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Abstract— For studies of astrophysical interest and nuclear
reactions with radioactive nuclei, charged particle products
emitted from nuclear reactions such as 'Li + Be are routinely
produced, separated and focused onto a focal spot by ion focusing
separators such as a superconducting solenoid. The separation
and focusing of desired ion groups onto the focal plane is
however not complete, being also accompanied by unwanted ion
groups. The mass- and energy-resolving but also the spatial
focusing power of these separators are also limited and often
spread out. In order to evaluate and determine and minimize
these effects we decided to analyze the spectral and spatial
distributions of ion reaction products at a superconducting
solenoid. For this purpose we use the position-sensitive quantum-
counting pixel detector Timepix which provides energy or time
sensitivity per pixel. This device resolves different ion groups and
measures the spectral and spatial spread distributions. Single
ions are detected and individual ion groups can be identified and
distinguished by multi-parameter event-by-event and pattern
recognition analysis of the characteristic ion signal response in
the pixelated detector. We present the capabilities of the
technique on the indicated reaction above which is studied at the
radioactive ion beam facility RIBRAS in Brazil. Several ion
groups arriving at the focal plane are established such as "*Li,
“He and °*H together with their spatial and spectral
distributions. The energy— and spatial-spread of the solenoid
resolving power at the focal plane can be thus evaluated with a
resolution of tens of keV and few pm, respectively. The detector
serves moreover as an online verification and calibration imager
for the ion optics separator and beam focusing monitoring.
Results are presented for measurements with a 24 MeV "Li beam
and a thin °Be target with the solenoid tuned for selection and
focusing of produced radioactive ®Li.

I. MOTIVATION

Experimental studies of nuclear reaction products (e.g.
yields and angular cross sections) and secondary product
induced reaction (e.g. reactions with radioactive beams for
astrophysical studies) demand high fluxes but also enhanced
resolving and high focusing power ion optics systems such as
superconducting solenoids. The mass- and energy-resolving
but also the spatial focusing power of these instruments is
limited by several effects and often spreads out resulting even
in overlaps. It is thus desirable to have a tool to verify and
independently measure these effects which can also serve to
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test and calibrate the ion optics (selection, separation and
focusing) of these ion separators.

Superconducting solenoids are wide range and compact
sized instruments used for separating and focusing emitted
ions in nuclear reactions at low energies. Such ion separators
are used at dedicated facilities for production of radioactive
ion beams [1],[2],[3]. Knowledge of the ion yield and beam
composition as well as spectral- and spatial-spread
distributions at the focal spot is valuable for verification of
extracted beam purity and calibration of the instrument
resolving and focusing power.

In this work we report the direct measurement of the
distribution of ions emitted and focused onto the solenoid
focal spot in the reaction *Be(’Li, *Li)*Be. We make use of the
high granularity of the quantum counting semiconductor
hybrid pixel detector Timepix [4] which is equipped with per
pixel energy capability. The device provides noiseless
detection of single particles such as heavy charged particles
including heavy ions in wide dynamic range of energy [5].

II. PIXEL DETECTOR TIMEPIX

For the detection of ions we use a Timepix detector [4] with
256%256 square pixels (total 65.536 pixels) with pixel size
55 um equipped with a 300 um thick silicon sensor. Using a
high frequency clock Timepix provides a Wilkinson-type
signal processing ADC per pixel which provides energy or
time sensitivity per pixel. Each pixel can be independently
configured [1] to operate in one of three supported modes:
counting, energy, or time modes.

III. EXPERIMENTAL

Measurements were performed at the radioactive ion beam
facility RIBRAS [2] which is equipped with a
superconducting 6.5 T solenoid installed at the 8 MeV
Pelletron accelerator in Sao Paulo. The solenoid features a
wide-acceptance angle (2°-6°) and wide-range focusing
power.

We operated the Timepix detector at low bias (e.g., 15 V)
and long pixel signal shaping time in order to maximize the
energy dynamic range [5]. The per—pixel threshold level was
about 4 keV and the internal reference clock frequency 10
MHz. Power, control and data acquisition to the detector
chipboard were provided by integrated USB-based readout
interface [6]. Operation and online visualization were
managed by the modular software package Pixelman [7]. The
detector was calibrated [8] with characteristic X—rays from
radioactive sources (**' Am, *°Fe) and verified with a particles
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(from **'Am, ***Cm and **’Cf). All pixels were operated in
energy (so-called Time-over-threshold — TOT) mode [4],[8]
with the exception of few noisy and/or radiation damaged
pixels which were individually switched off.

Measurements were performed in vacuum with the detector
placed at the solenoid focal spot position as illustrated in
Fig. 1. Emitted ions are taken into the solenoid path and are
separated and focused according to field lines given by an
applied high current field. Collimators and a Faraday cup
catcher remove undesired ion products. In this work a 24 MeV
"Li beam was sent onto a 12 pum thick ’Be target. The solenoid
was set to select and focus product *Li.

SR

Detector

Fig. 1. Layout of the experimental setup: the Pelletron 'Li beam was sent
onto a thin *Be target foil. Reaction products are taken into the large-angle
aperture RIBRAS solenoid which was tuned to select and focus *Li onto the
focal spot at which place the pixel detector was mounted.

IV. DETECTION OF IONS AT FOCAL SPOT

The detection and visualization of ions arriving to the focal
spot by Timepix is shown in Fig. 2. Short exposition times
were set (e.g., | ms) to avoid pile-ups and record individual
events.
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Fig. 2. Detection and spatial visualization of ion products at the focal
plane by Timepix. A 1 ms exposure frame is shown of the full sensor area
(256 x 256 square pixels). The detector was operated in energy (TOT) mode
and bias 15 V. The energy measured by each pixel is shown by the color bar
in keV. The highlighted region is shown expanded in Fig. 3. Each cluster of
pixels corresponds to a single event. Values for the given cluster area (A),
height (C) and energy (E) are indicated (see text).

