3s = new TGraphAsymmErrors();
grbs = new TGraphAsymmErrors();
gr7s = new TGraphAsymmErrors();
char name [250]={0};
int p = 0;
THIF *en_spread = new TH1F("en_spread", "Energy spread distribution"
,1000,0.6,1.3);
double m,cou = O0;
while (fdsf_read.good())
{
fdsf_read >> axis >> name >> chromaticity >> (double)I_b >> PIX >> mean >>
mean_sigma_e_error >> ds_counter >> mean_Chisquare >> mean_nu_s >>
mean_nu_s_error >> mean_Amplitude >> mean_Amplitude_error >> mean_Shift >>
mean_Shift_error >> mean_xi_2 >> mean_xi_2_ error >> mean_mu_x >>
mean_mu_x_error >> mean_mu_yx >> mean_mu_yX_error;
if (axis == 0)
{
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if (chromaticity == 3)

{

gr3->SetMarkerColor (1) ;
gr3->SetMarkerStyle (22);
gr3->SetPoint (p,I_b, mean);

gr3->SetPointError(p,0,I_b_error ,mean_sigma_e_error ,mean_sigma_e_error);

if (p == 0)
gr3->Draw ("AP") ;

else

{

gr3->GetXaxis () ->SetRangeUser (0,5) ;
gr3->GetYaxis () ->SetRangeUser (0.6,1.2);

gr3->Draw ("O0P");

}

if (chromaticity == 5)

{

gr5->SetMarkerColor (2);

gr5->SetMarkerStyle (23);

gr5->SetPoint(p,I_b, mean);
gr5->SetPointError(p,0,I_b_error,mean_sigma_e_error ,mean_sigma_e_error);

if (p == 0)
gr5->Draw ("AP") ;

else

{

gr5->GetXaxis () ->SetRangeUser (0,5) ;
gr5->GetYaxis () ->SetRangeUser (0.6,1.2);

gr5->Draw ("OP") ;
}
}

if (chromaticity == 7)

{

gr7->SetMarkerColor (3);
gr7->SetMarkerStyle (20) ;
gr7->SetPoint(p,I_b, mean);

gr7->SetPointError(p,0,I_b_error ,mean_sigma_e_error ,mean_sigma_e_error) ;

if (p == 0)
gr7->Draw ("AP") ;

else

{

gr7->GetXaxis () ->SetRangeUser (0,5) ;
gr7->GetYaxis () ->SetRangeUser (0.6,1.2);

gr7->Draw ("0P") ;

}
}
}
if (axis == 1)
{
if (chromaticity == 3)
{

gr3s->SetMarkerColor (1) ;
gr3s->SetMarkerStyle (26) ;
gr3s->SetPoint(p,I_b, mean);

gr3s->SetPointError(p,0,I_b_error ,mean_sigma_e_error ,mean_sigma_e_error);



25¢€ if (p == 0)

257 gr3s->Draw ("AP") ;

258 else

259 {

26( gr3s->GetXaxis () ->SetRangeUser (0,5) ;

261 gr3s->GetYaxis () ->SetRangeUser (0.6,1.2);
262 gr3s->Draw ("0P") ;

26: }

264 }

265 if (chromaticity == 5)

26€ {

267 grbs->SetMarkerColor (2);

268 gr5s->SetMarkerStyle (32);

26¢ gr5s->SetPoint(p,I_b, mean);

27( grbs->SetPointError(p,0,I_b_error ,mean_sigma_e_error ,mean_sigma_e_error);
271 if (p == 0)

272 gr5s->Draw ("AP");

27: else

274 {

275 gr5s->GetXaxis () ->SetRangeUser (0,5);

276 gr5s->GetYaxis () ->SetRangeUser (0.6,1.2);
2717 gr5s->Draw ("0P") ;

27§ }

27¢ }

28 if (chromaticity == 7)

281 {

282 gr7s->SetMarkerColor (3);

28: gr7s->SetMarkerStyle (24) ;

284 gr7s->SetPoint(p,I_b, mean);

285 gr7s->SetPointError (p,0,I_b_error ,mean_sigma_e_error ,mean_sigma_e_error);
28 if (p == 0)

2817 gr7s->Draw ("AP");

288 else

289 {

29( gr7s->GetXaxis () ->SetRangeUser (0,5);

291 gr7s->GetYaxis () ->SetRangeUser (0.6,1.2);
292 gr7s->Draw("OP") ;

293 }

294 }

295 }

29

297 if (I_b == 5)

298§ {

299 en_spread->Fill (mean) ;

30( m += ((mean-1.4) * (mean-1.4));

301 cou++;

302 }

303

304 ptt;

305 }

306

307 cout << "RMS of current 5 " << sqrt(m/(cou-1)) << endl;
30§ en_spread->Draw () ;

309

31( fdsf_read.close();
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312

313| Double_t data_compile ()

314l {

315

316 double sigma_e = 0.;

317 double sigma_e_error = 0.;

