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Abstract

The Encore active target detector is a Multi Sampling Ionization Chamber developed at Florida State
University (FSU). Encore has been successfully used to measure fusion reactions with CHy gas as well as
(a,p) and (a,n) reactions using helium gas in the detector. The portability, self-normalizing, high-efficiency,
and versatility of the Encore detector makes it ideal for measurements with low-intensity radioactive beams.
This paper provides details on its development, operation, and analysis procedure. It also presents the results

of benchmark experiments and comparison with existing data and calculations.

1. Introduction

Exotic beam facilities are at the forefront of research in experimental nuclear physics. The addition of
the Facility for Rare Isotope Beams (FRIB) to the set of well-established U.S. domestic facilities like the
Argonne Tandem Linac Accelerator System (ATLAS), TWINSOL facility at Notre Dame, MARS at the
Texas A&M Cyclotron Institute, and RESOLUT facility at Florida State University, as well as international
facilities like the Large Heavy Ion National Accelerator in France (GANIL), the Canadian national particle
accelerator center (TRIUMF), and the institute of physical and chemical research in Japan (RIKEN), among
others, are providing new and exciting opportunities to study nuclei away from stability that are relevant
to nuclear structure, nuclear reactions, and nuclear astrophysics. However, as we push further away from
stability in the chart of nuclides, beam rates become orders of magnitude lower than in the stable region.
Newer detector systems are needed to address low beam currents and to perform more efficient measure-
ments. Active target detectors are ideal to address both issues. In active target systems, the target material
is also used as detection medium, measuring nuclear reactions in a large range of energies and providing

large angular coverage, both of which maximize the efficiency in the detection process. For these reasons,
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active target detectors have been developed around the world for projects that involve exotic nuclei. An
example of such detectors are MUSIC [1], MAYA [2], ANASEN [3], TACTIC [4], TexAt [5], and various
time projection chambers (TPCs) [6-8].

Multi Sampling Ionization Chamber (MUSIC) detectors are, in particular, an important type of active
target systems. MUSIC detectors were first used for relativistic heavy ions measurements [9]. However, the
MUSIC detector at Argonne National Laboratory has recently been successfully used in low energy nuclear
physics research at the ATLAS facility to measure fusion reactions [10] as well as (@,p) and (@,n) reactions
[11, 12].

At Florida State University (FSU), we have developed the Encore active target detector. Encore is a
Multi Sampling Ionization Chamber based on the MUSIC detector at Argonne National Laboratory [1].
The primary difference between the two is in design, with Encore using wired field cage rather than solid
aluminum plates. A difference in its operation is the use of higher voltages to optimize electron drift times,
which are aimed to operate Encore with shorter time-of-flights and without a radio-frequency (RF) sweeper
[13] used at ATLAS to increase the time between beam bunches [1, 14] in order to make a more portable
detector.

Encore uses a segmented anode to measure energy losses as the beam passes through the detector. The
beam and the reaction products are then identified in an event-by-event basis by their energy loss signals
within the gas. Nuclear reactions that occur within the active volume of the detector are measured per strip,
allowing measurements to be performed over a large range of the excitation function using a single beam
energy. Encore was built in house at Florida State University. It has already been utilized at the John D. Fox
laboratory to measure fusion, (a,n), and (a,p) reactions with stable and radioactive beams, using methane
as well as helium gas in the detector. The experimental studies that can be performed with Encore allow
investigation of stellar processes, as well as to address nuclear structure questions.

In this paper, we provide a description of the assembly, characterization, and analysis procedure of the
experimental data taken with Encore. The performance of the detector in the measurements of the '°0 + 12C
and 'F + !2C fusion excitation functions above the barrier, as well as the 18O(a/,n)21Ne and 18O(a/,p)21F

reactions, is presented along with a comparison with existing data.
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2. The Encore detector

2.1. Assembly

Encore’s housing is a 35 cm X 22 cm X 13 cm steel box with two rotatable 4.5”” ConFlat flanges on
either side in order to connect to the relevant beam line. The active region of the detector is shown in Fig. 1.
It consists of a cathode and an anode separated by about 11 cm. A Frisch grid sits about a centimeter away
from the anode and a voltage divider makes up the field cage between the anode and the cathode.

