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Abstract

At Diamond Light Source transverse profile measure-

ments of the 3 GeV electron beam are provided by x-ray

pinhole cameras. From these beam size measurements and

given knowledge of the lattice parameters the emittance,

coupling and energy spread are calculated. Traditionally,

tungsten blades are used to form the pinhole aperture due to

the opacity of tungsten to x-rays in the keV spectral range.

The physical properties of tungsten also make it difficult to

work. To achieve the 25 µm × 25 µm aperture size required

for high resolution measurements it is necessary to mount

these tungsten blades in an assembly whereby the pinhole

aperture size is defined by precisely machined shims. Here

we propose to replace the tungsten blade and shim arrange-

ment with machined molybdenum blades and evaluate the

performance of the resulting imaging system.

INTRODUCTION

In order to provide high brilliance x-rays for user experi-

ments, third generation synchrotron radiation facilities must

operate with low vertical emittance beams. The emittance

of the electron beam is derived from measurements of the

transverse beam profile [1, 2] and may be controlled via a

feedback system [3]. This necessitates the need for high

resolution, robust and online beam size monitoring.

There are various non-invasive techniques to measure the

transverse beam profile using synchrotron radiation in the

visible to x-ray spectral range [4–7]. In this paper we focus

on the use of x-ray pinhole cameras.

Currently there are two pinhole cameras in the vertical

emittance feedback system which are referred to as “pinhole

1” and “2” respectively. The layout of these pinhole cameras

is shown in Fig. 1. Two different bending magnet locations

provide synchrotron radiation to each of the pinhole cameras.

The synchrotron radiation is passed from the storage ring

vacuum to air through a 1 mm thick aluminium window.

Due to the spectral transmission of aluminium the trans-

mitted beam is filtered. The beam is filtered further by its

transmission through air from the window to the pinhole and

from the pinhole to the PreLude 420 scintillator screen. The

source has a spectrum from approximately 15 keV to above

60 keV [1]. To prevent oxide growth the pinhole assemblies

are kept under nitrogen.

Figure 1: Schematic of the pinhole camera system [1].

The pinhole assembly arrangement of pinhole systems 1

and 2 are identical. The pinhole apertures are formed by

stacking two orthogonal sets of (25 mm(h) × 1 mm(v) ×
5 mm(d)) tungsten blades separated by precisely machined

shims. The thickness of the shims between the tungsten

blades sets the aperture size e.g. to form a 25 µm aperture a

pair of 25 µm thick shims are positioned between the ends

of a pair of tungsten blades.

The spatial resolution of an imaging system may be de-

scribed by the point spread function (PSF). The PSF is as-

sumed to be constant on relatively long timescales for a given

imaging system and is approximated by a Gaussian distri-

bution of standard deviation σPSF . For a pinhole camera

imaging system the overall PSF may be represented as

σ2
PSF = σ

2
pinhole + σ

2
camera (1)

with

σ2
pinhole = σ

2
di f f ract ion + σ

2
aper ture (2)

and

σ2
camera = σ

2
screen + σ

2
lens + σ

2
CCD (3)

where the subscripts denote the sources of the PSF con-

tributions. The PSF contribution associated with imaging

the scintillator screen denoted σcamera may be measured

using a knife-edge. The PSF contribution from the pinhole

denoted σpinhole may be calculated given the aperture size

is known [1].

Due to the tungsten and shim arrangement, although the

thickness of the shim is known, the absolute effective aper-

ture size available to pass beam is not well defined. The

Figure 2: A schematic of the downstream view of the pin-

hole 3 assembly showing the arrangement of the machined

molybdenum blades (blue), tungsten blades (orange) and

shims (green).
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effective aperture size depends on the shim thickness, the

shim positioning, the amount of burring from cutting the

shims to fit in the pinhole assembly, the pressure applied

to the tungsten stack once mounted in the holder and the

orientation angle of the pinhole assembly relative to the

synchrotron radiation beam.

A third pinhole system referred to as “pinhole 3” has been

installed for research and development to improve the design

and operation of the x-ray pinhole cameras used for vertical

emittance feedback. Pinhole 3 is nominally identical to the

pinhole 2 imaging system.

To reduce the number of degrees of freedom of the pin-

hole assembly, the tungsten and shim arrangement could be

replaced by machined molybdenum blades. In this case the

aperture size is defined by the machined depth in the molyb-

denum blade. The pinhole assembly under test in the pinhole

3 system features 25 µm × 25 µm apertures formed using

molydenum blades and tungsten blades with shims as shown

in Fig. 2. This arrangement allows a direct comparison to

be made between the two aperture designs.

COMPARISON OF PINHOLE ANGLE

SCANS

The pinhole assembly is mounted on translation and ro-

tation mechanisms to allow for remote alignment with the

synchrotron radiation beam. Horizontal and vertical angle

scans were performed for the 25 µm × 25 µm molybdenum

and tungsten apertures of pinhole system 3.