31§ double Chisquare = 0.;

31¢ double nu_s = 0.;

32( double nu_s_error = 0.;

321 double Amplitude = 0.;

322 double Amplitude_error = 0.;

323 double Shift = 0.;

324 double Shift_error = 0.;

329 double mu_x_error = 0.;

32 double mu_yx_error = 0.;

327

32§ for (int hour = 12; hour <= 13; hour++)

32¢ for (int min = 0; min < 60; min++)

33( for (int sec = 0; sec < 60; sec++)

331 for (int hv = 0; hv <= 1; ++hv)

332 {

333 mean = O.;

334 mean_sigma_e_error = 0.;

335 mean_Chisquare = 0.;

33 mean_nu_s = 0.;

337 mean_nu_s_error = 0.;

33§ mean_Amplitude = 0.;

339 mean_Amplitude_error = 0.;

34( mean_Shift = 0.;

341 mean_Shift_error = 0.;

342 mean_xi_2 = 0.;

34 mean_xi_2_error = 0.;

344 mean_mu_x = O0.;

349 mean_mu_x_error = 0.;

34¢€ mean_mu_yx = O0.;

347 mean_mu_yx_error = 0.;

348

349 sprintf (datasetname, "./Data_sets/22Jul?’02d:%02d:%02d_%1d.dat", hour,
min, sec, hv);

35(

351 ifstream dsf_read;

352 char name [250] ={0};

35¢ dsf_read.open(datasetname, std::ifstream::in);

354 if (!'dsf_read.is_open())

355 continue;

35

357 cout << datasetname << endl;

35§ ds_counter = 0;

359

360 // cout << "Before reading ... check\n";

361 for (int i = 0; i < num_files; ++i)

362 {

36¢ dsf_read >> name >> sigma_e >> sigma_e_error >> Chisquare >> nu_s >>

nu_s_error >> Amplitude >> Amplitude_error >> Shift >> Shift_error
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>> xi_2 >> xi_2_error >> mu_x >> mu_X_error >> mu_yX >> mMu_yX_error

’

if (fabs(sigma_e) > 0.0001)
{

// cout << mame << "\t" << sigma_e << endl;

mean += fabs(sigma_e);

mean_sigma_e_error += fabs(sigma_e_error);

mean_Chisquare += Chisquare;

mean_nu_s += nu_s;

mean_nu_s_error += nu_s_error;
mean_Amplitude += Amplitude;
mean_Amplitude_error += Amplitude_error;

mean_Shift += Shift;

mean_Shift_error += Shift_error;

mean_xi_2 += xi_2;

mean_xi_2_error += xi_2_error;

mean_mu_x += mu_xXx;

mean_mu_X_error += mu_X_error;

mean_mu_yx += mu_yX;

mean_mu_yX_error += mu_yX_error;

ds_counter++;

dsf_read.close();

mean /= ds_counter;

mean_sigma_e_error /= ds_counter;

mean_Chisquare /= ds_counter;

mean_nu_s /= ds_counter;

mean_nu_s_error /= ds_counter;

mean_Amplitude /= ds_counter;

mean_Amplitude_error /= ds_counter;

mean_Shift /= ds_counter;

mean_Shift_error /= ds_counter;

mean_xi_2 /= ds_counter;

mean_xi_2_error /= ds_counter;

mean_mu_x /= ds_counter;

mean_mu_x_error /= ds_counter;

mean_mu_yx /= ds_counter;

mean_mu_yx_error /= ds_counter;

ofstream fdsf;

sprintf (fdsname, "./Final_data_sets/Data.dat");

cout << scientific << fixed;

xi_1 = chrom_val(hv,1,chromaticity,false);
cout << "Expected value of 1st order chromaticity

xi_1_error = chrom_val(hv,1,chromaticity,true);

n

<< xi_1 << endl;

cout << "Expected error value of 1st order chromaticity "

<< endl;

o7

<< xi_1_error
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421
422
423
424
425
42

427
42§
426

xi_ 2 = chrom_val(hv,Q,chromaticity,false);

cout << "Expected value of 2nd order chromaticity " << xi_2 << endl;

xi_2_error = chrom_val(hv,2,chromaticity,true);

cout << "Expected error value of 2nd order chromaticity " << xi_2_error
<< endl;

fdsf.open(fdsname, std::ifstream::app);

// Mutiplying with 1000 to exzpress im promils

mean *= 1000;

mean_sigma_e_error *x= 1000;

mean_sigma_e_error = sqrt(mean_sigma_e_error*mean_sigma_e_error + mean
xi_1_error/xi_l%*mean*xi_1_error/xi_1);

cout << "Before writing ... check\n";

// cout << scientific;

fdsf << hv << "\t" << datasetname << "\t" << chromaticity << "\t" << (
double)I b << "\t" << PIX << "\t" << mean << "\t" <<
mean_sigma_e_error << "\t" << ds_counter << "\t" << mean_Chisquare <<

