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IMAGING OF THE MAX |1l ELECTRON BEAM PROFILE USING
VISIBLE SYNCHROTRON RADIATION
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Abstract

The recently assembled MAX 111 diagnostic beam line
utilizes the bending magnet synchrotron radiation (SR) in
the visible to ultraviolet range to form images of the trans-
verse electron beam profile. Computer simulations model
the generation and propagation of the SR through the beam
line, taking into account effects such as diffraction, the lon-
gitudinally distributed source point and the curvature of the
electron orbit. Using the diagnostic beam line, the electron
beam size and the emittance in the MAX Il synchrotron
light source has been determined.

INTRODUCTION

Several different methods are used at synchrotron light
sources to determine the transverse electron beam sizes [1].
The most common methods are pinhole cameras using syn-
chrotron radiation (SR) in the X-ray range and interferome-
ters using SR in the visible range. Other methods are imag-
ing with visible to ultraviolet (vis-UV) SR and X-ray imag-
ing using focusing optics, such as a Fresnel zone plate or
compound refractive lenses.

The method used at MAX I1I is imaging with vis-UV
SR. This used to be a common method, but other meth-
ods were developed since the optical resolution of the beam
imaging with vis-UV SR seemed to be insufficient for mea-
surements of small beam sizes. However, the optical reso-
lution can be improved by exploiting the wave-optics fea-
tures of SR together with detailed modeling of the SR emis-
sion and propagation through the imaging system [2, 3].

MAX 11

The MAX Ill synchrotron light source was commis-
sioned in late 2006 and characterized in 2008 [4]. Itisa 3rd
generation electron storage ring with an electron energy of
700 MeV intended for SR generation in the infrared and
ultraviolet region. It has an eightfold periodicity, 36 m cir-
cumference and a design horizontal emittance of 13 nmrad.
The storage ring makes extensive use of combined function
magnets to obtain a compact lattice. Each unit cell con-
tains a dipole with a defocusing gradient and two focusing
quadrupoles with a sextupole component. Two insertion
devices (ID) have been installed in the ring, providing SR
in the ultraviolet region. A third beam line, which will uti-
lize infrared light from one of the dipole magnets, is cur-
rently under construction.
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MAX |1l DIAGNOSTIC BEAM LINE

The MAX 111 diagnostic beam line was designed and in-
stalled in 2010. A detailed description of the setup of the
beam line and the method used to determine the transverse
electron beam profile can be found in Ref. [5].

The source point of the beam line is the center of the
bending magnet in cell 6 (D6) of MAX Ill. The vis-UV
part of the SR is reflected 90 degrees upwards by a water-
cooled SiC mirror. The mirror determines the vertical ac-
ceptance of the measurement system (48.1 mrad). A fused
silica symmetric spherical lens focuses the SR, whereas
movable aperture restrictions (baffles) determine the hor-
izontal opening angle. The SR propagates out of the vac-
uum system through a fused silica vacuum window. Close
to the image plane, narrow band-pass filters and a Glan-
Taylor polarizer select the wavelength and polarization of
the measurement. At the image plane a CCD camera (pixel
size 3.75 pum) records the intensity distribution of the SR.

DETERMINATION OF THE ELECTRON
BEAM PROFILE

Ideally, the SR intensity distribution recorded by the
beam line camera would correspond to the electron beam
profile at the source point scaled by the magnification fac-
tor of the system. However, features like the narrow verti-
cal opening angle of SR and the longitudinally distributed
SR generation cause the image to deviate from the scaled
electron beam intensity distribution. In order to reconstruct
this ideal image, the measured intensity profile is decon-
voluted with the image a single electron passing through
the bending magnet would give rise to at the camera. By
scaling the deconvoluted (ideal) image with the magnifica-
tion factor the electron beam profile at the source point is
reconstructed.

The image a single electron passing through the bend-
ing magnet would give rise to at the camera is called the
filament-beam-spread function (FBSF). It is calculated nu-
merically using SRW [6]. The emission and subsequent
propagation and focusing of the SR through the beam line
is treated within the framework of classical electrodynam-
ics, including in a natural way effects such as diffraction,
the longitudinally distributed source point and the curva-
ture of the electron orbit.

Figure 1 shows an example of a beam profile measure-
ment at MAX 111 using o-polarized light at 488 nm. The
measured CCD camera image is shown together with the
FBSF and the resulting deconvoluted image. Figure 2
shows a similar example using m-polarized light.
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Measured image — 488 nm, ¢ pol., 20 mm baffle
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Figure 1: (Color) Example of beam profile measurement with o-polarized light at 488 nm. Measured image, filament-
beam-spread function and deconvoluted image for baffle aperture 20 mm (45.4 mrad horizontal opening angle).
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Figure 2: (Color) Example of beam profile measurement with 7-polarized light at 488 nm. Measured image, filament-
beam-spread function and deconvoluted image for baffle aperture 20 mm (45.4 mrad horizontal opening angle).

MEASUREMENTS AND RESULTS

The MAX I11 diagnostic beam line has been used to de-
termine the electron beam size, dispersion and emittance
in the MAX 111 synchrotron light source. Using MATLAB
LOCO [7] the machine functions, natural energy spread,
momentum compaction and horizontal emittance of a fit-
ted MAX 111 lattice has been determined. The details of the
measurements are given below. Table 1 shows an overview
of the results obtained, comparing the design values (from
Ref. [4]) with results from the fitted lattice and diagnostic
beam line measurements.

