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Experimentally determined cross sections are a critical input for accurately modeling the nuclear processes that
take place in a variety of astrophysical environments. A new detector has been designed and constructed to
measure the total cross section of nuclear reactions relevant for astrophysics. The Active Target High Efficiency
detector for Nuclear Astrophysics (ATHENA) has been constructed and commissioned by a measurement of

the!?C +12C fusion reaction. As an active target detector with a segmented anode, efficient measurements of
total cross sections over a wide energy range are possible.

1. Introduction

Nuclear reaction rates, informed by experimentally determined
cross sections, are an essential component to models of astrophysical
environments. With the advent of radioactive beam facilities, pre-
viously unmeasured reactions involving radioactive nuclei are now
accessible for study. This allows us to probe astrophysical environments
where reactions with radioactive isotopes are taking place. Radioactive
beams, however, provide a unique set of challenges when compared
to measurements with stable beams. Radioactive beams are difficult
to produce and are often low in intensity and contain impurities.
Therefore, new detectors and techniques are needed to address the
challenges that radioactive beams provide.

A traditional method for measuring cross sections involves bom-
barding a target containing a heavy nucleus with high intensities of
light particles such as protons or alpha particles. Arrays of detectors
at various angles measure the energy and angular distributions of
light ejectiles. Total cross sections are then extracted from the angular
measurements; however careful consideration is needed to normalize
the measurements. Precise determination of the incident beam, target
contaminants, and detector efficiencies are needed. This process is then
repeated for multiple energies in order to build a complete picture of
the cross section in the astrophysical energy range.

These types of measurements are rarely possible when the beam
of interest is radioactive. Depending on the method of production,
radioactive beams require careful tuning that is heavily dependent
on the incident energy of the stable beam, which can lead to time
consuming energy changes. Radioactive beams are often low in inten-
sity making measurements of very low cross sections, as is often the
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case in nuclear astrophysics, impractical. Finally, radioactive beams
are frequently contaminated, making it sometimes necessary to identify
incident beam projectiles on an event-by-event basis.

These issues motivated the design and construction of a variety
of active target detectors with the goal of studying nuclear reactions
on unstable nuclei (see Ref. [1,2] for recent reviews). Active targets
can help mitigate the low beam intensities by greatly increasing the
target thickness without losing resolution and by having large solid
angle coverage and efficiency for detecting the reaction products. The
necessity of having the reaction products pass through inert regions of
the target before detection is also eliminated. A further advantage is
that reaction excitation functions can be measured without changing
the beam energy, which can greatly increase the efficiency of the
experiment.

One particular type of active target detector that has become pop-
ular is the Multi-Sampling Ionization Chamber (MuSIC) [3-5]. While
MuSIC detectors were originally developed for use in high-energy
heavy-ion experiments [6-8], more recently their use has been ex-
tended to low energy nuclear reactions such as the measurement of
(a,p) and (a,n) reactions [9]. MuSIC style detectors offer additional
advantages such as being able to determine the incident ion on an
event by event basis, being able to measure the total cross section
populating all final states since the heavy recoil is used to identify when
a reaction has occurred, and being relatively simple and cost-effective
to construct.

To take advantage of these benefits, the Active Target High Effi-
ciency detector for Nuclear Astrophysics (ATHENA) at the Notre Dame
Nuclear Science Laboratory (NSL) has been constructed. ATHENA will
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Fig. 1. Schematic of the anode, showing segmented strips. Strips 0 and 17 are used as
control strips, where 1-16 are the active strips. Arrows indicate an example of reaction
occurring in the 4th active strip, and stopping in the 12th strip.

be used to measure fusion cross sections, as well as perform direct
measurements of (a,p) and («,n) reactions for nuclear astrophysics
with radioactive beams produced by the TwinSol facility [10]. This
paper will discuss the operating principles of this detector, as well
as the technical details of its design. To demonstrate the detector’s
capabilities, measurements with an alpha source as well as nuclear
reaction measurements with accelerated beams will be discussed.