"\t" << mean_nu_s << "\t" << mean_nu_s_error << "\t" <<

mean_Amplitude << "\t" << mean_Amplitude_error << "\t" << mean_Shift
<< "\t" << mean_Shift_error << "\t" << mean_xi_2 << "\t" <<
mean_xi_2_error << "\t" << mean_mu_x << "\t" << mean_mu_x_error << "\
t" << mean_mu_yx << "\t" << mean_mu_yx_error << endl;

cout << "After writing ... check\n";

fdsf.close();

return O;

main ()

cout << "\n***************************************\n\n";

if (axis == 0)

cout << "Analysing horizontal axis!\n";

else

cout << "Analysing vertical axis!\n";

cout <<

cout <<

cout <<

cout <<

1\ T 3k sk ok sk ok ok ok ok sk sk ok sk sk ok ok ok sk ok ok sk ok ok sk ok skokok sk ok ook ok skokokokkkok \n \n " ;

"Chromaticity is equal " << chromaticity << endl;

T\ T 3k ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk kok ok ok ok ok ok ok ok ok kkokokokokkkkk \n\n" ;

scientific << fixed;

xi_1 chrom_val (axis,1,chromaticity,false);

cout << "Expected value of 1st order chromaticity " << xi_1 << endl;

xi_1_error = chrom_val(axis,l,chromaticity,true);

cout << "Expected error value of 1st order chromaticity " << xi_1_error << endl;
xi_2 chrom_val (axis,2,chromaticity,false);

cout << "Expected value of 2nd order chromaticity " << xi_2 << endl;

xi_2_error = chrom_val (axis,2,chromaticity,true);
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cout << "Expected error value of 2nd order chromaticity " << xi_2_error << endl;

char line[1024] = {0};

char str[1024] = {0};

char fname [260] = {0};

char figname [260] = {0};

char termfigname [260] = {0};
char datasetnameO[260] = {0};

char termdatasetname [260] = {0};
double buf = 0.;

double x[N_all]l = {0.,};

double datal[N_all]l = {0.,};

double data_errors[N_all]l = {0.,};

double bet_x[73] = {0,};
double bet_y[73] = {0,};
double bpm_ph_adv_x [73] = {0,};
double bpm_ph_adv_y[73] = {0,};

double fig_hour [num_files] = {0.,};

double fig_min[num_files] = {0.,3};

double fig_sec[num_files] = {0.,};

cout << "I b value is " << I_b << endl;

cout << "I b error value is " << I_b_error << endl;
cout << "Reading beta_x and beta_y..." << endl;

ifstream g;
g.open("./twiss.model_cleaned.dat");

// 1387 is the number of elements in the file
for (int 1 = 0; i < 1387; ++1i)
{
g >> buf;
// Reading beta X
if (i%19 == 1)
bet_x[i/19] = buf;

// Reading beta Y
if (i%19 == 2)
bet_y[i/19] = buf;

// Reading phase advance of BPMs X
if (i%19 == 9)
bpm_ph_adv_x[i/19] = buf;

// Reading phase advance of BPMs Y
if (i%19 == 10)
bpm_ph_adv_y[i/19] = buf;
}
g.close();
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cout << "Started reading..." << endl;

ifstream file[num_files]; // Number of files in one measurement

for (int hour = 12; hour <= 12; hour++)
for (int min = 47; min < 48; min++)
{

int file_num

0;
for (int sec = 0; sec < 60; sec++)

{

sprintf (fname, "./bpmdata_cleaned/22Jul?%02d:%02d:%02d_cleaned.dat",

min, sec);

// File reading using buffer. Checking file ezistence
ifstream f_buffer;
f_buffer.open(fname);
if ('f_buffer.is_open())
continue;

// file exzists process it
f_buffer.close();

fig_hour[file_num] = hour;

fig min[file_num] min;

fig_sec[file_num] sec;

file[file_num].open(fname);

++file_num;

// If mnothing with given time name ts read continue to next minute

if(file_num == 0 && file_num !'= 9) continue;

// Creating Data Set File for afterfit data
ofstream dsf;

// cout << bet_z[0] "~ bet_z[1] << " 1@#" << endl;
// File evaluation over num_files number files
for (int file_i = 0; file_i < num_files; ++file_i)

{

cout << "Reading file number " << file_i << endl;

if (axis == 0)
{
WINDOW = 3;
// Line number in the file
for (int line _num = 0; line_num < 73; ++line_num)
{
// cout << "Processing line " << line_num << endl;

double sum

]
o

mean = 0.;

I
o
H
N
=
+
+
.
A3

for (int i

{

60

hour,
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file[file_i] >> buf;

x[line_num+(i%N)*73] = i+tune_scaling(bpm_ph_adv_x[line_num])/
tune_scaling(nu_x_0);

// Converting BPM data from mm to m

data[line_num+(i%N)*73] = buf / 1000 /sqrt(bet_x[line_num]);

