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Abstract

Third generation synchrotron light sources are charac-
terised by a low emittance and low emittance coupling.
Some light sources are already proposing to operate with
extremely low emittance coupling close to 0.1%. We derive
the limits for the emittance coupling measurement due to
the resolution of the X-ray pinhole camera. We also show
that it is possible to design a pinhole camera in order to
push the resolution limit beyond 0.1% emittance coupling.
We then illustrate our calculations with the example of Di-
amond and compare them with experimental data.

INTRODUCTION

Third generation synchrotron light sources are charac-
terised by low emittance, and with the top-up operation be-
coming routine, they can afford to operate at extremely low
emittance coupling. The measurement of the emittance can
be done indirectly by measuring the transverse beam size.
To this end, several devices, like Fresnel zone plates, inter-
ferometry, lens and camera or a pinhole camera, are cur-
rently used. All these systems have advantages but also
limitations. Fresnel zone plates present the best possible
resolution but they require monochromatic beam and the
whole system can require significant effort to bring into
routine operation [1, 2]. In addition, Fresnel zone plates
cannot currently be produced for hard X-ray so these sys-
tems need to operate with soft X-rays, thus requiring all
beam transport in vacuum. The lens and camera system
is limited by the synchrotron radiation diffraction limits,
which is of the order of 80 μm in the visible. Such a
system could be used with X-rays [3], but then the use
of compound refractive lenses with X-rays requires also
monochromatic light as they will introduce large chromatic
aberrations, limiting the resolution of the system. Beam
size measurement using interference methods also requires
monochromatic light, and has a better resolution in the vis-
ible than visible light imaging system. However, due to the
natural opening angle of the synchrotron radiation [4, 5],
the maximum distance between the two slits is limited,
hence defining the minimum measurable beam size.

At Diamond, we have chosen to use two X-ray pinhole
cameras imaging the electron beam from two bending mag-
nets, as they offer the required resolution and the dynamic
range to accurately measure the electron beam size, typi-
cally 50x25 μm2 for 1% coupling, at all currents from be-
low 1 mA to 500 mA [6]. Like any other optics system, it
suffers from chromatic aberration, and a non optimised sys-
tem may prevent measurement of an extremely small beam
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size. However, optimisation of the X-ray pinhole system
will give the possibility to measure very small beam sizes
of typically less than 5 μm.

PSF OF THE X-RAY PINHOLE CAMERA

The performance of the measurement of the transverse
electron beam size is given by the width of the point spread
function (PSF) of the X-ray pinhole camera. The contribu-
tions to the PSF width are the PSF of the pinhole itself due
to diffraction, and the PSF of the X-ray camera. The widths
of these two contributions add quadratically to the total res-
olution of the X-ray pinhole camera, in the approximation
of a Gaussian PSF.

PSF of the Pinhole

We cannot experimentally measure the PSF from our
pinholes, therefore, we calculate the PSF using the Fresnel
integrals for the case of a square aperture. The calculation
is performed in MATLAB, using the expression [7]:

Iλ(x, y, z) = I0λ(x, y, z)×
∣∣∣∣∣
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with (xM , yM ) the intersection point between the aper-
ture plane and the straight P0P ; the transverse plane is
(x, y) and the propagation axis is (z). The source is at
P0(x0, y0, z0) and the image is at P (x, y, z); λ is the wave-
length of the emitted light and ρ = − zz0

z−z0
(z0 < 0). The

aperture of the pinhole is 2a and 2b in each axis.
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Figure 1: Spectrum of the Synchrotron radiation and fil-
tered by Al window and 9 m of air. The thickness of the
window and the peak of the spectrum are shown in the leg-
end.
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For the calculation of the PSF of the pinhole, the spec-
trum of the source needs to be taken into account. In our
case the spectrum is the synchrotron radiation from a bend-
ing magnet, filtered in energy and intensity by a 1 mm thick
Al window, and several m of air. Figure 1 shows such a
spectrum after 9 m of air and several thicknesses of Al.
The result of the integration of expression 1 over the spec-
trum is the PSF of the pinhole at the screen. Examples of
the PSF obtained for our second pinhole are given in figure
2. For large apertures, the PSF has a square shape close to
the aperture size. While reducing the aperture the width of
the PSF goes through a minimum, which is the optimum
working point for the pinhole. For monochromatic light
this minimum is when the aperture is close to satisfying the
relation 2λρ = πa2. When the aperture becomes smaller,
the width of the PSF increases and the far field approxima-
tion is more valid.
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Figure 2: Normalised sum over the photon spectrum of the
Fresnel diffraction patterns from a vertical slit of the bend-
ing magnet synchrotron radiation in Pinhole 2, and for sev-
eral apertures.

In order to calculate the optimum working point for our
pinholes, we evaluate the PSF for our two pinholes varying
the aperture from 5 μm to 50 μm, and for several thick-
nesses of Al. Figure 3 shows the result for our second
pinhole. For the 25 μm aperture, the FWHM of the PSF
are 16.8 μm and 16.3 μm for pinhole 1 and 2 respectively.
However, the curves show that these are not the optimum
working points. For apertures 18.3 μm and 19.5 μm, the
PSF FWHM in pinhole 1 and 2 should be 7.5 μm and 8.3
μm respectively.