2. Design and operation
2.1. Operating principle

ATHENA is a gas-filled detector designed to measure several points
of an excitation function while using a single beam energy. The ba-
sic design and operating principle for ATHENA was based upon the
Multi-Sampling Ionization Chamber (MUSIC) in operation at Argonne
National Laboratory [3] and is similar to MuSIC@Indiana [4] and
Encore [5]. ATHENA is an ionization chamber, the basic design of
which consists of a gas in a uniform electric field. As charged en-
ergetic particles pass through the gas, they lose energy by ionizing
the gas particles, forming ion—electron pairs. The ions and electrons
are collected by a pair of parallel plates which establish an electric
field through which the ions drift. As ion—electron pairs are formed,
a voltage signal across the plates will be produced proportional to the
number of electrons produced, which in turn gives the energy deposited
by the particles. These voltage signals are amplified and processed so
that an energy loss spectrum can be obtained.

As an active-target detector, the ionization gas in ATHENA also acts
as reaction target for the incoming beam. By performing experiments
in inverse kinematics, a heavy beam in the detector can undergo a
reaction with the target gas. In choosing a gas that is suitable both
as reaction target and ionizing gas, reaction cross sections over a
range of energies can be obtained with the use of a segmented anode.
Segmenting the detector anode provides measurements of signals that
are proportional to the energy loss along a particle track. By measuring
this proportional energy loss, the incoming beam can be distinguished
from reaction events, as reactions occurring in the detector will produce
ions with a different relative energy loss than the beam due to their
different atomic numbers. The Bethe formula [11], which describes the
energy loss of charged particles in matter, demonstrates that the energy
loss of particles is directly proportional to Z2, where Z is the atomic
number of the particle.

Since the beam is continually losing energy as it passes through
the detector, reactions in different strips will take place at different
center-of-mass energies. The cross sections can therefore be measured
over a range of energies without having to change the energy of the
beam. The anode is also segmented into beam left/right sections in
order to distinguish between reactions and scattering events. In the
case of reactions with more symmetric masses, scattering events will
have two particles above detection threshold that have similar energy
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Fig. 2. Rendering of the ATHENA detector. The Anode, Cathode, Frisch-Grid, and field-
shaping electrode are all mounted on nylon rods which are affixed to a removable top
plate.

loss curves to the reactions of interest. The left/right segmenting of
the anode makes it possible to distinguish these events from reactions
because there will be measurable signal in both the left and right strips.

There are a number of advantages to using ATHENA for direct
measurements of cross sections with radioactive beams. Since the beam
and reaction products are measured simultaneously in the same de-
tector, no additional detectors are needed for normalization of the
cross section. The energy losses of all beam ions are measured which
allows for discrimination of contaminant reactions. The total cross
section is measured and no corrections are needed to take into account
angular distributions or reactions populating excited states. Finally as
mentioned above, ATHENA has the ability to measure the excitation
function with a single beam energy, saving time that would otherwise
be needed to change beam energies and/or re-tune the beam. The major
disadvantages are the beam rate must be limited in order to reduce
pile-up and data acquisition dead time.

2.2. Design

The detector consists of a rectangular 38 x 18 x 13 cm aluminum
chamber with removable top and bottom plates as well as entrance
and exit apertures that allow the beam to pass through. A removable
window holder is mounted at the entrance aperture on which 3-6 pm
Mylar is epoxied to isolate chamber gas from vacuum. As seen in Fig. 2,
the integral components of the ionization chamber are mounted on the
removable top plate which also houses feedthroughs for the various
signals.