// Calculation of error bar

data_errors[line_num+(i%N)*73] = sqrt(1/bet_x[line_num] * ( (20e-6)

*(20e-6) +
(datal[line_num+(i%N)*73]%0.01)*(datal[line_num+(i%N)*73]1*0.01) +
(data[line_num+(i%N)*73]/2 * 0.05)*(datal[line_num+(i%N)*73]/2 *

0.05) ) );
if (i >= begin_cut)
sum += datal[line_num+(i%N)=*73];

mean = sum / (N - begin_cut);

for (int j = 0; j < N; ++j)

data[line_num+(i%N)*73] -= mean;

}

// End of X azis analysts
}
if (axis == 1)
{

WINDOW = 7;

cout << "Skipping the horizontal section of the file...\n";
// Setting pointer to the 73th line
for (int fc = 0; fc < 73000; ++fc)

file[file_i] >> buf;

// Line number in the file

for (int line_num = 0; line_num < 73; ++line_num)
{
// cout << "Processing line " << line_num << endl;
double sum = O.;
double mean = 0.;
for (int i = 0; i < N; ++1i)
{

file[file_i] >> buf;

x[line_num+(i%N)*73] = i+tune_scaling(bpm_ph_adv_y[line_num])/
tune_scaling(nu_y_0);

// Converting BPM data from mm to m

datal[line_num+(i%N)*73] = buf / 1000 /sqrt(bet_y[line_num]);

// Calculation of error bar

data_errors[line_num+(i%N)*73] = sqrt(1/bet_y[line_num] * ( (20e-6)

*(20e-6) +
(data[line_num+(i%N)*73]%0.01)*(data[line_num+(i%N)*73]*0.01) +
(data[line_num+(i%N)*73]/2 * 0.05)*(datal[line_num+(i%N)*73]/2 *

0.05) ) )3
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62 if (i >= begin_cut)

621 sum += data[line_num+(i%N)*73];

622 ¥

62: mean = sum / (N - begin_cut);

624

625 for (int j = 0; j < N; ++j)

626 data[line_num+(i%N)*73] -= mean;

627 }

62§ // End of Y azis analysis

62¢ }

63(

631] // Sorting the = axzis for fitting procedure to be easier

632 int idx[N_all];

638 TMath::Sort(N_all,x,idx,false);

634 double x_sorted[N_all]l = {0.,};

635 for (int i = 0; i < N_all; ++i)

63 x_sorted[i] = x[idx[il];

637

634 double amp[N_all]l = {0.,};

639 double amp_x[N_all]l = {0.,};

640 double freql[N_alll = {0.,};

641 double phase[N_all]l = {0.,};

642 double temp[N_all]l = {0.,};

643

644 // Fitting betatron osctllations with sine function

645 TF1 *sinus = new TF1("sinus", "[0]*sin([1]*x+[2])");

646

647 sinus->SetParName (0, "Amplitude") ;

64§ sinus->SetParName (1, "Frequency") ;

64¢ sinus->SetParName (2, "Phase") ;

650

651 TGraph *grl = new TGraphErrors(N_all, x, data,0,data_errors);

652 gri->SetMarkerColor (kBlue) ;

653 // gri->GetYazxis ()->SetRangeUser (-0.2,0.2);

654 gri->GetXaxis () ->SetRangeUser (0,1005) ;

655 // grli->Draw("A*") ;

65 double amp_errors[N_all]l = {0.,};

657 double x_min = TMath::MinElement(N_all,x_sorted);

658 double x_max = TMath::MaxElement(N_all,x_sorted);

659 // cout << "Loc Mazimum" << z_maxz << endl;

66( for (int i = /*400*/ WINDOW/2+begin_cut+x_min; i < /*300*/ x_max-WINDOW/2;
++1)

661 {

662 // sinus->SetParameter (0,240);

663 sinus->SetParameters (100,3,-5.6) ;

664

665 gri->Fit("sinus","RNQ","",i - WINDOW/2,i + WINDOW/2);

666 gri->SetTitle("");

667 amp[i] = fabs(sinus->GetParameter ("Amplitude"));

66§ amp_x [i] = x[ix*73];

66¢ freq[i] = sinus->GetParameter ("Frequency");

67( phase[i] = sinus->GetParameter ("Phase");

671 amp_errors[i] = sinus->GetParError(0); // Getting Amplitude errors

672 }

673 gStyle->SetOptFit (1111);
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grl = new TGraphErrors(N_all, amp_x, amp,0,amp_errors);

grl->SetMarkerColor (kGreen) ;
gri->Draw ("A*");
if (PIX == 300)

grli->GetYaxis () ->SetRangeUser (0,0.00007) ;

if (PIX == 700)

gri->GetYaxis () ->SetRangeUser (0,0.0012);

// Uncomment for adjusting sine parameters

// sinus->Draw ("SAME") ;

if (axis == 0)

{
z_part = 1/eps_x;
mu_u = mu_Xx;
mu_vu = mu_xy;