During each scan, a 2D Gaussian was fitted to each image

and the horizontal and vertical beamsizes σx,y , peak inten-

sity and fit error were recorded. These parameters were then

normalised relative to their maximum or minimum value and

plotted as a function of rotation angle. In Figures 3 and 4 the

horizontal and vertical angle scans are shown respectively

for the molybdenum (dashed lines) and tungsten (solid lines)

apertures.

In both the horizontal and vertical scans, from a rotation

angle of−0.175 deg the peak intensity is expected to increase

linearly reaching a maximum at 0 deg and be symmetric

about the 0 deg position. Due to the length of the pinhole

assembly along the beam path, it is appropriate to consider

the pinhole aperture as a three dimensional tunnel rather

than a two dimensional screen. Therefore it is expected that

the maximum peak intensity should be recorded when the

pinhole assembly is aligned in parallel with the incident

beam.

In Figures 3 and 4 the peak intensity of the tungsten aper-

ture shows the expected behaviour whereas the molybde-

num aperture exhibits a non-linear distribution with strong

asymmetry. Referring to the bottom left aperture of Fig. 2,

the observed asymmetry may be explained by the blade ar-

rangement of the pinhole assembly. Within each stack, the

molybdenum aperture has a molybdenum blade on one side

and a tungsten blade on the other. The non-linear depen-

dence of the measured peak intensity must be related to the

transmission of x-rays in molybdenum and could indicate
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Figure 3: Horizontal rotation scans on pinhole camera 3

of the molybdenum aperture (dashed lines) and tungsten

aperture (sold lines).
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Figure 4: Vertical rotation scans on pinhole camera 3 of the

molybdenum aperture (dashed lines) and tungsten aperture

(sold lines).

oxide or nitride growth on the molybdenum blades. This

behaviour is more strongly shown in the vertical scan than

the horizontal scan.

The measured transverse beam sizes and fit errors as a

function of rotation angle in the horizontal and vertical direc-

tions are not seen to strongly differ between the molybdenum

and tungsten apertures.

WEPG63 Proceedings of IBIC2016, Barcelona, Spain

ISBN 978-3-95450-177-9

796C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Transverse Profile Monitors



PSF MEASUREMENT USING THE

TOUSCHEK LIFETIME

Coulomb scattering of charged particles in a stored beam

causes an exchange of energies between the transverse and

longitudinal motion. The Touschek effect is the transforma-

tion of a small transverse momentum into a large longitudinal

momentum due to scattering. In this single scattering event,

both of the particles are lost since one particle has too much

energy and the other has too little [8].

The loss of particles due to the Touschek effect may con-

siderably reduce the beam lifetime in storage rings. The

Touschek lifetime Tℓ for the ultrarelativistic case is defined

as

1

Tℓ

≈

〈

cr
2
pNp

2
√
πγ2σs

√

σ2
xσ

2
y − σ

4
pD

2
xD

2
yδ

2
m

〉

, (4)

where rp is the classical particle radius, c is the speed of

light, Np is the number of particles in the bunch, γ is the

Lorentz factor, σs is the bunch length, σx,y are the horizon-

tal and vertical beam sizes, σp is the relative momentum

spread, Dx,y are the horizontal and vertical dispersions and

δm is relative momentum spread. The brackets denote the

average over the whole circumference of the storage ring [8].

In the case of a plane orbit and without coupling of the

horizontal dispersion [8, 9], the vertical dispersion Dy is

zero and Eq. (4) reduces to

1

Tℓ

≈

〈

cr
2
pNp

2
√
πγ2σsσxσyδ

2
m

〉

. (5)

Assuming all other parameters remain constant, the Tou-

schek lifetime size is directly proportional to the vertical

beam size. To ensure the simplification to the plane orbit

case is appropriate, the term in the root of the denomina-

tor σ2
xσ

2
y − σ

4
pD

2
xD

2
y was compared when Dy is zero and

when Dy is set to the real value of 4.54 × 10−3 m. Values

have been taken from measurements on pinhole camera 2:

σx is 43.3 µm, σy is 15.8 µm, σp is 1.1 × 10−3, Dx is

2.23 × 10−2 m and Dy is 4.54 × 10−3 m. It is found that

with the plane orbit approximation this denomination term

is increased by 3.3% which is within the measurement error.

The images acquired from the pinhole camera are fitted

with a 2D Gaussian distribution. Considering the vertical

beam size only, it is known that the measured beam size will

be larger than the true beam size due to the PSF. Therefore

the measured beam size σM is given by

σM =

√

σ2
y + σ

2
PSF
. (6)

From Eq. (6) it is seen that when σy ≫ σPSF such that

the PSF is negligible then the measured beam size is equal

to the true beam size i.e. σM = σy . The effect of the PSF

contribution to the measurement increases as the true beam

size is reduced. In order to obtain the true beam size σy

from the measurement, the PSF spread value σPSF must be

known.