The main components of the detector consist of a cathode, seg-
mented anode, Frisch-grid, and field cage electrodes (see Fig. 3) which
are mounted on nylon threaded rods with nylon spacers between them
to ensure proper electrical isolation. The anode and cathode establish
the electric field, while the field cage electrodes ensure a uniform field
throughout the active region. The Frisch-grid is located between the
cathode and anode and held at an intermediate voltage in order to
shield the anode from drifting positive ions which would otherwise
provide a position dependence on the signal pulse height. Biases on
the anode typically ranged from (positive) 50-150 V while the cathode
was typically biased between (negative) 300-1000 V. Maximum biases
were dependent on the type of gas in the chamber, as helium gas has
a lower maximum voltage before breakdown occurs.
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Fig. 3. CAD drawing of ATHENA with the individual components identified.
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ATHENA was designed to have a similar split-anode geometry to the
MUSIC detector which demonstrated a capability to effectively measure
both fusion reactions and [3] and (a,p)/(a,n) reactions [9]. Simula-
tions, as detailed in Section 2.2, also indicated that the prescribed
anode geometry would contain typical particle ranges for the desired
reactions.

The anode was constructed from a printed circuit board in order to
have precise spacing between the charge collection segments and easy
routing of signal traces. As shown in Fig. 1, the anode is segmented into
18 equal length strips which are then further segmented left-right. Each
strip has a width of 1.5 cm with a length of 9 cm. The beam left and
right segmentation are 6 cm for the large segments and 3 cm for the
small segments. Signals from the first and last strip are not segmented
into beam/left right and can be used to veto beam like ions if desired.
Signals from strips 1-16 are the active strips, from which the energy
loss is measured and the cross section extracted.

The Frisch-Grid is constructed out of a copper frame over which
Cu-Be wire is strung. Parameters for the Frisch-Grid wire diameter
(0.1 mm) and pitch (1 mm) were calculated using the method described
in [12]. The field shaping electrodes and cathode were constructed
from 0.79-mm and 3.18-mm aluminum plates, respectively.

The 32 channels from the active strips are fed through the chamber
via Mesytec high density shielded cables. Those signals are then sent
to two Mesytec MPR16 Charge Sensitive Preamplifiers which are then
shaped by Mesytec MSCF16 Shaping Amplifiers. Energy signals from
the Cathode, first and last Anode strip, and Frisch-Grid can be read out
using standard NIM Modules for amplifying and shaping of the signals.
The positive ion signal induced on the cathode was fed through a fast
filter amplifier and used as a trigger for data acquisition.

A gas handling system was employed in order to maintain a constant
pressure within the detector during operation. The system utilized
an Edwards Datametrics Type 1501 A pressure/flow controller and
corresponding control valve to maintain a constant pressure. Pressure
was monitored throughout operation via a MKS 902B piezo vacuum
pressure transducer.

2.3. Simulations

In order to predict and understand the detector response, simula-
tions were performed to calculate the energy losses of the beam and
reaction products as they pass through the target gas. Energy loss
predictions were calculated via programs such as TRIM, LISE++, or
STOPIT [13-15]. These programs allow user input for parameters such
as gas pressure and species of target and beam to estimate energy loss,
however they are limited in their ability to change these parameters
dynamically. Hence, a script was written in Python to define input
parameters for the energy loss programs based on a given particle’s
location in the detector. This script can also be used to inform input
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parameters for the energy loss of reaction products based off the two-
body kinematics of the reaction. By simulating multiple events and
randomly sampling where in the detector these reactions occur as well
as the angle of the heavy reaction product, we are able to characterize
the expected peak energy loss and ranges of reaction products within
the detector. Simulated traces for 12C + 12C fusion in ATHENA are
shown in Fig. 5

It is important to note that energy loss calculations produced from
programs such as TRIM and LISE++ can differ from experiment by
as much as 10 percent, and therefore it is important to calibrate
the simulations with experimental energy loss measurements. Methods
for directly measuring the stopping power of the beam and reaction
products are demonstrated in [16].