Heavy charged particles produce a large signal in the
pixelated sensor which spreads onto several adjacent pixels

forming a cluster of pixels (see Fig. 3). The event energy is
given by the sum of the energies of all pixels in the cluster.
The area is the number of pixels in the cluster. The height is
the energy registered by the central pixel. The values for these
quantities are included in Fig. 2.

" Energy per pixel [keV]

Fig. 3. Detailed sensor region of 48 x 34 pixels (highlighted region from
Fig. 2) showing the detection of four ions. The energy per pixel registered,
shown by the color bar, can be also displayed in the vertical axis.

A. Timepix Ion Resolving Power

The signals produced by ions in the Timepix detector are
determined namely by their deposited energy — i.e., the ion
kinetic energy [5]. The resulting pixel clusters thus exhibit for
ions a characteristic round shape, the area of which is
proportional namely to the deposited energy but also to the
applied bias. Similarly, also the charge collected by the central
pixel (called cluster height), depends on these conditions too.

However, the detailed profile or shape of ion clusters,
expressed by these spectroscopic quantities in terms of energy
(E), area (A) and cluster height (H), could be sensitive also on
other effects such as different linear energy transfer, local
charge density, eventual plasma effect and localized/temporal
Coulomb repulsion in the generated charge cloud. Particularly
sensitive can be the correlations between these quantities as
well as their ratios — e.g., A/E and H/E.

B. Energy, Area and Height Spectra

Spectra for the spectrometric quantities of cluster area (A),
height (H) and energy (E) are shown in Fig. 4 for few
thousand frames collected. Data correspond to solenoid and
detector settings of Fig. 2.

C. Multi-parameter Correlated Spectra

These spectroscopic quantities can be correlated and
analyzed with each other as shown in Fig. 5. These two-
dimensional distributions of cluster area and energy or cluster
height and energy separate and reveal groups of events.
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Fig. 4. Spectra of ion cluster area (top), height (middle) and energy
(bottom) obtained by Timepix at the solenoid focal spot. The detector was
operated in TOT mode and bias 15 V. The area, height, and energy channel
bins are 1 pixel, 4 keV and 40 keV, respectively.

The data shown were produced with low cutoff imposed on
corresponding cluster shape limits such as the removal of

events with areas smaller than e.g., 4 pixels (which correspond
to unwanted electrons and energetic X-rays).

Single events are analyzed by pattern recognition algorithms
[9] and can be then identified, selected or rejected based on
these multi-parameter correlations. Applying a first level
filtering criteria, where unwanted events such as X rays or
pile-ups are removed, the figures display a total of 96.754
events.
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Fig. 5. Distribution of cluster area and energy (top) and cluster height and
energy (bottom) obtained by Timepix for 96.754 ions. The number of events
per pixel is displayed in color by the vertical bar. The highlighted regions are
shown in Fig. 6.

D. Ion Groups

The two-parameter distributions reveal a number of ion
groups which are not always immediately distinguished in the
single-parameter spectra. Expanded regions of Fig. 5 are
displayed in Fig. 6 where few selected ion groups are labeled.
The positions of several ion groups resolved in the
corresponding single-parameter spectra are indicated in Fig. 7.
The proportionality of ion energy on these quantities is not
conserved — e.g. see the ion groups 1 and 2 for which the
monotonic dependence is reversed.
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Fig. 6. Expanded regions of Fig. 5. Few ion groups are indicated on the

plot on top for illustration.

Fig. 7. Few identified ion groups and their corresponding positions in
single-parameter spectra (Fig. 4) of energy (top), area (middle) and height
(bottom). Groups are labeled by arrows with same number and color.

Single energy spectra corresponding to these ion groups are
given in Fig. 8. Gaussian fits are included.

E. Focal Spot Spatial Distributions

The granularity of the pixel detector allows imaging the
spatial distribution of ions at the focal spot. The spatial
distribution of all ions arriving at the solenoid focal spot is
shown in Fig. 9. The position of the shadow by a needle
holder is marked (pink lines). Previous radiation damaged
regions in the pixelated sensor are indicated too (orange
arrows).

The spatial distributions can be produced for individual
selected ion groups. The distributions corresponding to the ion
groups selected in Fig. 8 are given in Fig. 10.

V. CONCLUSIONS

Ion groups at the solenoid focal spot are resolved and can be
separated by multi-parameter analysis of the characteristic
track patterns in Timepix. The respective spectral and spatial
distributions for individual ion groups are measured and
visualized, respectively. lon groups are distinguished by

=
E]
Events [counts]

Events [counts]

event-by-event and pattern recognition analysis of the
characteristic cluster profiles in the pixelated detector in terms
of the spectrometric quantities of area, height and energy of
cluster traces. The ion resolving power is enhanced by
correlations between these quantities. The analysis and effect
of their ratios is subject of future work. Assignments to
expected reaction product ions such as "*Li, *Li*", *’He and
"23H are underway and demand detailed analysis and
comparison with reaction product kinematics and the solenoid
resolving power.
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Fig. 8. Energy spectra of several ion groups. Values of energy, FWHM are
indicated.
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Fig. 9. Spatial distribution of all ions arriving to the focal spot. The spatial
density (number of events per pixel) is shown in color by the vertical bar. The
full Timepix sensor area is displayed (256x256 pixels = 14 x 14 mm?). See
text.
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Fig. 10. Spatial distribution of all ions at RIBRAS focal spot. The spatial
. density (number of events per pixel) is shown in color by the vertical bar. The

x10 full Timepix sensor area is displayed (256x256 pixels = 14 x 14 mm?).
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