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Abstract: The ALBA facility is a Synchrotron Light Source that accelerates electrons up to
3 GeV to produce synchrotron radiation for scientific experiments. Transverse size measurements of
the electron beam are carried out by imaging with an x-ray pinhole camera, whose spatial resolution
is described by the Point Spread Function (PSF). The PSF changes slightly the beam image and
determines the minimum beam size measurable, therefore its value is required for precise beam
size measurements. This report calculates and compares the PSF analytically, experimentally and
by numerical simulations, showing that the results obtained by the three methods are consistent.
ALBA is equipped with a pinhole since 2011, and a new one is under design with a better resolution.
Finally, this report also calculates the heat load received at the main pinhole elements to evaluate

the need of cooling systems.

I. INTRODUCTION

The ALBA Synchrotron Light Source is a high en-
ergy electron accelerator located in Cerdanyola del Valles
(Barcelona). The ALBA facility comprises an injection
system, which delivers electrons to a storage ring of 268 m
circumference to produce the synchrotron radiation that
the beamlines (experimental stations) use to perform re-
search in many different fields, from nanotechnology to
biology. Currently, there are 8 beamlines in operation,
which receive the x-rays produced when the electron
beam is curved by the magnetic structures in the stor-
age ring.

Measuring the transverse size and emittance [1] of the
electron beam at any time is essential to control the ma-
chine performance, and it is carried out with an x-ray
pinhole camera [2]. The pinhole image is affected by
the system Point Spread Function (PSF) which is the
beam size measured at the screen camera corresponding
to a point-like electron beam, also called ”zero emittance
beam”. Characterization of the pinhole PSF allows to
accurately calculate the transverse beam size.

Currently, one x-ray pinhole is operating at ALBA and
it is located at the Front End 34 (FE34). For redundancy
purposes, another one is currently under design at FE21.

In this paper, the PSF is calculated by three different
methods: analytically, experimentally and by numerical
simulations using a program called OASYS which is a
graphical interface for performing optical simulations and
beamline configurations [3]. Until now, the PSF has only
been calculated analytically for pinhole in FE34 [4]. Now
that another pinhole is being designed, we aim to compare
the analytical calculations with the experimental results
and simulations. The work is the result of a four months
stay I performed at ALBA from October 2019 to January
2020.
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II. THE ALBA X-RAY PINHOLE

The ALBA x-ray pinhole is a beam diagnostics system
used to measure the electron beam size in the storage
ring, as well as beam position and stability. As the simple
optics principle of a pinhole (Fig.1 - top), it takes the
synchrotron radiation coming from a bending magnet to
obtain a magnified transverse image of the electron beam,
which will be analysed to infer the vertical and horizontal
electron beam size.

The main parameters of the electron beam and the
dipole bending magnet are summarized in Table I.

Horizontal electron beam size oy 58 pum
Vertical electron beam size oy 26 pm
Horizontal electron beam divergence cr,,( 33 prad
Vertical electron beam divergence a; 26 prad
Energy, £ 3 GeV
Energy spread , ATE 0.001
Number of bunches (max) 448
Current intensity, 1 250 mA
Dipole magnet field, B 142 T
Lorentz relativistic factor, ~ 5870

Table I: ALBA electron beam and dipole parameters. They are
used as input for OASYS. ox and oy are Gaussian standard
deviations.

A. Experimental set-up

The sketch of the x-ray pinhole located at FE34 is
shown in Fig.1 (bottom). The pinhole consists of the fol-
lowing elements. First, a fixed mask limits the radiation
aperture: 1 mrad horizontally and 0.5 mrad vertically.
Next, the Aluminium window with a thickness of 1 mm
separates the vacuum region and air at atmospheric pres-
sure, and it also filters out the softest x-rays. The next
element is a triangular prism Cu filter whose thickness
can be adjusted to select the hard x-rays. The radia-
tion then goes through the pinhole of aperture w made of
Tungsten. The last component is a YAG (Yttrium Alu-
minium Garnet) fluorescence screen that converts x-rays
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into visible light which is finally imaged through a lens
system on a CCD.

Naming L; the distance from the source point to the
pinhole and Lo the distance between the pinhole and the
YAG screen, the image of an electron beam with trans-
verse size o}, is amplified as %ab. The subindex b stands
for both the horizontal, z, and vertical, y, sizes. Note that
the image on the screen is slightly modified by blurring
and diffraction effects, as explained in the next section.

source N L2
L1 ‘
image
L1=6.001m L2=13.891m
Fixed mask Filter (Cu)
Bending magnet Window (Al) Pinhole (W)
Screen
In vacuum In air

Figure 1: Working principle of a pinhole (top). Component
schematics of FE34 pinhole system (bottom). Dimensions are not
to scale.

