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Abstract

Operation of 3"¢ generation synchrotron light sources
is heading towards low emittance coupling offering small
vertical beam size and extending the transverse coherence
of the X-ray photon beam. In the case of Diamond, ex-
ploring operation at 0.1% coupling will imply measuring
vertical beam sizes of the order of 7um (in bending mag-
nets). Measurement of the vertical beam size and coupling
with the best accuracy requires a precise knowledge of the
Point Spread Function (PSF) of the electron beam imag-
ing system. At Diamond two X-ray pinhole cameras are
used for this measurement. In this paper we present our
first results of beam size measurement using a deconvolu-
tion technique, based on the Lucy-Richardson iterative al-
gorithm which uses the PSF of the imaging system. We
verify the validity of the method with measurements of the
electron beam size with a series of pinholes of well defined
apertures varying from 12 to 100xm laser machined into a
200um Tungsten plate. In this paper we discuss the exper-
imental results and the accuracy of the method.

INTRODUCTION

Modern synchrotron radiation facilities are now heading
towards operation with very small vertical coupling, typ-
ically several pm.rad. This implies that the vertical beam
size is becoming smaller, and for the case of Diamond 0.1%
coupling means a vertical beam size of 7.5 yum in the bend-
ing magnet and 3.3 pm at the center of the straight sections.
Measuring such a small vertical beam size with minimal
error is not trivial and requires a good knowledge of the
measurement system. At Diamond we have two X-ray pin-
hole cameras located in bending magnets so that emittance,
energy spread and vertical coupling can be measured at the
same time. Besides, the sensitivity of the cameras allows
to acquire images in typically 1 ms which shows some dy-
namical aspect of the transverse motion of the beam. The
resolution of the X-ray pinhole camera has been shown [1]
to be good enough to allow beam size measurement down
to 6 um. However, it has been shown that the quadratic sub-
traction could over evaluate the beam size by up to 40% [1].
To compensate for this potential error we have been ap-
plying a full image deconvolution technique. In order to
investigate this, we have installed a series of pinholes of
circular apertures from 5 pym to 100 ym diameters. Using
theses pinholes, we have been measuring the beam size in
both axes with all the pinholes, and varied the vertical cou-
pling between 0.1% and 0.3%. In the following, we present
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the experimental results and the analysis of the images us-
ing the Lucy-Richardson deconvolution algorithm. For the
technique to be validated, the results should be consistent
showing a unique converging beam size for the same lat-
tice parameters and also should verify physics law as for
example shown here the proportionality between the verti-
cal beam size and the touschek lifetime.

BEAM SIZE MEASUREMENT

The two X-ray pinhole cameras at Diamond image the
electron beam from two bending magnets. The X-ray beam
has a spectrum from 15 keV to over 60 keV peaking around
26 keV. The position of the pinholes is such that the mag-
nification (geometrical) is 2.4 and 2.7 for pinhole 1 and
2 respectively. More details about the pinholes can found
in [1]. In the main configuration, the pinholes are square of
nominal apertures of 25 ym. We add to this configuration
a 200 pm thick Tungsten plate in which laser ablated pin-
holes are positioned in line all separated by 1 mm. The op-
tically measured diameter of each pinhole are 5, 12, 12, 20,
25, 30, 50, and 100 pm I Ttis possible to insert either the
square or circular pinholes with a horizontal linear transla-
tion stage. For the measurement to be done, we have in-
jected 100 mA in the storage ring with the nominal lattice.
LOCO measurement [2] has been performed and applied to
set a very small coupling, K = 0.12%, as part of a regular
and well controlled operation routine. Images of the beam
at the same coupling and the same current have then been
acquired for all pinholes. Each image is first fit with a 2-D
Gaussian distribution retrieving the raw image beam size,
and then deconvolved using the Lucy-Richardson decon-
volution algorithm [3, 4], which gives the most-likelihood
image deconvolved by the given PSE. The beam size of the
deconvolved image has also been retrieved by a fit with a
2-D Gaussian distribution.

For each pinhole the PSF has been generated using the
Fresnel diffraction integral, taking into account the inten-
sity spectrum at the scintillator LuAG screen of the X-ray
camera, the spectral intensity yield of the LuAG screen and
finally the camera resolution. The synchrotron radiation in
the LuAG screen is filtered by 8 mm of Al and air across
the distance pinhole-screen. The LuAG spectral intensity
yield is 20 - 103ph / MeV 2. The Fresnel diffraction inte-
gral for the pinhole parameters is calculated for each pho-
ton wavelength of the power spectrum and summed up with
its normalised intensity [1]. Then the image obtained is

lthe targeted circular apertures were 5, 10, 15, 20, 25, 30, 50 100 pm
2http://www.crytur.cz/files/editor/file/import/LuAG. Ce.pdf
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Figure 1: Top: Images of the beam at pinhole 1 with the nominal 25,m aperture first from the left and 100, 50, 30, 25, 20,
12 pm circular pinholes. The background from the transmitted X-rays through the 0.2 mm thick tungsten plate has been
subtracted. Middle: The PSF of the X-ray pinhole. Bottom: same images as above but after deconvolution. The axis are
equal and in micrometers but the scale for the PSFs is two times larger than for the beam images.

convolved with a 2D-Gaussian distribution that takes into
account the X-ray camera PSF. It is assumed that the im-
age of the source formed by the pinhole on the screen is
incoherent.

We repeated the operation with increased coupling 0.2%
and 0.3%, measured with our standard routine calculation.