3. Alpha source test

Before performing experiments with beam in the detector, measure-
ments were made with an alpha source to test detector performance. A
mixed alpha source was used consisting of 148Gd and 24! Am emitting
alphas at 3.18 MeV and 5.49 MeV, respectively. The source was held
in place using a 3D printed mount that allowed the placement of
the source at the front of the detector pointed towards the back of
the detector. The mount also collimated the alpha particles, which
are otherwise emitted isotropically from the source. The location and
collimation of the source ensured that the alpha particles would travel
in roughly the same path as a beam passing through the detector. P10
(10% Methane and 90% Argon) gas was used in the chamber at 150
Torr.

Trace plots show the energy loss of the alpha particles through the
detector in Fig. 4. Having a lower energy, the 3.18 MeV shows a shorter
range than that of the higher energy 5.49 MeV alpha. Also shown in
Fig. 4, is the residual energy of the alpha particles, displaying two
distinct energies. The extracted energy resolution was 273 keV for the
3.18 MeV alpha peak, and 310 keV for the 5.49 MeV alpha peak. It
should be noted that these resolution values reflect summing multiple
anodes together. The resolution for a single anode is much better and
on the order of 100 keV.

4.12C + 12C commissioning measurement
4.1. Measurement

For the commissioning of the detector, the 12C+12C fusion reaction
was measured. This reaction was chosen primarily because the cross
section has been measured using the MUSIC detector and is well under-
stood in the center of mass region from 40 MeV down to 10 MeV [17].
Another advantage of this reaction is the large difference in energy
loss between the beam and evaporation residues, which makes it easier
to distinguish between beam-like traces and traces from evaporation
residues. Energy resolutions of 2 MeV are more than sufficient for such
fusion studies and are easily met by the 100-keV resolution we typically
obtain with ATHENA.

A 41 MeV 12C beam was delivered to ATHENA from the FN Tandem
accelerator. To reduce the beam rate bombarding the detector, a pair
of 1/2000 attenuators were placed in the beamline preceding the
detector. The maximum acceptance rate of the detector was determined
to be 4000 particles per second as this was the maximum rate the
data acquisition could accept without exhibiting significant dead time.
Pile-up was found to be insignificant at these rates.

CH, gas was used as the target in ATHENA. The beam lost approx-
imately 3 MeV through a 6.25 pm mylar window and 20 MeV through
150 Torr of CH, gas. This gave energy loss steps of approximately
1.5 MeV in the c.m. energy frame for each individual strip. This allowed
measurements of the total fusion cross section over a c.m. energy from
approximately 18 MeV down to 12 MeV.
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Fig. 4. (top) Traces of the low- and high-energy alpha particles from the mixed alpha
source. (bottom) The residual energy of the alpha particles reconstructed from summing
the energy losses through ATHENA. The residual energies are lower than the emitted
alpha energies due to energy loss in the dead space between the source and the active
strips.

4.2. Analysis

In order to identify fusion evaporation residues, an event-by-event
analysis was performed. The aim of the process was to filter out events
until only evaporation residues are identified. The first step in this
process is to normalize the energy of all of the strips to the first strip.
This makes the gating process in the subsequent steps in the analysis
easier as all beam-like events will occur at the same energies. After
normalization, events were gated on beam-like events in the first strip
to eliminate reaction events occurring in the window or the dead space
before the first strip. This condition will also remove any pile-up events.

Similar to the analysis process followed in [4], a correlated energy
loss plot can be helpful for identifying different types of events in each
strip. A plot of the correlated single strip energy loss in strip three
versus the total energy deposited in the detector for each event is show
in Fig. 6. The only condition applied to events shown in this figure
is that the events have a beam-like trace in the first strip. Beam-like
traces are considered traces that are within a one standard deviation of
the mean beam energy.

