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Abstract

The pepperpot provides a unique and fast method of
measuring emittance, providing four dimensional corre-
lated beam measurements for both transverse planes. In
order to make such a correlated measurement, the pepper-
pot must sample the beam at specific intervals. Such dis-
continuous data, and the unique characteristics of the pep-
perpot assembly, requires special attention be paid to both
the data acquisition and the error analysis techniques. A
first-principles derivation of the error contribution to the
rms emittance is presented, leading to a general formula
for emittance error calculation. Two distinct pepperpot sys-
tems, currently in use at GSI in Germany and RAL in the
UK, are described. The data acquisition process for each
system is detailed, covering the reconstruction of the beam
profile and the transverse emittances. Error analysis for
both systems is presented, using a number of methods to
estimate the emittance and associated errors.

INTRODUCTION

The use of pepperpots in measuring transverse emittance
is widespread. The pepperpot is unique in providing an in-
stantaneous measurement of the 4 dimensional emittance
of a beam in a single shot. To do so the pepperpot sacrifices
position resolution by measuring the beam only at discrete
intervals through an intercepting screen. With suitably fast
analysing software, this provides the opportunity of mea-
suring and visualising the emittance of the beam in real
time. The disadvantage of using a pepperpot is that they are
highly destructive to the beam, primarily due to the inter-
cepting screen, and the discontinuous nature of the position
measurement that results from segmenting the beam.

To fully categorise emittance measurement error, a first
principles analysis of the propagation of errors through the
calculation of rms emittance has been carried out. This re-
sults in a general formula for the calculation of errors from
any method of emittance measurement. This error analysis
procedure is demonstrated for two contrasting pepperpot
designs.

PEPPERPOT SYSTEMS

Error analysis has been carried out for two pepperpot
systems: from the HITRAP project at GSI [1] and the Front
End Test Stand (FETS) at RAL [2].

Figure 1: 3-D model of the FETS pepperpot assembly [3].

A CAD model of the FETS pepperpot assembly is shown
in Fig. 1: full description of the FETS pepperpot device
is given in [3]. The intercepting screen is a 100 μm thick
tungsten foil with a square array of 41×41 holes, each
50± 5 μm in diameter, on a 3± 0.01 mm pitch, giving a
total imaging area of 120×120 mm2. The beam is imaged
with a quartz scintillator, 10 mm from the tungsten screen,
and a 2048×2048 pixel PCO 2000 high speed camera: the
camera-to-screen distance of 1100 mm gives a resolution of
65 μm per pixel and an angular resolution of 6.5 mrad. Data
is recorded from the camera direct to a multi-image TIFF
file and analysed with Matlab. Calibration is carried out
using a series of calibration marks on the rear copper plate
facing the camera: 4 lines, forming a 125 mm×125 mm
square around the intercepting screen, provide the neces-
sary calibration information on the size, location and rota-
tion of the pepperpot holes.

Figure 2: The HITRAP pepperpot setup (cf. [5]).

The setup of the GSI pepperpot system for the HITRAP
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experiment is outlined in [4], with recent modifications
detailed in [5]: the complete system is shown in Fig. 2.
The pepperpot can be equipped with various intercepting
screens: for recent measurements a 100 μm thick tung-
sten foil was used, with an array of 19×19 holes, each
100± 10 μm in diameter, on a 1.6± 0.02 mm pitch, to
image an area of 29×29 mm2. An Al2O3 scintillator is
mounted 150 mm from the screen: pepperpot images are
recorded with a cooled fast shutter CCD camera with a
1280×1024 pixel resolution, giving an angular resolution
of 0.3 mrad. A laser is used to calibrate the system: an im-
age is recorded of the resulting light spots on the imaging
screen, these calibration spots are projected to horizontal
and vertical axes and the maxima are defined as calibration
positions for each individual row and column.

EMITTANCE ERROR ANALYSIS

In order to calculate an error on the emittance, it is nec-
essary to derive an emittance error formula by propagating
the errors on each measured quantity through the formula
for emittance. The rms emittance is used as it is mathemati-
cally well defined, allowing such a first-principles approach
to be used. Such an approach is valid only if the errors on
each variable are also well defined: this is addressed in the
next section. In the x-plane, the definition of εrms is:
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To calculate an error on the emittance, a variance, σ2
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. . . since every position measurement, xi, has its own er-
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Two more variances are needed: for the xx′ and ρ2 terms
in Eqn. 2. Following the same procedure:
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As such, the variance for the numerator in Eqn. 2 is:
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The subtraction comes about through the cancellation of
terms in Eqn. 2. Propagating the errors through the division
and square root gives a variance on εrms, σ2

εrms
:
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The error on the rms emittance, σεrms , is the square root
of this value.

PEPPERPOT EMITTANCE ERRORS

The next stage is to identify the errors on each mea-
sured quantity and use these to calculate σεrms . For pep-
perpot measurements, the dominant errors are: the spacing
of the holes for σx; the camera resolution and pepperpot-to-
scintillator distance – defining the angular resolution – for
σx′ ; and the inherent beam variation and signal noise in the
measurement apparatus for σρ. Certain errors, such as the
shape and diameter of the holes, contribute to both σx and
σρ: however, the dominant contribution to σx is clearly the
hole spacing, and careful analysis of the hole size would
allow this error to be removed. It is assumed that the hole
size is smaller than the relative pixel size of the camera, al-
lowing simple angles to be calculated through ray tracing,
and that the camera orientation defines the beam orienta-
tion. As such, calibration errors contribute only to errors
on σx′ .

The emittance values derived from measurements for the
two systems, along with the corresponding error estimate
for each contributing error, is shown in Table 1. Where
errors are negligible, or error analysis has not been carried
out, no figure is shown. For the FETS system, an additional
angle error of ∼1 mrad per mm is included due to the in-
accuracy of the calibration. Two sources of intensity error
are considered: beam noise, corresponding to the stochas-
tic pulse-to-pulse variation in the beam, and the noise floor,

FETS HITRAP
Value σ (%) Value σ (%)

Beam radius (mm) 45 – 17 –
εx (π mm mrad) 0.61 – 0.24 –

Hole spacing (mm) 3 1.8 1.6 2.2
Angle res. (mrad) 6.5 1.6 0.3 0.2
Beam noise (%) 10 1.3 10 0.3
Noise floor (%) 2 ∼ 0 10 1.2
σε (π mm mrad) 0.029 4.8 0.010 3.9

Table 1: Percentage Emittance Error Contributions for
Pepperpot Measurements

a pessimistic figure representing the constant level of back-
ground noise (quoted as a percentage of the maximum sig-
nal). For the FETS system, each source of error contributes
approximately equally to the final error figure of ± 4.8%:
For the GSI system, the dominant error is clearly the hole
spacing, with a contribution from the background noise:
the angle resolution is considerably better than the FETS
system and this is reflected in the error values. An inter-
esting effect is that the beam noise contributes significantly
more for the FETS system but is dominated by the noise
floor in the HITRAP system: this is a result of the smaller
beam and lower light intensity producing a less intense pep-
perpot image for the HITRAP pepperpot. This also con-
tributes to the larger position error.

CONCLUSIONS

The formula for calculating rms emittance errors has
been applied successfully to 2 different pepperpot setups,
with promising results. Further work is required to cate-
gorise errors not included in this analysis, since these affect
the accuracy of the emittance measurement while not con-
tributing to the error estimate. This has particular impor-
tance when dealing with cut selection, something dealt with
in considerable detail by the SCUBEEx algorithm (see [6]
and Refs therein). As such, this method constitutes a mini-
mum estimate of the emittance error.
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