7% Int. Beam Instrumentation Conf.
5 ISBN: 978-3-95450-201-1

r, and D

Abstract

The momentum compaction factor of a storage ring can be
= obtained by measuring how the beam energy changes with
,:é the RF frequency. Direct measurement of the beam energy
% can be difficult, long or even not possible with acceptable
E accuracy and precision in some machines such as ESRF.
E Since the energy spectrum of the Synchrotron Radiation
§ (SR) depends on the beam energy, it is indeed possible to
g relate the variation of the beam energy with a variation of
E the produced SR flux. In this proceeding, we will present
‘S how we obtain a measurement of the momentum compaction
using this dependence.
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INTRODUCTION

The variation of path length (L) with momentum (p) is de-
ermined by the momentum compaction factor (a.) defined

y:

o =

AL .22, M)
L p
with %” < 1[1].
Assuming that particles are ultra-relativistic (v =~ ¢, where
c is the speed of light), AL is directly related with RF fre-
quency variation, A frr:

AL Afur
L fre

while the measurement of the momentum variation leads to
some difficulties.

Using the same assumption, the momentum p can be
approximated to the beam energy E and:
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Substituting Eq. (2) and Eq. (3) in Eq. (1) one obtains:

AE AfrRF
— =, }
E JRF

In high-energy accelerators, and in particular in syn-
hrotron light sources, the most accurate way to measure the
nergy is via the “spin depolarization” [2—4]. Unfortunately
this technique cannot be used in all the machines depending
on the complexity of the lattice [5S]. Moreover the whole
measuring process is time consuming.

On the other hand the momentum compaction factor mea-
urement can be obtained by measuring the relative energy
ariation %. A method to obtain this quantity has been
roposed based on the observation of the shift of the spectral
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peaks produced by an undulator [6,7]. The observation is
also quite complex and time consuming since it involves the
access to a full beamline to measure the full SR spectrum.
The new technique to obtain a., proposed in this proceed-
ing, is based on the measure of % by using the relation

between the produced SR flux and the beam energy.

MOMENTUM COMPACTION AND
SYNCHROTRON RADIATION

The total SR power emitted by a charged particle with
unit charge in a bending magnet is given by:

®

where g is the vacuum permittivity, ry is the classical elec-
tron radius, m is the rest mass of the particle, and B is the
magnetic field [8]. From Eq. (5), it is clear that Py depends
on the beam energy E, however a direct measurement of the
total SR power is not possible.

A good observable is instead the intensity of the hard
portion of the SR, which depends on Py. The flux produced
by an electron beam with an energy of 6.04 GeV, and one
produced by increasing the beam energy of 5% are presented
in Fig. 1: the fluxes start to be consistently different for
photon energies larger than 100 keV.
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Figure 1: Photon flux produced by a beam of 6.04 GeV (blue)
and the one produced by increasing the beam energy of 5%
(orange).

High-energy photons can be selected by filtering the SR
using an absorber, and detected by using, for example, a
scintillator and a CCD camera.

The total intensity of the signal hence depends on the
beam energy and although it is not possible to relate it with
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the absolute value, any relative energy variation can be de-
tected and quantified from the relative change of the intensity
detected by the CCD camera [9]. Figure 2 shows an example
of intensity variation when performing a RF step of 100 Hz.
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Figure 2: Example of RF step (top) inducing a SR intensity
variation (bottom).

The relation between the electron beam energy and the
SR intensity depends on the x-rays spectrum and on the
radiation optical path.

In order to measure the momentum compaction factor,
the idea is to record the SR intensity variation for different
RF frequency steps. The relative change of SR intensity is
then converted into electron beam energy variation using a
coefficient given by the simulation of the SR passing through
the optical path. Fitting the data with Eq. (4), the momentum
compaction factor is obtained.

CALCULATION OF THE CONVERSION
COEFFICIENT

The software used to simulate the SR and the optical path
is the X-ray Oriented Programs (XOP) [10].

XOP produces the emitted SR spectrum for a given beam.
The parameters required are the machine radius, or equiv-
alently the magnetic field, and the beam energy. Other pa-
rameters, such as the beam current, are not relevant for the
scope of these simulations, since they are cancelled out when
evaluating the relative variation of the SR intensity.

The same software also produces the transmittance and
absorption curve of different material for a defined thickness,
as a function of the photon energy spectrum. These curves
are used to simulate the x-rays optical path.

A Python script has been written to propagate the x-ray
spectrum through the different materials using the transmis-
sion curve, and to estimate the number of photons absorbed
in the scintillator at the end of the optical path.

The photon absorbed are converted into visible light by
the scintillator. The signal produced by the material is lin-
ear with the x-ray photon energy absorbed and the linear
coefficient is provided by the scintillator manufacturer.
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The whole process can be translated in formula as:

HE) = [ 7B, XTonlE,) % As(E) < Co By dEpi ©

where I(E) is the intensity observed on the CCD and depends
on the beam energy E, and E), is the energy spectrum of the
SR produced, f(E),) is the initial flux at a given beam energy,
Tor(Ep) is the transmission of the optical path, Ag(E)) is
the absorption of the scintillator, and C; is the scintillator
linear coefficient.

The simulation has to be repeated for several energies in
the range of the expected energy excursion. The final output
is the dependence of the observed relative change of the
SR intensity (%) from the generated beam energy variation

(45).