Electron Beam Sze

The electron beam profile in MAX 111 is reconstructed
by scaling the deconvoluted image with the magnification
factor of the measurement system. The horizontal and ver-
tical beam sizes as well as the tilt of the electron beam el-
lipsis are determined by fitting a two-dimensional Gaus-
sian to the reconstructed electron beam profile. The beam
sizes in MAX 111 are large enough to be determined both
by o and w-polarized light. 100 images were recorded with
o-polarized light and 100 images with -polarized light at
488 nm wavelength and 20 mm baffle aperture (+5.4 mrad
horizontal opening angle). The measurements (from which
the images in Figs. 1-2 are taken) were performed at low
current (1.5 mA) with the standard operating orbit in MAX
111 and all ID gaps open. The mean and standard deviation
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of the horizontal beam size o, and vertical electron beam
size o, for the 200 analyzed images were

0p = 101.0 + 0.4 zm
o, =51.6+0.9 um

The performance of the diagnostic beam line has been
investigated by doing a series of measurements where
the beam line configuration was varied to utilize differ-
ent wavelengths and polarizations of the SR and different
horizontal opening angles of the measurement system [5].
Based on that investigation and experience from operating
the beam line, the standard deviation of the systematic er-
ror of the measurement is estimated to be (smaller than)
2.0 um, which gives

0p = 101.0 £ 2.0 um
o, = 51.6 + 2.2 um

Fitted Lattice (LOCO)

Using MATLAB LOCO [7] a computer model of the
MAX 11 ring was fitted to 24 sets of measurement data.
Three response matrix measurements were performed, with
the standard operating orbit and ID gaps open, at three dif-
ferent occasions. At each occasion eight different orbit
changes due to changes in RF frequency were measured.
By using several sets of input data the uncertainty in the
fitted parameters could be estimated.

The mean and standard deviation of the natural energy
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Table 1: MAX 11 Desig
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n and Measured Parameters.

Design [4] Fitted lattice Measured
Horizontal beam size at center of D6, o, (um) - - 101.0 £ 2.0
Vertical beam size at center of D6, o, (um) - - 51.6 2.2
Horizontal beta function at center of D6, 3, (M) 0.27 0.2731 4+ 0.0056 -
Vertical beta function at center of D6, 3, (m) 12.8 13.978 £ 0.077 -
Horizontal dispersion at center of D6, 7, (m) 0.14 0.1358 £ 0.0027 0.1341 £ 0.0008
Vertical dispersion at center of D6, 7, (m) 0.00 0.0362 £+ 0.0117 0.0278 £ 0.0002

Natural energy spread, o/ E

0.0006072  0.00060005 £ 0.00000013

Momentum compaction, o, 0.032559 0.032883 4 0.000024 -
Horizontal emittance, e, (nmrad) 13 13.159 4+ 0.041 13.7+1.1
Vertical emittance, €, (mnrad) - - 0.170 £ 0.012
Coupling, 0.1 - 0.0124 +0.0013

spread o i/ E, momentum compaction «.., horizontal emit-
tance ¢, the beta functions ., 3, and dispersion 7, 7, at
the center of D6, for the 24 fitted lattices, are presented in
Table 1.

Dispersion

The dispersion 7; can be determined from the orbit dis-
placement A: due to a shift in the RF frequency frr:

Ai
Afrr

Using the diagnostic beam line the horizontal displace-
ment Az and vertical displacement Ay at the source point

of the diagnostic beam line due to a shift in the RF fre-
quency was determined to be

Az/Afrp = —0.04081 % 0.00024 m/MHz
Ay/Afrr = —0.00846 % 0.00005 m/MHz

M = —0 frF

The uncertainty of the measurement is given by the un-
certainty in determining the magnification factor. With
frr = 99.925 MHz and using the fitted momentum com-
paction, the dispersion at the center of D6 is

Ne = 0.1341 £ 0.0008 m
1y = 0.0278 £ 0.0002 m

Comparing with the fitted values for the dispersion it can
be seen that the values agree, but that the accuracy is sig-
nificantly better for the diagnostic beam line measurement.

Emittance and Coupling
The emittance ¢; is given by

o} — (op/E)*n}
Bi
The horizontal emittance e, and vertical emittance e, in
MAX 111 can now be determined using the measurements
of the electron beam size and dispersion function at the cen-
ter of D6 together with the fitted LOCO results for the natu-
ral energy spread and the beta function at the center of D6.

%
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€; = 13.7+ 1.1 nmrad
€, = 0.170 £ 0.012 nmrad

The value used for the energy spread is the fitted natu-
ral energy spread. Since the beam size measurement was
performed at a low current the actual energy spread is ex-
pected to be close to the natural energy spread. However, if
there is a discrepancy the actual energy spread is expected
to be larger than the natural energy spread, in which case
the values for the emittance will be slightly overestimated.
The measured horizontal emittance agree with the design
value and with the fitted LOCO result.

The emittance coupling ratio in MAX 111 is

K = ey/ex = 0.0124 +0.0013

This value is significantly smaller than the design value
of x = 0.1. During standard operation a shaker connected
to a strip line in the ring excites the vertical tune of the
betatron oscillation in order to increase the vertical beam
size.
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