A new pinhole is being designed at Front End 21
(FE21), with some improvements with respect to the pin-
hole at FE34. The main parameter difference is the mag-
nification, which increases from 2.31 to 3.76. Table II
lists the main parameters of both pinholes.

Pinhole FE34 |Pinhole FE21
L1 (m) 6.001 4.152
L (m) 13.891 15.624
Magnification X = La/Ly 2.31 3.76
Al window width (mm) 1 1.5

Table II: Values for L1, Lo, magnification and thickness of the
Aluminium window for both pinholes.

B. OASYS Simulations

OASYS is a Python based program and, among oth-
ers, it includes the codes SHADOW (for ray tracing sim-
ulations) and SRW (for synchrotron radiation wavefront
propagation). Configurations of both pinholes are simu-
lated with OASYS. On the one hand, SHADOW is used
to simulate the magnified image of the electron beam to
calculate the beam size. On the other hand, SRW is used
to compute the pinhole PSF.

Two examples of the transverse beam image acquired
with SHADOW simulations of pinhole FE34 and FE21
are shown in Fig. 2. Vertical and horizontal projections
follow Gaussian profiles, and so we obtain oy and oy using
2D Gaussian fits. The image obtained with the pinhole at
FE21 shows larger dimensions than the image obtained
with pinhole at FE34 because of larger magnification in
FE21.
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Figure 2: Comparison of beam images in both pinholes systems,
simulated with OASYS.

OASYS is also used to calculate the photon flux pro-
duced by a bending dipole, and it also allows to see how
this flux evolves after traversing different thickness of Al
and Cu — see Fig. 3. Note that the flux is not monochro-
matic, which influences the calculation of the PSF (see
next Section).
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Figure 3: Radiation spectrum produced by a bending dipole of
ALBA (blue), radiation attenuated by an Al window of 1 mm
(red), and radiation attenuated by an Al window of 1 mm + Cu
filter of 0.3 mm (green). Data obtained with OASYS.

III. CALCULATION OF PSF

The PSF can be calculated using different methods.
First, the analytical method is used to show the differ-
ent effects contributing to the beam size enlargement.
Next, OASYS simulations are performed. Finally, an ex-
perimental method using the measurement of the beam
lifetime is carried out to infer the PSF at FE34.

A. Theoretical Analysis

The visible range of synchrotron light is not appropri-
ate for imaging due to diffraction limitation. Instead, the
x-ray part of the spectrum is used. This part is affected
by Fraunhofer diffraction [4, 5],

VL "
Odiff = Ar w

and by blurring due to the finite size of the pinhole [4, 5],
U}(Ll + Lg)

JBL (2)

Oblur =
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where A is the wavelength of light and w is the pin-
hole width. As seen in Fig. 3, the photon beam is not
monochromatic and the diffraction contribution must be
calculated integrating for the different energies, F. Tak-
ing into account that £ = h<,

ODIFF :/Udiff(E)P(E) dE, (3)
where
_ Nph(E)
P N aE W

Here Npn(E) is the photon flux for a specific energy.
Then, the PSF is obtained by adding these contribu-
tions in quadrature:

— 2 2 2
OPSF = \/Oblur + ODIFF + Ogcreens (5)

where Ogcreen 18 the CCD pixel size. For the electron
beam, the measured beam size oyag will be larger than
the true beam size, Xoy,, due to its PSF

ovac = (Xou)? + (opsr)?, (6)

where X is the magnification of the pinhole.

Table III summarises the values of opur, oprr and
opsr for both pinholes, with and without 0.3 mm of Cu
for a pinhole width of 10 ym. This value was chosen at
FE34 for manufacturing purposes and because it is close
to the value that minimizes the opgr [4].

FE34 Imm Al+0.3mm Cu|FE21 1.5mm Al+0.3mm Cu

Oblur 9.57 pm 13.75 pm
ODIFF 11.2 pm 12.5 pm

OPSF 15.19 pm 18.93 ym

FE34 1mm Al FE21 1.5mm Al

Oblur 9.57 pm 13.75 pm
ODIFF 19.2 pm 19.8 pm

OPSF 21.76 pm 24.40 pm

Table III: Values of PSF for both pinholes. The value of oscreen
is 3.75 pm, corresponding to the CCD pixel size.