EXPERIMENTAL SETUP AND
PREPARATION

Experiments were performed at the storage ring of the Eu-
ropean Synchrotron Radiation Facility (ESRF). The machine
parameters are presented in Table 1.

Table 1: ESRF Machine Parameters

Parameter Unit  Value
Energy GeV  6.04
RF frequency MHz 352
Horizontal Emittance  nm 4
Vertical Emittance pm 4
Magnetic Field T 0.86

SR coming from the first bending magnet in cell 7 is
extracted through an absorber made out of 28 mm of copper,
and through a 2mm aluminum extraction window. The

absorber is a simple, solid, copper parallelepiped designed :

for non-destructive halo monitoring [11].

X-rays are converted into visible light by 6 mm of
Cadmium-Tungstate scintillator (CdWOy, Cy ~ 13 ph/keV
[12]), and imaged through an objective to a CCD camera.

A sketch of the experimental setup is presented in Fig. 3,
and Fig. 4 shows an example of the image obtained at the
CCD.

Coefficient Calculation

The coefficient K relating the relative SR intensity varia-

tion with the relative electron beam energy change,
Ny ™

I E
has been found using XOP, as explained in the previous
section.

The simulated SR spectrum (flux) before and after the
optical path is presented in Fig. 5.

To calculate the conversion coefficient, the SR spectrum
has been generated for beam energies corresponding to an
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Figure 3: Momentum compaction experimental setup: SR
produced by a bending magnets is filtered by a copper ab-
sorber and extracted through an extraction window. The
radiation is then converted into visible light by a scintillator
and imaged onto a CCD camera by an objective.
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Figure 4: Image obtained at the CCD location.

RF excursion of +40 Hz (~ £10 MeV). The spectra are prop-
agated through the optical path, and the expected intensity
has been calculated according to Eq. (6). The variation of
intensity is given by:

Al I(E) - I(Ep) .

I IE)

where I(E)) is the intensity obtained at £y = 6.04 GeV and
I(E) is the intensity for a given beam energy, E.

The plot of the correspondence between electron beam
energy and SR intensity is presented in Fig. 6. From the
linear fit of this curve, the conversion coefficient K is inferred.

The result is: Al AE
— =17.16 Xx —.
E

7 ®)

Calibration Varying the Magnetic Field

In order to verify the accuracy of the optical path model,
an independent, experimental, beam-based calibration has
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Figure 5: Energy spectrum of the produced SR at 6.04 GeV
before the optical path (blue) and at the end of it (orange).
Note the different scales on the right and left vertical axis.
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Figure 6: Relation between the electron beam energy and
the SR intensity variation. Dots are obtained by XOP simu-
lations, whereas the line is computed by a linear fit.

been performed by varying the magnetic field of all the
bending magnets in the storage ring, and consequently the
beam energy, maintaining the orbit length constant:

E
=, 9
p < 3 ®
being p is the machine bending radius.
For different values of B (and hence of E, since A?B = ATE),

the produced SR intensity has been recorded. The same
experiment has been simulated using XOP.

The measured and the simulated intensity variations have
been found to be in good agreement: results are shown in
Fig. 7.

RESULTS

Momentum compaction factor measurements have been
performed three different times, in 2017. In general, the RF
has been varied within a #40 Hz range, which corresponds
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Figure 7: SR normalized intensity Vs dipole field B at a
fixed orbit. Measured data in blue, simulation in orange.

to a relative change of beam energy of about 6.4 x 107, Ten
images per frequency has been saved, the intensity of each
image was normalized to the beam current to account for
possible beam losses during the frequency scan.

In order to avoid effects related with the CCD camera
noise drift, the RF has been varied in an “alternate way”, as
depicted in Fig. 8.
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Figure 8: Set RF frequency shifts (top) and measured SR
intensity variation (bottom). The “alternate RF variation”
consists on the repeated sequence: frr, fRF — AfRE, JRF +
A fRF.

To minimize the effect of the background noise, images
are averaged and an image taken with no beam and same
CCD settings is subtracted.

A suitable Region Of Interest (ROI) has been selected and
the integral of the ROI has been used to calculate %. The
energy variation ATE is calculated by inverting Eq. (8).

Results are then plotted as a function of the relative varia-
tion of the RF frequency % and fitted using Eq. (4): the
coefficient of the fit provides the machine momentum com-
paction factor. An example is presented in Fig. 9. The ob-
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tained result is:

a. = (1.814 +0.004) x 1074, (10)
which is compatible with the one computed from the electron
beam optics model obtained from the analysis of the Orbit
Response Matrix (ORM) a, p = 1.8172 x 1074,
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Figure 9: Example of momentum compaction factor mea-
surement: ATE dots are calculated from the SR intensity
measurements, whereas the solid line represents the fit from
whose slope the momentum compaction is inferred.

Table 2 presents all the measurements of the momentum
compaction factor obtained using this techniques over sev-
eral months and the results inferred from the ORM.

Table 2: Results of momentum compaction factor measure-
ments and from the ORM.

@ x107* e x 1074
1.814 +0.004 1.8172
1.816 + 0.002 1.833
1.806 + 0.003 1.8273

CONCLUSION

In this proceeding a new technique to measure the momen-
tum compaction factor based on SR intensity measurements
has been proposed. Experimental tests performed at ESRF
and their results have been presented proving the precision
(better than 107°) and the reliability of the technique. The
relative error on the measurement is in the order of 0.1%.
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