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Abstract

In this paper we present a smple model that we
developed to reconstruct the 4D trace space distribution
from the convoluted spatial images of a pepperpot
emittance meter. Straightforward analysis of theimagesis
hampered because of multiple and/or overlapping
beamlets emerging from a single hole in the pepper plate.
The mode allows us to unambiguously assign each
transmitted beamlet to its corresponding hole in the
pepper plate from which it emerged. We will illustrate our
analysis model with the reconstruction of the 4D trace
space distribution behind the analyzing magnet of a He'*
beam extracted from an electron cyclotron resonance ion
source.

INTRODUCTION

It is well known that electron cyclotron resonance ion
sources (ECRIS) produce ion beams with relatively large
emittances, i.e. severa tens of T mm-mrad or even larger.
Such low-quality ion beams are difficult to transport to
and inject into an accelerator with high efficiency. Much
work is therefore being devoted to better understand and
improve low-energy ion beam transport. At KVI we made
some progress by a combined effort of detailed beam
transport simulations and measurements of beam profiles
and emittances. This is reported in an accompanying
paper to these proceedings [1]. To measure the 4D beam
emittance of low-energy multiply-charged ion beams we
built a pepperpot emittance meter and instaled it in the
image plane of the anayzing magnet [2]. However,
overlapping and multiple beamlets emerging from a
single hole in the pepper plate complicate a
straightforward recongtruction of the 4D trace-space of
the ion beam. This paper presents a simple method that
we developed to overcome this problem. After a brief
description of the emittance meter the above-mentioned
problem will be illustrated with an emittance
measurement of a 21 keV He'* beam. Then the analysis
method will be outlined that we developed to
unambiguously  reconstruct the 4D  trace-space
distribution of the ion beam.

PEPPERPOT EMITTANCE METER

The KVI4D emittance meter combines the pepperpot
and scanning techniques to measure the 4D trace-space
digtribution of ion beams which have a large divergence
and narrow width in the horizontd plane and a smadl
divergence and large width in the vertica plane [2]. This
is done by stepping a pepper plate with a linear array of
holes aligned in the vertica direction horizontally through
the beam and measuring the images of the transmitted
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beamlets at each step with a position-sensitive detector
positioned 59 mm downstream of the pepper plate. The
pepper plate is a 25 um tantalum foil, mounted on a
water-cooled copper block, with a vertical row of 20 holes
each with a diameter of 20 um and a pitch of 2 mm. The
step width in the horizontal direction depends on the
desired resolution, and is typicaly around 0.5 mm. We
installed the pepperpot emittance meter near the focal
plane of the 110° analyzing magnet.

An emittance measurement consists of measuring a
series of spatial images of the transmitted beamlets, one at
each horizontd step. As an example we measured the
emittance of a 21 keV He'* beam. The horizontal step size
was set at 0.56 mm and we measured 39 spatia images of
the transmitted beamlets from which the 4D trace-space
distribution hasto be reconstructed. A single spatial image
taken at the horizontal position of x=-4 mm is shown in
Fig. la Also the location of the holes in the pepper plate
isindicated. Fig. la clearly shows that there are i) more
beaml ets than there are holes and ii) some of the beamlets
are overlapping. This complicates the analysis.
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Figure 1: Measured a) and smulated b) spatial image
obtained with the KVI4D emittance meter of transmitted
beaml ets with the pepper plate positioned at x=-4 mm for
a21 keV He'* beam.

THE ANALYSIS

As dready mentioned above the measured spatial
images sometimes show both overlapping beamlets and,
particularly around the median plane, multiple beamlets
emerging from a single hole. From the systematic trend in
the series of 39 images we could connect each beamlet
with the hole in the pepper plate from which it emerged.
An example is shown in Fig. 1a where three beamlets are
connected that emerge from one hole. In addition, it
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appeared convenient to classify al the beamlets into three
groups with identical behavior. These are also indicated in
Fig. 1la In order to check our assignments we performed a
detailed simulation of the beam transport from the ECRIS
plasma eectrode through the analyzing magnet to the
scintillation screen of the emittance meter. The simulation
method is described in more detall in Ref. [1]. The
simulation result is shown in Fig. 1b and confirmed our
initial assignments. Although 10° particles were used in
the simulation, the calculated image has a much more
granular appearance than the measured one. This is
caused by the fact that the pepper plate intercepts most of
the particles. The simulation aso showed that the
beamlets belonging to group 1 follow the more paraxial
tragjectories through the analyzing magnet, while the
group 2 and 3 beamlets make a relatively large vertical
angle (either positive or negative) with the median plane.

In order to reconstruct the 4D trace-space distribution
we have to disentangle the overlapping beamlets. This
was done by using an élipse fitting routine to determine
the center coordinates (x¢,y.) of every beam spot in the
plane of the scintillation detector, with the [abel i denoting
the group to which each spot belongs. Next we fitted the
center coordinates with a two-dimensiona second-order
polynomial according to:

X = axlyl:yi= > XY

m,n=0 m,n=0

with (XsYs) the coordinates in the scintillation plane. The
fit results in 18 coefficients for one group, i.e 9
coefficients for x¢ and 9 for y./. Knowing the center
coordinates of al the beam spots and the center
coordinates of the holes in the pepper plate to which they
belong, it is straightforward to reconstruct the 4D trace-
space density p(x,yx,y') = Zip'(x,yx',y') of the ion
beam. Here, (x,y) are the center coordinates of the holes
in the pepper plateand X' = (X¢X)/L, Yy = (Ysy)/L and L =
59 mm the distance between the scintillation screen and
the pepper plate.