The anode is a 32.5 cm X 12.7 cm PC board which is segmented into 18 strips. Each strip is 1.5 cm
%X 9 cm with a 0.7 mm gap in between. The middle 16 of which are subdivided into left and right sections
with an alternating offset of 1 cm as it is shown in Fig. 2. The cathode is a solid aluminum plate the same
dimensions as the anode. Between the anode and cathode is a voltage divider field cage made of Beryllium
Copper wire about 0.3 mm in diameter. There are 13 layers of wire separated by about 0.75 cm. Each wire
is connected by a 100 MQ resistor starting from the cathode down to the Frisch grid. The Frisch grid is
made of gold plated tungsten wires spaced 1.75 mm apart, soldered onto a PCB frame. The Frisch grid is
part of the voltage divider chain and is grounded through a 6 GQ resistor. These resistances were chosen
such that the voltage drop between the cathode and the Frisch grid is only about ~1/5 the voltage applied
to the cathode. The voltage difference between the Frisch grid and the anode (ground) is the remaining 4/5
in order to amplify the signal of the drift electrons after they pass the Frisch grid. A 2200 pF capacitor is
connected from the first Be-Cu wire below the cathode to ground effectively acting as a high pass filter for
noise reduction. There is also a 0.1 uF capacitor connected from the Frisch grid directly to a SHV feed-thru
in order to read out signals from the Frisch grid.

A negative voltage, chosen based on the gas pressure needed for the specific experiment in order to
optimize the electron drift velocity for a given pressure [15], is fed to the cathode through a hermetic SHV
connector. For example, in a fusion experiment using CHy gas, a typical voltage on the cathode is between
1 - 2kV, depending on the pressure of the methane gas (100 - 200 torr). In experiments with helium gas, the
operating voltage is typically on the order of a few hundred volts depending on the pressure of the helium
(300 - 500 torr). The large difference in pressure between the gases is primarily due to the stopping power
of the gas. The difference in operating voltage between the gases is due to the electron mobility within the
gas as electrons drift slower within helium [16]. The gas inside the detector is held using a 2.11 mg/cm?
thick HAVAR window at the entrance of the detector, which has been tested up to 600 torr of helium gas. A

gas handling system constantly circulates the gas to ensure a constant pressure. The pressure is monitored
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Figure 1: A picture of the active elements of the Encore detector. It consists of a cathode at the top and the segmented anode at the
bottom (when mounted the detector sits upside-down to the picture’s orientation). A Frisch grid is located about a centimeter away
from the anode and a voltage divider makes up the field cage between the anode and the cathode.
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by a precision gauge which has an error of 0.125% of it’s maximum range of 500 torr [17].

In order to eliminate beam scattering off the field cage, a 3 X 3 cm hole was cut in the field cage at the
height of the beam, and a frame was mounted to maintain tension on the field cage wires as shown in Fig. 1.
A silicon detector or beam stop can be attached via a 4.5” diameter ConFlat flange at the end of the detector

for beam tuning.

2.2. Electronics

Encore measures energy losses in the anode as the beam passes through the detector. The number of
electrons ionized by a particle is proportional to the energy deposited into the gas. These electrons then drift
up along the electric field line and are collected by the anode and ultimately read by charge integration.

Each side of the detector from strip 1 to 16 of the segmented anode is read out through high-density
FGG lemo cables and into 2 MPR-16 pre-amplifiers. The first and last strip (strip O and strip 17) are
read out through BNC cables and into 2 MPR-1 pre-amplifiers. All anode pre-amplifiers are grounded
at the bias input. Currently, Encore uses analog electronics. The MPR-16’s are then fed into MSCF-16
shaper/amplifiers and then to the data acquisition system (DAQ). The MPR-1’s are fed into single channel
shaper/amplifiers and into a separate channel to the DAQ. The anode events are then reconstructed in an
event-by-event basis during the analysis process.

The cathode and Frisch grid are also read out through MPR-1 preamplifiers. The cathode is connected
to a negative bias supply that can reach voltage of ~ -4000 V. Both the Frisch grid and the cathode can be
used as a trigger since they both ‘see’ all the volume in the active region. However, we typically use the
Frisch grid as a trigger for the DAQ since this signal is slightly faster and better shaped than that of the
cathode, as well as bipolar and therefore more versatile for the electonic modules. The cathode is fed into a
single channel shaper/amplifier and into an ADC. The Frisch grid signal is split after the preamplifier: one
signal is fed to a fast-filter amplifier and used as a trigger, while the other is used as another ADC signal. A
detailed electronics diagram of a typical Encore experiment is shown in Fig. 3.

At the John D. Fox laboratory, the beam can be bunched with a 12.5 MHz frequency. This is particu-
larly important for experiments with radioactive beams where contaminants from the primary reaction are
expected. We use a Time-to-Amplitude-converter (TAC) to measure the time-of-flight (ToF) of the beam.
The detector trigger signal is used as the start and the radio-frequency (RF) signal from the accelerator as
the stop, typically with the range set ~ 1-5 us. A good beam separation is obtained by plotting the ToF of

the beam versus the first strip in the detector (strip 0) as shown in Fig. 4. Additional timing information can