With the 400 bunch and 200 mA beam current the mea-

sured beam lifetime τ is Touschek dominated such that

τ ≈ Tℓ . In the Touschek dominated regime the measured

beam lifetime is used as a proxy measurement for the true

beam size as

σy = kτ, (7)

where k is a scaling factor. Substituting Eq. (7) into Eq. (6)

the measured beam size is

σM =

√

(kτ)2
+ σ2

PSF
. (8)

The 2D Gaussian fitter outputs the beam size σy by re-

moving the PSF contribution from the measured beam size

using Eq. (6). In order to obtain the measured beam size

σM from the fitter, the PSF value σPSF is set to zero.

With the Touschek dominated beam and starting from a

large vertical beam size, using the skew quads the vertical

beam size was gradually reduced. For each skew squad

setting the beam lifetime τ, current and measured beam size

σM were recorded.

In Fig. 5 the measured beam size versus beam condition-

ing number is shown for pinholes 1, 2 and the molybdenum

aperture of pinhole system 3. The beam conditioning num-

ber is the product of beam lifetime and current. At large

beam sizes a linear regime is observed in Fig. 5. This is

expected since the PSF is negligible in comparison to be the

beam size such that σM = kτ. As the beam size becomes

comparable to the PSF, at approximately 1250 mAh in Fig. 5,

the data is no longer linear and the PSF cannot be ignored.
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Figure 5: A plot of the measured vertical beam size against

beam conditioning number for pinhole systems 1, 2 (mea-

surement 1) and the molybdenum aperture of pinhole system

3.

Each dataset has been fitted using the method of least

squares with Eq. (8) to obtain the scaling parameter k and

PSF σPSF for each pinhole imaging system. The fit results

are shown in Table 1. The scaling factor is expected to be con-

stant given the assumption of Eq. (7). The average scaling

factor from Table 1 is (1.57 ± 0.09) × 10−2 µm mA−1 h−1.
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Table 1: Fit Results of the Scaling Factor and PSF from Figures 5 and 6

Pinhole camera
Measurement 1 Measurement 2

k [µm mA−1 h−1] σPSF [µm] k [µm mA−1 h−1] σPSF [µm]

1 0.0155 12.36 0.0143 12.33

2 0.0173 11.67 0.0160 11.70

3

Molybdenum Tungsten

k [µm mA−1 h−1] σPSF [µm] k [µm mA−1 h−1] σPSF [µm]

0.0159 10.82 0.0152 16.28

In Fig. 6 the measured beam size versus beam condition-

ing number is shown for pinholes 1, 2 and the tungsten

aperture of pinhole system 3. The fit results are shown in

Table 1. Comparing the PSF values from Table 1 of pinhole

cameras 1 and 2, there is a difference of 0.03 µm between

the repeated measurements showing a good level of repeata-

bility. The mean PSF values for pinhole cameras 1 and 2

are 12.35 µm and 11.68 µm respectively. The repeated PSF

measurement for pinholes 1 and 2 should be consistent since

no changes were made to these imaging systems.
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Figure 6: A plot of the measured vertical beam size against

beam conditioning number for pinhole systems 1, 2 (mea-

surement 2) and the tungsten aperture of pinhole system

3.

The PSF measurements from the molybdenum and tung-

sten apertures of the pinhole 3 system show a difference of

5.46 µm. From visual inspection the tungsten aperture is

approximately double the size of the molybdenum aperture.

The PSF measurement on pinhole 3 is larger than that of

pinhole system 2. Since these systems are nominally the

same it is likely that the tungsten aperture on pinhole 3 is

also larger than that on pinhole 2.

Given that the pinhole systems 2 and 3 are nominally iden-

tical, the PSF value of the tungsten aperture on pinhole 2

may be compared with the molybdenum aperture on pinhole

3. In Table 1, the molybdenum aperture has a PSF value

which is 0.85 µm smaller than the tungsten aperture indi-

cating that the aperture size using the simpler molybdenum

setup is closer to the specification value of 25 µm.

CONCLUSION

Angle scans of the pinhole assembly relative to the in-

cident synchrotron radiation beam have been performed to

study the opacity of molybdenum to keV x-rays. Results

show that although the peak intensity as a function of an-

gle for the molybdenum aperture is somewhat non-linear in

comparison to tungsten, this has a negligible affect on the

beam size measurement.

PSF measurements of each pinhole imaging system were

acquired using the Touschek lifetime with a good level of

repeatability. By replacing the tungsten and shim assembly

with machined molybdenum blades, the numerous of degrees

of freedom which affect the aperture size in the pinhole

system were removed such that the PSF was reduced.
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