PSF of the X-ray Camera

The X-ray camera is composed of an X-ray screen that
converts absorbed X-ray photons into visible photons and
a CCD camera that observes the screen through a macro-
lens with a magnification close to 1. In order to directly
measure the PSF of the system, we remove the pinhole and
image the X-ray fan on the screen with an opaque mask
with a sharp edge made by a tungsten bar covering part
of the screen. We have been measuring the system reso-
lution for several screen materials in different thicknesses:
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Figure 3: FWHM of the PSF from Pinhole 2 as function of
the slit apertures and for several thickness of Al window.

Table 1: Width of the PSF (r.m.s) of the X-ray camera with
several screens (in μm). The error is given by the standard
deviation of the fitted width per line on the digital image.

Thickness (μm) P43 CdWO4 LuAG
5 6.2± 0.39 - -
100 - 7.45± 0.45 -
200 - 8.45± 0.45 8.70± 0.45
400 - - 10.0± 0.45
500 - 13.5± 0.45 -

P43 thickness 5 μm, CdWO4 thicknesses 500 and 200 μm,
and LuAG 400, 200 and 100 μm. Table 1 summarises the
results. The analysis performed is a fit using the error func-
tion of the response of the screen to the sharp edge. The
result of the fit gives the r.m.s PSF of the screen. Figure 4
shows one such a measurement with P43 screen.
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Figure 4: Resolution of the X-ray camera with P43 screen,
measured using the sharp edge from a Tungsten bar in front
of the screen. The r.m.s resolution is Σscreen ≈ 6 μm.

EXPERIMENTAL RESULTS

The evaluation of the width of the PSF is essential for the
measurement of the transverse beam sizes, but also to the
calculation of emittance, energy spread, and precise emit-
tance coupling.
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Horizontal and vertical emittance are calculated using
the following formula:

σ2
i = βiεi + (ηiσε)2 (2)

where σi is the measured beam size in the horizontal or
vertical plane respectively (i = x, y), βi and ηi are the be-
tatron and dispersion functions at the source point and in
the corresponding plane; and ε i and σε are the emittance
and the relative energy spread of the electron beam. The
emittance coupling is often given as a percentage, K , of
the horizontal emittance.

In the horizontal plane, we measure the emittance and
the energy spread, being the solution of the two coupled
equations with two unknown given by expression 2 for each
of the two pinholes. The parameters βx and ηx are assumed
to be known. In practice, we measure the dispersion by
varying the storage ring RF frequency by 100 Hz and re-
trieving the slope of the linear displacement of the centroid
of the electron beam measured by the pinhole images. We
also check the agreement with the data given by the linear
optics measurements and optimisation procedure known as
LOCO [8, 9]. In general, the agreement with the dispersion
value is better than 1%. The betatron function at the source
point is interpolated using the values given by LOCO.

In the vertical plane we assume the energy spread is
known, so we have two equations and only one unknown,
i.e. the emittance coupling. After applying the correc-
tion from LOCO, the dispersion measured is generally less
than 1 mm. Although we could neglect the dispersion, for
the measurement of small vertical emittance we still take
it into account. If not, this would lead to over evaluate
the vertical emittance. By applying corrections to the op-
tics, we measured vertical beam sizes as small as 6 μm on
both pinholes, which corresponds to a vertical emittance of
εy ≈ 2 pm rad. Table 2 shows some of the results obtained
with corrected optics. The good agreement between the
two measurements is only due to the quadratic correction
with the total PSF. Further agreement should be found with
measurement of the betatron function at the source points.

CONCLUSION

We have evaluated the PSF for the pinhole camera, tak-
ing into account the chromatic effects due to the large band-
width of the source, which is synchrotron radiation from
a bending magnet. This evaluation allows us to derive a
more accurate resolution for the system as well as a set of
parameters for an optimum working point. We also mea-
sured in situ the resolution of our X-ray camera. We can
use the knowledge of the total resolution of the system for
a deconvolution and measure thus extremely small vertical
beam sizes, down to 6 μm. Furthermore, the independent
measurements of the vertical emittance using the two pin-
holes in our setup have shown a good correlation at a value
as small as 2 pm rad.

Table 2: Vertical emittance measurements. Horizontal
emittance and relative energy spread are measured close
to the nominal values, i.e. 2.7 nm rad and 0.001 re-
spectively. The betatron values are βy,1 = 21.54 m and
βy,2 = 23.38 m. The magnification is m1,2 = 2.4, 2.7
for Pinhole 1 and 2 respectively. ηi and Σi are measured
values, and P stands for pinhole.

date ηy (mm)Σy (μm) σy (μm) εy (pm rad)

=

√
Σ2

y − Σ2
0

mi
=

σ2
y − η2

yσ2
ε

βy

CdWO4 screen: Pinhole 1,2 Σ0 = 15.3, 15.1 (μm)
10/07 P 1 0.1 28 9.7 4.6

P 2 0.1 32 10.6 4.9

12/07 P 1 0.7 21.5 6.3 1.8
P 2 0.25 23.4 6.7 1.6
P43 screen Pinhole 1,2 Σ0 = 9.6, 9.4 (μm)

01/08 P 1 3 21 7.7 2.37
P 2 5 25 8.6 2.08

02/08 P 1 0.1 19 6.8 2.18
P 2 0.9 21 6.9 2.10
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