Deconvolution

The deconvolution we apply to the image is performed
in Matlab, and is based on the Lucy-Richardson algorithm
[3,4], which is an iterative procedure for recovering a latent
image that has been blurred by a known point spread func-
tion. When the iteration converges, it converges to the max-
imum likelihood solution [5]. The deconvolved image is
then the most probable image representing the object. Fig-
ure 1 presents images of the beam at pinhole 1 and for our
square pinhole and 6 of the circular pinholes together with
the deconvolved images. In the middle we have shown the
image of the calculated PSF in each case in a larger scale so
that all the PSF can be appreciated. The raw images taken
with the circular pinholes have had the background due to
transmission through the 200 ;/m Tungsten removed. As a
results the dynamic range of the images is limited, in par-
ticular for the smallest aperture where the signal is hardly
above the background and is comparable to the noise.

The PSF is dependant on the aperture of the pinhole,
but also on the distances source-pinhole and pinhole-X-ray
camera. The distances have been measured with a good
accuracy, and although the apertures have been measured
optically by the company making the circular apertures, we
have investigated the sensitivity to a small variation of the
aperture diameter. To this end, we have deconvolved the
images with varying the aperture sizes £2 pm around their
measured size. For the square pinhole sizes, they are made
with shims but still carry an uncertainty due to the com-
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Figure 2: Vertical beam sizes (at Pinhole 1) measured by 2-
D Gaussian fit of the raw and deconvolved images, K=0.12,
as function of the pinholes aperture. For each pinhole the
PSF has been calculate using an aperture varying =2 pum
in steps of 1 um from the optically measured one.

pression of the assembly and their position and orientation
in the beam as they are more than 10 mm long and thus any
tilt will close the aperture.

Experimental Results

For the 3 coupling set values, beam sizes have been mea-
sured on raw images and on deconvolved images by a 2-D
Gaussian fit. Figure 2 presents the results comparing the
vertical beam sizes from raw and deconvolved images and
for K = 0.12. The deconvolved beam sizes for all apertures
tend to converge towards the same value. Here, although
the unique beam size is not absolutely known, it appears
after deconvolution to be of the order of 5 to 7 um. De-
pending on the pinhole aperture, the deconvolved vertical
beam size is smaller than the beam size measured on the
raw images by a factor 1.6 to 4.5. Conversely, the horizon-
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Table 1: Beam horizontal and vertical sizes measured after
deconvolution for both pinholes at the coupling emittance
K =0.12% and for all apertures (A)- square (s) and circular
(c). The variation Ao; ; indicates the half-difference be-
tween the extremum values for the aperture varying +2 ym

around the optically measured one.

A (um)oz,1 £ Aoz,1j02,2 + Aog2oy,1 + Aoy, 1joy,2 + Aoy,2
25(s) | 55.94+0.15 | 48.14+0.1 | 48+ 0.08 | 6.2+ 0.6
100 (c)| 55.3+0.7 | 45.8 +0.35 | 10.4+ 0.9 12.3+1.2
50 (c)| 54.6+0.4 | 48.0+£0.2 8.4+ 1.0 8.3+0.8
30(c)| 55.2+0.2 | 46.94+0.2 72+1.0 7.4+ 1.0
25(c)| 55.8+0.16 | 44.6 £0.25 | 6.7 +0.9 7.8+ 0.4
20(c)| 52.4+0.3 | 44.3+0.2 5.8+ 0.4 6.1+0.2
12(c)| 52.7+0.1 | 44.1+0.1 5.7+0.1 7.1+0.1
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Figure 3: Vertical beam sizes (at Pinhole 1) measured by
2-D Gaussian fit of the deconvolved images, and for 3 cou-
pling values (K=0.12, 0.20, 0.32), as function of the pin-
holes aperture varied by =2 pum in steps of 1 um. For each
pinhole the beam size increases with increasing coupling.

tal sizes should all be the same. However, as summarised in
the table 1 the differences found in both planes show a stan-
dard deviation of the order of 2% and 15% in the horizontal
and vertical planes respectively. Looking closer at the de-
convolved vertical beam sizes for the three coupling values,
Fig. 3, the variation of the aperture size seems to indicate
some of the apertures are likely to be smaller or larger than
indicated. For instance, the square nominal 25 pm pinhole
is likely to be 20 pum, whereas the 30 ym would likely be
35 pum. This shows the importance in the knowledge of the
PSE.

Vertical Beam Size and Touschek Lifetime

The beam size retrieved by deconvolution has to be pro-
portional to the Touschek lifetime. Figure 4 shows all the
vertical beam sizes after deconvolution on both pinholes
against the measured lifetime corrected using 55h gas life-
time [6], which should correspond to the Touschek lifetime.
Data from all seven apertures can be fit with a 15° order
polynomial, from which a 50% interval confidence is found
to be 10% on average of the measured values.
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Figure 4: Vertical beam sizes on both pinholes as function
of the Touschek lifetime. The line and error-bars are gen-
erated by a linear fit.

CONCLUDING REMARKS

The image deconvolution technique applied for the mea-
surement of the beam size with X-ray pinhole camera can
extend the capability of measuring very small beam sizes
several times smaller than the raw resolution of the imag-
ing system. For the case of Diamond, this technique should
allow measurement of vertical beam size at the smallest
possible vertical emittance coupling. However, further in-
vestigation of the method is required for it to be fully val-
idated. The variability of the deconvolved vertical beam
sizes illustrates the essential need of a precise knowledge
of the transmission profile of the aperture as seen by the
X-rays.
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