The most intense feature in this spectrum, labeled beam, corre-
sponds to events that have beam-like traces throughout the detector.
There are two features in this spectrum labeled scattering. Extending
vertically from the beam are events corresponding to scattering in the
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Fig. 6. Correlated energy loss of events in strip three versus total energy loss in
detector. Various features of this plot are described in the text.

target gas. A representative trace of these events is shown in Fig. 7.
The other scattering feature, extending diagonally from the beam,
are events corresponding to scattering in the Mylar window. The fea-
ture label E.R.s extending horizontally from the beam are evaporation
residues from reactions occurring after strip 3. These events have a
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beam-like energy loss in strip 3, but a total energy differing from that of
the beam. Finally events with an energy loss higher than the beam, also
labeled E.R.s, represent fusion evaporation residues occurring in, or
before to strip 3. A characteristic fusion evaporation residue occurring
in strip 3 is shown in Fig. 7.

In order to isolate evaporation residues for reactions in each strip,
the following analysis was applied. First, a condition applied is that
all preceding strips to the strip being analyzed are gated on beam-
like energy loss signals. This ensures that the trajectory of particles
before the strip of interest are that of the beam, and eliminates reactions
occurring before the reaction strip. For the reaction strip, a condition is
placed that events have an energy loss higher than that of the beam by
one standard deviation. This will eliminate trajectories that are beam-
like in following strips and should leave only scattering, proton-capture,
and fusion events in the analyzed strip.

To reject some portion of scattering events and proton capture
events, a condition is placed that the event has an energy lower than
that of the beam by the time it reaches the last strip. This will eliminate
these events on the basis that they have longer ranges than that of
the evaporation residues. This condition, however, is not applied for
reactions in the last 6 strips. This is due to the range of the particles
being outside the active region. This process is repeated for each strip
where the range of evaporation residues are well contained within the
detector (i.e., strips 2 through 12). Scattering events can also be further
eliminated by analyzing the shape of their trace. As demonstrated in
Fig. 7, gas scattering events have a characteristic shape where a sudden
change in energy loss occurs followed by a relatively level energy loss
trace. A trace plot showing a selection of evaporation residues from
reactions in the 7th strip is shown in Fig. 5.

Once the reaction events were identified, the reaction cross section
was calculated from
O = e EB M

N Beam * A
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Fig. 8. '2C + 12C Total Fusion Cross Section extracted from ATHENA.

where Ny, is the total number of fusion events, Ng,,, is the total
number of beam events and A is the target areal density as given by the
gas pressure and ambient temperature in the chamber. The total fusion
cross section for this 12C + 12C fusion experiment is shown in Fig. 8.
The error in cross section is given by statistical uncertainty, whereas the
uncertainty in energy is determined by the width of the strip since there
is an ambiguity of where in the strip the reaction occurred. To assign
the central energy point for each strip some consideration is needed. In
each strip the beam loses more energy in the second half of the strip
than the first, thus the cross section should be weighted towards higher
energy. In order to account for this, the central point is weighted by
previous cross section measurements made by Kovar et al. [18]. Each
strip is divided into sections and then the energy is weighted by the
interpolated cross section value for each division. As shown in Fig. 8,
the results agree favorably with previous measurements.

5. Summary

A new active target detector, ATHENA, has been built for measuring
total cross sections of astrophysical interest. With a segmented anode,
total energy and angle integrated cross sections can be measured with
high efficiency without having to change the energy of the incoming
beam. Due to ATHENA'’s limit in incoming beam rate, it is well suited
to measure reactions with low intensity radioactive beams provided by
TwinSol.

The detector was commissioned by measuring the 12C + 2C total
fusion cross section from an energy range of approximately 18 MeV
down to 12 MeV. This first measurement allowed for easy identification
of the evaporation residues due to their large change in energy loss
relative to that of the beam. An extensive event filtering process allows
for the accurate identification of evaporation residues.

One drawback of the current detector setup is the inability to get
absolute measurements of beam energy through the gas. While the
detector gives relative energy loss, a direct measurement of the energy
loss through the detector will give more precise determinations of the
reaction cross section energy without having to rely on energy loss
predictions. This can be done by attaching a Si detector to a linear drive
and having it measure the beam as it passes through each strip similar
to Ref. [4]. This process is being implemented in ATHENA for future
measurements.
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