}

else

{
z_part = 1/eps_y;
mu_u = mu_y;
mu_vu = mu_yx;

}

// If necessary change the range of ffit function
TF1 *exp_fit = new TF1("exp_fit", fitf,/*400*/ WINDOW/2+begin_cut, /*300*/

N-WINDOW/2-1,7);

if (axis == 0)

exp_fit->SetParNames("sigma_e","nu_s","Amplitude","Shift"

"mu_Xy");
else
exp_fit->SetParNames ("sigma_e",

”mu_yX");

cout << scientific;

nu_s","Amplitude",

// Passing beta z= and y for given bpm.

cout << xi_2 << "\t" << mu_u << "\t"

if (axis == 0)
{
if (PIX == 100)

"Shift"

<< mu_vu << endl;

,HXi_QH

,"Xi_2"

n

n
, mu_X",

,nmu_yn’

exp_fit->SetParameters (0.0011,0.0053,0.00014,-5,xi_2,mu_u,mu_vu) ;

if (PIX == 300)

exp_fit->SetParameters (0.0011,0.0053,0.0004,-5,xi_2,mu_u,mu_vu);

if (PIX == 700)

exp_fit->SetParameters (0.0011,0.0053,0.0008,-5,xi_2,mu_u,mu_vu);

}

else

{

exp_fit->SetParameters (0.0011,0.0053,0.000014,-5,xi_2,mu_u,mu_vu);
if (axis == 1 && hour == 13 && min == 31)
exp_fit->SetParameters (0.0011,0.0045,0.000014,-5,xi_2,mu_u,mu_vu);

if (PIX == 300)
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exp_fit->SetParameters (0.001,0.005,0.000055,-5,xi_2,mu_u,mu_vu);
sprintf (figname, "./Fit_figs/22Jul’02d:%02d:%02d_%1d.png", fig_hour[file_i
], fig_min[file_i], fig_sec[file_i], axis);

gStyle->SetOptFit (1111);
// If necessary change the range of fit

gri->Fit ("exp_£it","R","",/*400%/ WINDOW/2+begin_cut , /*300%/ N-WINDOW/2-1)
double sigma_e = exp_fit->GetParameter("sigma_e");
double sigma_e_error = exp_fit->GetParError(0);

double Chisquare = exp_fit->GetChisquare();

double ndf = exp_fit->GetNDF();

double nu_s = exp_fit->GetParameter("nu_s");

double nu_s_error = exp_fit->GetParError(1l);

double Amplitude = exp_fit->GetParameter ("Amplitude");
double Amplitude_error = exp_fit->GetParError(2);
double Shift = exp_fit->GetParameter ("Shift");

double Shift_error = exp_fit->GetParError(3);

double xi_2 = exp_fit->GetParameter("xi_2");

double xi_2_error = exp_fit->GetParError (4);

if (axis == 0)

{
double mu_x = exp_fit->GetParameter ("mu_x");
double mu_x_error = exp_fit->GetParError(5);
double mu_yx = exp_fit->GetParameter ("mu_xy");
double mu_yx_error = exp_fit->GetParError(6);

}

else

{
double mu_x = exp_fit->GetParameter ("mu_y");
double mu_x_error = exp_fit->GetParError (5);
double mu_yx = exp_fit->GetParameter ("mu_yx");
double mu_yx_error = exp_fit->GetParError(6);

}

if (axis == 0)

{

// gri->GetYazis ()->SetRangeUser (0,0.00006) ;
grl->GetYaxis () ->SetRangeUser (0,0.00014) ;
if (PIX == 300)
gri->GetYaxis () ->SetRangeUser (0,0.0005) ;
if (PIX == 700)
grl->GetYaxis () ->SetRangeUser (0,0.0012) ;
¥
else
{
grli->GetYaxis () ->SetRangeUser (0,0.000025) ;

if (PIX == 300)
grl->GetYaxis () ->SetRangeUser (0,0.00007) ;
}
// For manual fitting draw the function
// exp_fit->Draw("SAME") ;
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cl->SaveAs (figname);

if (file_i == 0)
sprintf (datasetname0O, "./Data_sets/22Jul’02d:%02d:%02d_%1d.dat",
fig_hour[0], fig _min[0], fig_sec[0], axis);
else
sprintf (datasetname, "./Data_sets/22Jul’02d:%02d:%02d_%1d.dat", fig_hour