The values of opgr obtained for the pinhole in FE21
are larger than the ones of pinhole in FE34 because the
magnification of pinhole FE21 is larger. Despite this fact,
the resolution (in terms of minimum measurable beam
size) of FE21 pinhole is better than FE34. Note that
ZESE is the minimum beam size a pinhole can measure.
Then, the resolution of the pinholes are 6.58 pm (FE34)
and 5.03 pm (FE21), in the case with Cu filter of 0.3mm.

Also note that the effect of adding in quadrature the
opsr in Eq. (6) to the vertical beam size oy ~ 30 pum is
not remarkable in the Cu filter case, because

\/ (Xoy)? { 96.9%, FE34

(7)

(Xoy)2 + (opsr)? | 98.2%, FE21.

The effect of opsrp on the horizontal beam size of the
image, X o, is even smaller because o ~ 2-0y (see Table
I). In general, note that the relative effect of the PSF
contribution to the measured beam size oyag reduces as
the beam size increases.
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B. PSF Calculation using SRW

SRW (Synchrotron Radiation Workshop) is a wave op-
tics computer simulation code integrated in OASYS, and
it simulates the radiation wavefront propagation through
the elements of an x-ray beamline. We use it to calculate
the PSF of pinholes at FE34 and FE21.

For these simulations we consider the wavefront of light
emitted by a point-like ("zero emittance”) beam. We
perform the simulations using a 10 pgm horizontal and
1 pm vertical, which is a factor ~ 30 smaller than the
real vertical o, and it is a good compromise between an
optimum simulation result and the CPU time. The opgp
is computed in the vertical plane, which corresponds to
the more restringent case.
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Figure 4: Normalized transmission spectra for 1 mm Al (blue)
versus 1 mm Al + 0.3 mm Cu (red) filters at FE34.

The radiation spectrum considering 1 mm Al window
and 1 mm Al + 0.3 mm Cu filter are used for pinhole
FE34 simulations. On the other hand, the radiation spec-
trum after 1.5 mm Al window and after 1.5 mm Al win-
dow + 0.3 mm Cu filter are used for pinhole FE21 simu-
lations. Since SRW only allows doing simulations with a
monochromatic photon flux, several simulations are done
with different values of energy to overcome this issue (see
Fig. 5, top). Then, we weight the PSF result obtained for
each energy according to its normalized flux (see Fig. 4),
and we add these contributions in one single profile (red
dots in Fig. 5, bottom). The opgr is obtained after fitting
the profile in Fig. 5 (bottom) to a Gaussian function.

Table IV summarises the values of opsr obtained for
both pinholes, with and without Copper filter. We stress
that the effect of adding the Copper filter is significant
because it reduces the value of opgr by about 20%.

FE34 FE21
Al+0.3mm Cu|14.84 ym|18.87 pum
Al 17.86 ym|23.31 pm

Table IV: opgp values for both pinholes, with and without Cu
filter.

In this situation, the minimum beam size measurable
are 6.42 pym (in FE34) and 5.02 ym (FE21), in the case
with Cu filter.
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Figure 5: FE34 PSF obtained at the screen for five different
energies (top). A Copper filter of 0.3 mm is used. Sum of all PSF
contributions (bottom).

C. Experimental Measurement of PSF

The beam lifetime is the time interval after which the
intensity of the beam has reached % of its initial value. It
is given by several effects (vacuum pressure, beam inten-
sity, etc), but the most influencing one is the Touschek
effect.

The Touschek effect is a phenomenon of scattering and
loss of electrons in the stored electron beam, caused by
Coulomb scattering. It consists in the transformation
of a small transverse momentum into a large longitudinal
momentum [6]. Consequently, both colliding particles are
lost because one has too much energy and the other one
has to little energy. This loss of electrons due to Touschek
effect reduces the beam lifetime, 7, whose value at ALBA
is around 20h in current conditions (see Table I).

The PSF of the pinhole system in FE34 can be exper-
imentally calculated using the Touschek lifetime, T;. For
the ultrarelativistic case, and in ALBA conditions, we
have

crg N, cr% IT, ey

1
T <2ﬁ72030x0y512n> N <2neﬁ72050x0y6§1>
(8)

where c is the speed of light, r, is the classical particle
radius, N, is the number of electrons in the bunch, oy
is the bunch length and 6y, is the relative momentum
spread. The beam intensity is I = anﬁ, where n
is the number of filled bunches and Tje, is the time the
electrons take to go a full turn. The brackets mean the
average over the whole storage ring circumference. From
Eq. (8) we obtain that Touschek lifetime, T; is directly
proportional to the vertical beam size, oy, assuming all
other parameters remain constant. However, the inten-
sity, I, may slightly vary during the experiment. Then,
Touschek lifetime is directly proportional to U—Iy