TRACE-SPACE DISTRIBUTIONS

From the 4D trace-space distribution p(x,y,x',y’) we
can calculate various 2D projections by integrating over
the two other coordinates. For example, the 2D spatial
digtribution p(x,y) is obtained from p(x,yXx',y') by
calculating

p(xy)=[[ Py X Y)dXdy. @

Thisisillustrated in Fig. 2 for the He'* beam showing
the groups i=1, i=2,3, al three groups and the smulated
spatial profile. The spatial profiles show a strong second-
order aberration which we attribute to the anayzing
magnet [1].
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Figure 2: Spatial digtribution of a 21 keV He'* beam
behind the anayzing magnet. @) group 1 ions, b) group
2,3ions; ¢) al ions; d) simulated 2D profile.

For the horizontal trace-space disgtribution p(x,x’) (X-X’
emittance) we get

p(xX)=[[p(xy.X.Y)dydy'. @)

This is shown in Fig. 3 for the different ion groups
together with a simulated emittance distribution. Both the
measured and simulated x-x' trace-space distributions
show a diverging beam, dthough the smulated
digtribution is less diverging than the measured one.
Interestingly, the ions in group 2 and 3 have a relatively
large negative offset in angle, i.e. their deflection angles
are less than 110°. We will investigate this further in the
next section.
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Figure 3: Horizontal x-x' emittance distribution of a
21 keV He™ beam behind the analyzing magnet. &) group
1ions, b) group 2,3 ions, c) dl ions; d) smulated x-x’

emittance distribution.
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The vertica trace-space distribution p(yy') (y-y
emittance) is given by

PYY) = [[ Py X V). (@

Fig. 4 shows some of the verticd emittance
distributions summed over dl threeion groups. In Fig. 4a
a partial vertical emittance is plotted, i.e. measured at the
horizontal position x = 5.6 mm. This figure clearly shows
that from the holes close to the median plane y = 0 three
different beamlets emerge, i.e one with a very small
vertical angle and two with larger positive and negative
vertical angles. The S-shape suggests a third-order
aberration, which is probably caused by the pole face
rotation of the analyzing magnet. Figs. 4b and ¢ show the
measured and simulated vertical emittances summed over
al three ion groups, respectively. The characteristic
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Figure 4: Verticd y-y' emittance distributions of a
21 keV He'* beam behind the analyzing magnet summed
over al three ion groups. & y-y' emittance at the
horizontal position x = 5.6 mm; b) total y-y' emittance; c)
simulated y-y’ emittance distribution.

bowtie shape of the y-y' emittance results from
integration over the x coordinate.

BACKTRANSFORMATION

In order to investigate the horizontal imaging properties
of the anayzing magnet further we constructed its
transfer map T up to second order from the ion trgjectory
calculations described in Ref.[1]. The transfer map T
projects a trace-space vector x(0) at the end of the ground
electrode of the ECRIS extraction system to its
corresponding vector x(1) in the image plane of the
analyzing magnet. Using the inverse map T we then
projected each 4D point x(1) back to its corresponding
point x(0), i.e. x(0)=Tx(1), and from this we have
calculated the 4D trace-space distribution p°(x,y,x’,y’) of
theions at the end of the ground el ectrode.

As an example we show in figure 5 the spatia
digtributions of the ions projected back from the image
plane of the anadyzing magnet to the end of the ground
electrode before the magnet. Plotted are the spatia
distributions of the group 1 ions, the ions of groups 2 and
3 and of all ions. The figure confirms that group 1 ions
follow more or less paraxial trajectories. lons belonging
to groups 2 and 3 on the other hand are offset in both x
and y coordinates with respect to the group 1 ions. Their
starting positions are horizontally shifted to the inward
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side of the analyzing magnet and are vertically shifted
above and below the median plane. The ions belonging to
groups 2 and 3 follow trajectories that probe the fringe
field of the analyzing magnet more than the group 1 ions
do and are therefore deflected less.
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Figure 5. Back transformed spatia distributions of
21keV He' ions at the end of the ground electrode
before the analyzing magnet calculated from the
measured trace-space distribution in the image plane of
the magnet. @) group 1ions, b) group 2,3 ions; c) dl ions.

CONCLUSIONS

We have developed a method which alows us to
reconstruct the 4D trace-space distribution of a low-
energy ion beam from measured spatial images of a
pepperpot emittance meter in the presence of multiple and
overlapping beam spots. The method is illustrated with a
detailed analysis of the 4D trace-space distribution of a
21 keV He' beam measured in the image plane of the
analyzing magnet. We find that in our case the measured
trace-space distributions are to a large extent determined
by the ion-optica properties of the anayzing magnet. The
measured trace-space distributions agree reasonably well
with detailed beam transport simulations.
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