[file_i], fig_min[file_i], fig_sec[file_il], axis);

sprintf (termdatasetname, "gnome-open ./Data_sets/22Jul’02d:%02d:%02d_%1d.
dat", fig_hour([0], fig_min[0], fig_sec[0], axis);

sprintf (termfigname, "gnome-open ./Fit_figs/22Jul?’02d:%02d:%02d_%1d.png",
fig_hour[file_i], fig min[file_i], fig_sec[file_i], axis);

if (file_i == 0)
dsf.open(datasetname0, std::ifstream::out);

if (file_i == 0)
dsf << datasetnameO << "\t" << sigma_e << "\t'" << sigma_e_error << "\t"
<< Chisquare/ndf << "\t" << nu_s << "\t" << nu_s_error << "\t" <<
Amplitude << "\t" << Amplitude_error << "\t" << Shift << "\t" <<
Shift_error << "\t" << xi_2 << "\t" << xi_2_error << "\t" << mu_x <<
"\t" << mu_x_error << "\t" << mu_yx << "\t" << mu_yx_error << "\n'";
else
dsf << datasetname << "\t" << sigma_e << "\t" << sigma_e_error << "\t"
<< Chisquare/ndf << "\t" << nu_s << "\t" << nu_s_error << "\t" <<
Amplitude << "\t" << Amplitude_error << "\t" << Shift << "\t" <<
Shift_error << "\t" << xi_2 << "\t" << xi_2 error << "\t" << mu_x <<
"\t" << mu_x_error << "\t" << mu_yx << "\t" << mu_yx_error << "\n'";

// Opening the image and the dataset files for data quality check
if (file_i == num_files - 1)
{

system(termfigname) ;

system(termdatasetname) ;

}

if (file_i == num_files - 1)
{
// Closing dataset file
dsf.close();

char approval;
cout << "Be sure to check the data quality!\n Are you ready to proceed?\
n';
cin >> approval;
}
else

continue;

ifstream dsf_read;
char name [250] ={0};
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821 dsf_read.open(datasetnameO, std::ifstream::in);

822 ds_counter = 0;

823 mean = 0;

824 mean_sigma_e_error = 0;

825 cout << "Before reading ... check\n";

820 for (int i = 0; i < num_files; ++i)

8217 {

82§ dsf_read >> name >> sigma_e >> sigma_e_error >> Chisquare >> nu_s >>
nu_s_error >> Amplitude >> Amplitude_error >> Shift >> Shift_error >>
xi_2 >> xi_2_error >> mu_x >> mu_X_error >> mu_yX >> mMuU_yX_error;

829

83( // Checking if the line should be analysed

831 if (fabs(sigma_e) > 0.0001)

832 {

83« mean += sigma_e;

834 mean_sigma_e_error += sigma_e_error;

835 mean_Chisquare += Chisquare;

836 mean_nu_s += nu_s;

837 mean_nu_s_error += nu_s_error;

838 mean_Amplitude += Amplitude;

83¢ mean_Amplitude_error += Amplitude_error;

84( mean_Shift += Shift;

841 mean_Shift_error += Shift_error;

842 mean_xi_2 += xi_2;

84 mean_xi_2_error += xi_2 error;

844 mean_mu_x += mu_xX;

845 mean_mu_X_error += mu_X_error;

846 mean_mu_yx += mu_yXx;

8417 mean_mu_yX_error += mu_yX_error;

848

84¢€ ds_counter++;

85( }

851 }

852 // Calculating the mean for the parameters

85: mean /= ds_counter;

854 mean_sigma_e_error /= ds_counter;

855 mean_Chisquare /= ds_counter;

85 mean_nu_s /= ds_counter;

857 mean_nu_s_error /= ds_counter;

854 mean_Amplitude /= ds_counter;

859 mean_Amplitude_error /= ds_counter;

860 mean_Shift /= ds_counter;

861 mean_Shift_error /= ds_counter;

862 mean_xi_2 /= ds_counter;

863 mean_xi_2_ error /= ds_counter;

864 mean_mu_x /= ds_counter;

865 mean_mu_x_error /= ds_counter;

86 mean_mu_yx /= ds_counter;

867 mean_mu_yx_error /= ds_counter;

868

869 // Writing final data to the file

87( ofstream fdsf;

871

872 sprintf (fdsname, "./Final_data_sets/Data.dat");

873 sprintf (figname, "./Fit_figs/22Jul’02d:%02d:%02d_%1d.png", fig_hour[0],
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874
879
87¢
871
87§
879

38
881

882
88:
384
889
38
8817
88§
889
89(
891
892
894
894
899
896
897
89§
899
90(
901
902
90z
904
905
906
907
90§
909
91(

911
912
91:

914
915

916

fig_min[0], fig_sec[0], axis);

fdsf.open(fdsname, std::ifstream::app);
// Mutiplying with 1000 to express im promils
mean *= 1000;
mean_sigma_e_error *x= 1000;
mean_sigma_e_error = sqrt(mean_sigma_e_error*mean_sigma_e_error + mean*
xi_1_error/xi_l*meanx*xi_1_error/xi_1);
cout << "Before writing ... check\n";
fdsf << axis << "\t" << figname << "\t" << chromaticity << "\t" << (double
JI_b << "\t" << PIX << "\t" << mean << "\t" << mean_sigma_e_error << "\
t" << ds_counter << "\t" << mean_Chisquare << "\t" << mean_nu_s << "\t'
<< mean_nu_s_error << "\t" << mean_Amplitude << "\t" <<
mean_Amplitude_error << "\t" << mean_Shift << "\t" << mean_Shift_error
<< "\t" << mean_xi_2 << "\t" << mean_xi_2_error << "\t" << mean_mu_x <<
"\t" << mean_mu_x_error << "\t" << mean_mu_yx << "\t" <<
mean_mu_yx_error << endl;
cout << "After writing ... check\n";

fdsf.close();
// Uncomment for the global fit

// grl = new TGraphErrors(N_all, z, data,0,data_errors);
// // grl = new TGraph(N_all, z_sorted, data);