9cm

|
32.5¢cm

Figure 2: Upper panel: A 3D model of Encore. The beam passes through the center of the detector where there is a perpendicular
electric field created by the field cage. This field cage is a voltage divider consisting of a cathode, wired planes, a Frisch grid, and
the anode. The connections to the electronics are made through the top of the detector. The connections on the side of the detector
are used for the gas handling system. Lower panel: A view of the structure of the segmented anode. It consists of 18 strips, 16 of
them subdivided in left and right.
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Figure 3: Electronics diagram of a typical experimental setup using Encore in the John D. Fox laboratory. The “Logic” box shown
here is a catch-all for the various modules used including a Fan IN/Fan OUT module, Logic (and/or) module, and gate generators

to make the timing and DAQ gates.
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Figure 4: Time-of-flight (ToF) vs AE spectrum of a '’F beam. The y-axis is the AE signal from strip 0. The x-axis is ToF of the
beam. Good separation between the '’F beam and its main contaminant, the primary '°O beam, is observed.

be incorporated in a similar way. For the radioactive beams from the RESOLUT radioactive beam facility

[18] at FSU, the timing signal from a micro-channel plate detector is sent to a second TAC.

3. Encore’s Operational Principles
3.1. Analysis

Encore measures energy losses as the beam passes through the detector in the different strips of the
segmented anode. A beam enters into the active region, ionizing the gas and losing energy in the process.
Electrons drift up towards the anode where signals are then read out through 34 channels. The anode is
made up of 18 different strips, the middle 16 of which are further segmented into left and right as shown
in Fig. 2. This allows for 18 distinct regions to measure the energy loss of the beam as it passes through
the detector. In the analysis of the data, an event-by-event reconstruction is performed. A ‘trace’ is the
sum of energy losses along the 18 strips of the detector (strip 0, 16 strips-right, 16 strips-left, and strip 17).
Encore’s operation is best understood through a fusion measurement.

Strips 0 and 17 are control strips. Strip 0 provides a veto against scattering events in the entrance

8
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window. It also defines the amount of beam that enters the detector. Strip 17 defines the amount of beam
that passes through the detector without interacting.

Most of the time, the beam passes through the detector without nuclear interaction, producing a typical
Bragg curve of the beam in the gas. When there is a nuclear interaction of a beam particle with a particle
in the gas, a compound nucleus is formed with a higher nuclear charge (Z) than the beam. This results in a
higher energy loss for that particle and therefore a larger signal read out of the anode according to the Bethe

formula:

dE . 22

dx 2
where it can be seen that the energy loss per strip is proportional to the square of the nuclear charge of the
particle (Z) and inversely proportional to the square of the velocity of the particle (v) in the medium.

The data is filtered and analyzed via ‘traces’ — the energy loss of a particle through the detector — shown
in Fig. 5. These are sorted signals of energy loss vs. strip number, visually providing the energy loss of an
event as it passes through the detector. Typically the detector only sees ‘beam-like’ events as shown in red
in Fig. 5. Fusion events are characterized by a sudden jump in the energy loss signal. To look for signals in
a given strip, beam-like events are required up until the selected strip, followed by a AE spike in the signal
as shown by the gold traces in Fig. 5.

Guided by energy loss simulations [19], we have developed an algorithm that gain matches strips. It
then it looks for a AE as small as one sigma away from the beam peak within a strip and sets a threshold for
the following strips to ensure a clear separation between beam and fusion event. The small AE is set to not
miss any fusion events happening in the end of a strip as it would produce a smaller ionization signal than
one happening at the beginning. The algorithm then checks the height and length of the signal and ensure
that the event stops within the detector since the evaporation residue will not make it to the end of the active
region of the detector.

Additional filters are required to ensure the correct identification of the reaction. The segmentation of
the middle 16 strips into left and right allows the inclusion of a multiplicity filter in the analysis that is used
to filter out the primary source of background - scattering events. In a fusion-type event an evaporation
residue is formed, leaving just one particle in the detector. In a scattering event there are two particles
moving at an angle with respect to each other. The left and right segmentation allows us to see the two
particles and veto that event. It is important to mention that the gains in the detector are set up so that the

light particles as well as the interaction of the beam with the hydrogen in the gas are not observed.

9
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Figure 5: Energy loss traces inside of Encore. Typical traces of the '°F beam are shown in red. The Bragg curve of the beam has
been normalized to channel 500 to simplify the analysis. Typical fusion events of '°F + '2C happening in strip 6 are shown by the
traces in gold.

An example of fusion traces occurring in strip 5 are shown in Fig. 6. In Fig. 6a, only one side of the
detector fires per strip, as is shown by a characteristic zig-zag trace in the left (blue) and right (green) side
of the detector. The gold trace is the sum of left + right signals. This ‘multiplicity one’ event is typical of
a fusion reaction where the evaporation residue travels in the same direction as the beam. In Fig. 6b, the
evaporation residue is emitted at a large angle with respect to the beam, and therefore, after strip 5, it is
observed in only one side of the detector while the other side shows no signal.