For normal operating conditions, ALBA lifetime is
Touschek dominated for a beam intensity of 100 mA (or
more) and n ~ 400 bunches. Then, electron losses are

2
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mainly produced by Touschek effect and 7 ~ T, and so,
oy=Fk-I-T, (9)

where k is a scaling factor.
Substituting Eq. (9) into Eq. (6) we obtain,

2 2
(229) = (orry? + () (10)
During the experiment, we reduce oy from 26 pm to
16 pm in 5 steps and we measure the values obtained for
I, 7 and oyag (0x remains unchanged). The dataset is
shown in Fig. 6 for a Cu filter of 0.3 mm thick in FE34.
From the fit values, we find opgp = 12+ 8 pum. The large
error bar stems from the fact that we cannot reduce fur-
ther the beam size o,. Smaller values of o, would provide
more data points near the ordinate axis (in Fig.6) and,
consequently, the fit uncertainty values would reduce.
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Figure 6: Measurement of 02, /X? versus (I7)2, during the
experiment.

IV. HEAT LOAD AT THE AL WINDOW

In this section we compute the heat load received by
Al window according to the analytical Equations found
in the literature [7]. In the following we consider a beam
intensity of 400 mA, which represents the worst case sce-
nario.

At ALBA, the vertically integrated power emitted per
horizontal mrad due to the synchrotron radiation is

P[kW] = %EﬂGeV]B[T}I[A] — 6493 (11)

mrad’
because radiation is homogeneously emitted in the hor-
izontal plane around the ring. The vertical distribution
of the power in units of [W/mrad?] follows:

dP B 5.42E4[G6V]B[T][[A] [ 521" ]
dz'dy’ o (1 +,72y/2)5/2 7(1 _|_72y/2)
(12)

where (2/,y’) are the (hor, ver) angles. The profile is
shown in Fig. 7, where is also shown that it can be ap-

proximated by a Gaussian profile with a standard devia-
tion of

0.608
0 = —— =0.1 mrad. (13)

v
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Figure 7: Histogram of the power distribution as a function of
the vertical angle y’. The red line is a Gaussian fit assuming o
calculated by Eq. (13). The dotted lines mark the aperture (0.5
mrad) and we see that almost all the radiation and power density
goes through the aperture.

Computing the area of the histogram between the ver-
tical apertures of the ALBA pinholes (from £0.25 mrad),
we obtain a total power of 61.16 W per hor mrad, while
the area under the Gaussian curve is 61.09 W per hor
mrad. The error is about 0.1%, which shows it is a good
approximation.

The Aluminium window is placed perpendicularly to
the photon beam of 0.5 mrad divergence. The photon
flux produced by a dipole after traversing the Al window
is obtained with OASYS (see Fig. 3). Knowing that
P = E,;, - Npn, we calculate the power ratio as

P _ o BonVpi B | (14)
Pvac fooo EthgﬁC dE ‘vac

If we consider P as the power arriving to the Al window,
the power transmitted through it is:

Pai
b
PVaC

Ptrans = PO . (15)

and the absorbed power is Paps = P° - Pirans.

Table V shows the results of these calculations for both
FE21 and FE34. The result for FE21 is used by the
ALBA Engineering Division to design the cooling system
of the Al window.

FE34|FE21
Ptrans (W) 20.73|16.61
Paps (W) 40.37(44.49

Table V: Power absorbed and transmitted at the Al windows for
both FE21 and FE34.

V. CONCLUSIONS

This work characterizes the pinhole existing at the
ALBA FE34 and the new one, still in design stage in
FE21. Analytical PSF determination of the FE34 pin-
hole was already done in 2011. This report compares
this result with the one from SRW simulations, and also
computes the PSF at FE21 both analytically and with
simulations.

With both analytical and simulation methods we ob-
tain that pinhole FE21 resolution is better than the one
of pinhole FE34 because of the larger magnification. For
the same Cu thickness of 0.3mm, the ultimate pinhole
resolutions are ~ 6.6 um (FE34) and ~ 5 um (FE21).

For each pinhole the results of opgr obtained by the
different methods are consistent. In FE34, the PSF is also
inferred using experimental method, finding a consistent
result although the error bar is large.

The electron beam images acquired with SHADOW
simulations of the new pinhole in FE21 are useful for
predicting the image we will obtain once the new pin-
hole is constructed. Moreover, the results of opgr for the
pinhole FE21, will be used in the future to calculate the
transverse electron beam size.

Finally, the heat load distribution in the Al window
in FE21 is given to the ALBA Engineering Division to
design the appropriate water cooling system.
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