// gri->SetMarkerColor (kBlue);

// gri->Draw("A*") ;

// gri->SetTitle("");

// gri->GetYazis ()->SetRangeUser (-0.0003,0.0003);

// grli->GetXazis ()->SetRangeUser (0,1005);

// tf (azis == 0)
7ant

//  z_part = 1/eps_z;
// mu_u = mu_zx;

//  mu_vu = mu_zy;

/7 F

// else

/71

//  z_part = 1/eps_y;
// mu_u = mu_y;

//  mu_vu = mu_yz;

/7 F

// TF1 *ezp_fit = new TF1("exp_fit", fitf_global, WINDOW/2+begin_cut,
800/*N-WINDOW/2-1*/,8) ;

// if(Cazis == 0)

// ezxzp_fit->SetParNames ("sigma_e","nu_s

n n

,"Amplitude"”,"Intercept”,"zi_2",
mu_z","mu_zy","Sin_Freq");

// else

// ezxzp_fit->SetParNames ("sigma_e","nu_s","Amplitude”, "Intercept”, "zi_2",

n

mu_y","mu_yz","Sin_Freq");
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917

91§
919
92(
921
922
92:

924
929
92¢
927
92§
929
93(

93]
932
93:

934
935
936
937
93§

// exp_fit->SetParameters (0.0011,0.0053,0.00028,-5,zi_2,mu_u,mu_vy

,0.02153) ;

// gStyle->SetOptFit (1111);

// gri->Fit("ezp_fait","R","", WINDOW/2+begin_cut,
// gri->SetTitle("Fit with error bars");

// exp_fit->Draw("SAME") ;

dsf_read.close();

// Closing 10 files
for (int i = 0; i < num_files; ++1i)
file[i].close();

graph_compile () ;

return O;

}

68

800/*N-WINDOW/2-1*/) ;



A.2 Chromaticity analysis code

Listing 2: Chromaticity fit code

—_

#include <iostream>

1\

using namespace std;
#include <fstream>
#include "TMath.h"

U G

void chrom(int axis, int chrom_order, double& k, double& b, double& k_error,
double& b_error)

{
if (axis == 0)

¢ cout << "Horizontal data is processed...\n";
1( else
17 cout << "Vartical data is processed...\n";
12
1: double freq0 = 499636249.1;
14
15 double numl,num2,num3 = O.;

1 char *fname[2] = {"./rf_freq_c_5_5_pc_60_100_f_150_nb_150.dat", "./
rf_freq_c_9_9_pc_60_100_f_150_nb_150.dat"};

18]  double freq[19] = {0.,};

19 double freq_errors([19] = {0.,};
2 double Q[19] = {0.,};

21| double Q_errors[19] = {0.,};

22 double mean = O0.;

2:
241 // Reading first file
25 ifstream f;

2¢(| f.open(fname[0]);
27 if (£.£fail())

28 return 1;

29

3( for (int i = 0; i < 19; ++i)

3 A

32 f >> numl >> num2 >> num3;

3¢ // After this operations it is actually not frequency anymore, but momentum
34 freq[i] = (freq0 - numl) / freqO0 / 6e-4;
35 freq_errors[i] = 10e-8;

3 Q_errors[i] = 0.001;

37 if (axis == 0)

38 Q[i] = num2;

39 else

4( Q[i] = num3;

41

42 mean += Q[i];

43 ¥

44 f.close();

45

4 mean /= 19;

47

48 for (int i = 0; i < 19; ++i)
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49 Q[i] -= mean;

50

51

52 chrom_gr = new TGraphErrors (19, freq, Q, freq_errors, Q_errors);
e chrom_gr->SetMarkerColor (kBlue) ;

54 chrom_gr->GetYaxis () ->SetRangeUser (-0.03,0.03);

55 chrom_gr->Draw ("Ax");

5¢ chrom_gr->SetTitle (" ");

57 chrom_gr->GetXaxis () ->SetTitle("#frac{#Delta pr{p_{0}}");
58 chrom_gr->GetYaxis () ->SetTitleOffset (1.4);

59 if (axis == 0)

60 chrom_gr->GetYaxis () ->SetTitle("Q_{x5},Q_{x9}");

61 else

62 chrom_gr->GetYaxis () ->SetTitle("Q_{y5},Q_{y9}");

6:

64 chrom_gr->Fit ("pol2", "F");

65 chrom_gr->GetFunction("pol2")->SetLineColor (kBlue) ;

o))
(@)
Pl

double xi_5_1 = chrom_gr->GetFunction("pol2")->GetParameter("pl");
67 double xi_5_2 = chrom_gr->GetFunction("pol2")->GetParameter ("p2");
68 double xi_5_1_error = chrom_gr->GetFunction("pol2")->GetParError (1);

6¢ double xi_5_2_error = chrom_gr->GetFunction("pol2")->GetParError (2);
7(

71| gStyle->SetOptFit (0001);

72

7: mean = 0.;

74 for (int i = 0; i < 19; ++i)
75 {

76 freql[i]l = 0.;

7 Qlil = 0.;

e |

7€

8( // Reading second file

8] ifstream f;

82| f.open(fname[1]);
83| if (£f.fail())

84 return 1;

85

8 for (int i = 0; i < 10; ++1i)

817 {

88 f >> numl >> num2 >> num3;

89 // After this operations it 4s actually not frequency anymore, but momentum
9C freq[i]l = (freq0 - numl) / freqO0 / 6e-4;
91 if (axis == 0)

92 Q[i] = num2;

93 else

94 QL[i] = num3;

93

9 mean += Q[i];

917 }

98 f.close();

99

10( mean /= 10;
101
102
103 for (int i = 0; i < 10; ++1i)
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104
105
10

107
10§
109
110
111
112
113
114
115
116
117
11§
119
12(
121
122
123
124
125
12

127

12§
129
13(
131
132
133
134
135
134
137
139
13¢
14(
141
142
143
144
145
14¢

147
148
149
15(

Q[i] -= mean;

chrom_gr = new TGraphErrors (10, freq, Q, freq_errors, Q_errors);
chrom_gr->SetMarkerColor (kRed) ;
chrom_gr->Draw ("*");

chrom_gr->Fit ("pol2", "F");
chrom_gr->GetFunction("pol2")->SetLineColor (kRed) ;
double xi_9_1 = chrom_gr->GetFunction("pol2")->GetParameter("pl");

double xi_9_2 = chrom_gr->GetFunction("pol2")->GetParameter ("p2");

double xi_9_1_error = chrom_gr->GetFunction("pol2")->GetParError (1);

double xi_9_2_error = chrom_gr->GetFunction("pol2")->GetParError (2);

if (chrom_order == 1)

{

}

// Calculating linear dependence based chromaticity of 5 and 9 first order
double k = (xi_9_1-xi_5_1)/(9 - 5);

double b = -(xi_9 1-xi 5_1)/(9 - 5)*5+xi_5_1;

cout << "First order chromaticity:\nk = " << k << "\nb = " << b << endl;

// Calculating error bars by interpolation of 5 and 9 error bars

double k_error = (xi_9_1_error-xi_5_1_error)/(9 - 5);

double b_error = -(xi_9_1_error-xi_5_1_error)/(9 - 5)*5+xi_5_1_error;

cout << "First order chromaticity error:\nk error = " << k_error << "\nb error

= " << b_error << endl;

double x[2] = {5,9};
double y[2] = {xi_5_1,xi_9_1};
double ey[2] = {xi_5_1_error,xi_9_1_error};

TGraphErrors *1lint = new TGraphErrors(2,x,y,0,ey);
lint->SetFillColor (4);

lint->SetFillStyle (3006);

lint->SetTitle("");
lint->GetXaxis () ->SetTitle("#xi_{x} {theor}");
lint->GetYaxis () ->SetTitle ("#xi_{x} "{exp}");
lint->GetYaxis () ->SetTitleOffset (1.4);
lint->Draw("aL*3");

else

{

// Calculating linear dependence based chromaticity of 5 and 9 second order
double k = (xi_9_2-xi_5_2)/(9 - 5);

double b = -(xi_9_2-xi_5_2)/(9 - 5)*b+xi_5_2;

cout << "Second order chromaticity:\nk = " << k << "\nb = " << b << "\t" <<
endl;

// Calculating error bars by interpolation of 5 and 9 error bars

double k_error = (xi_9_2_error-xi_5_2_error)/(9 - 5);

double b_error = -(xi_9_2 error-xi_5_2 error)/(9 - 5)*5+xi_5_2 error;

cout << "Second order chromaticity error:\nk error = " << k_error << "\nb
error = " << b_error << endl;

double x[2] {5,9};
double y[2] = {xi_ 5_2,xi_9_2};
double ey[2] = {xi_5_2_error,xi_9_2_error};

TGraphErrors *1lint = new TGraphErrors(2,x,y,0,ey);
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15¢ lint->SetFillColor (4);

157 lint->SetFillStyle (3006);

158 lint->SetTitle("");

159 lint->GetXaxis () ->SetTitle("#xi {x} {theor}");
16( lint->GetYaxis () ->SetTitle ("#xi_{y} {exp}");
161 lint->GetYaxis () ->SetTitleOffset (1.4);

162 lint->Draw("aL*3");

16: }

1641

B Data tables
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