Examples of scattering traces occurring in strip 5 are shown in Figs. 7a and 7b. In both cases, there are
signals in both sides of the detector after strip 5, indicating that two particles are present. These ‘multiplicity
two’ events are typical of scattering events.

After the correct identification of the events, the total fusion events per strip as well as beam events are
counted, allowing for an absolute self-normalization of the cross sections measured.

For the case of (@,n) and (,p) reactions, the general analysis procedure remains similar to the fusion

10
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Figure 6: Typical traces in Encore of fusion-like events occurring in strip 5. The colors represent signals in the left (blue) and right
(green) side of the segmented anode, as well as the sum of left + right signals (gold). The multiplicity information from each side
of the detector is important to distinguish fusion from scattering events. In multiplicity one events, characteristic of fusion traces,
only one side of the detector has a signal. Fig. 6a shows a heavy residue traveling along the beam axis (left and right alternate
firing) while 6b shows a high angle heavy residue (only the left side of the detector fires as it passes through).
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measured simultaneously. The expected cross section for ¥ O(a,p)*!F in this region is on the order of a few mb, thus the cross
section extracted for the reaction is just an upper limit.

one. For this type of experiments, Encore is filled with helium gas. The threshold in the AE signals have to
be adjusted since the jump is not as drastic as it is in a fusion event. This is demonstrated by the traces of
reactions of an 80 beam with helium gas in Encore shown in Fig. 8 where 18O(a/,p) and '80(a,n) reactions
were measured simultaneously.

Furthermore, an averaging method of the energy loss in the strips can be used to separate (a,p) and (a,n)
events from beam-like events, allowing for a simultaneous measurements of both reaction channels. This
procedure was first shown to work at ANL for the 70(a,n) reaction [11]. The average of several strips can
be used to obtain a better separation of the different reaction channels, scattering, (a,p), and (@,n), as shown
in Fig. 9.

The associated energy value for each strip is determined by the energy of the incoming beam and the gas

13
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pressure within the detector. LISE++ [20] is used to calculate the energy loss of the beam within a specific
strip, assuming that the reaction happened at the middle of the strip, the error bars in the energy are due to the
size of the strips. This procedure was validated at Argonne National Laboratory where the MUSIC detector
was attached to the Split-Pole Spectrograph (SPS) so that the energy loss calculations with LISE++ could
be compared with the energies measured in the focal plane detector of the SPS [1]. In the case of Encore,
a silicon detector mounted in the back of the detector is also used to validate the energy loss calculations
of the beam in the gas. This silicon detector is primarily used for beam tuning without gas in the detector.
However, as gas is gradually added to Encore, the energy loss calculations from LISE++ are compared
with the measurements in the silicon detector in order to validate the energy loss of the beam through the
gas. Although at typical operating gas pressures, the beam stops before reaching the silicon detector, and
the behavior of the Bragg curve of the beam and its components are also used as calibration points for the
energy assignments. This is highlighted by the calibrated Bragg curve spectrum in Encore taken from our

radioactive !’F experiment shown in Fig. 10a and 10b. In this instance, the !”F beam does not stop within

1608+ 1607+

the active region, but both the primary and a contaminant do. The Bragg curves from LISE++
calculations shown by the solid (!’F) and dashed (°08*, and '°07*) curves are in good agreement with
the measured values in Encore, especially well before the Bragg peak. It is important to point out that in

analysis of this specific case, the 1°07*

component was further gated out using the timing information as it

was shown in Fig 4, and that typically only up to strip 13 is effectively used to extract a cross section since

the analysis program requires additional strips to correctly identify the events in the detector.
Discrepancies between energy loss calculations have been reported for more exotic systems than the

ones reported here [21, 22]. Therefore, energy loss effects have to be further studied as more exotic beams

become available.

3.2. Beam Rate Characteristics

Encore is designed to be used with low intensity radioactive beams and operated at parameters optimal
for the electron drift velocity. For example, with CH4 as a counting gas, average beam intensities of up to
2.5x10% pps have been used while with helium gas in the detector up to 1x10* pps. However, measurements
with more intense beams are desired. The intrinsic limit is the time that it takes the ionized electrons to drift
to the anode. The two main obstacles to increasing the beam intensity are detector breakdown and pile-up
signals.

As the beam rate increases, there are also more pileup events. With Encore, we can mark these events

15
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Figure 10: Bragg curves measured in Encore. The solid black line, blue dotted lines, and the red dot-dashed lines represent '’F,
1608+, and '07* Bragg curves, respectively, as calculated by LISE++. The beam components in the spectra have been previously
gated using its respective time of arrival to the detector shown in Fig. 4. Fig. 10a is a calibrated spectrum using the '’F component
of the beam while fig. 10b is a calibrated spectrum using the 0% component of the beam.
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to either throw them away in the analysis or use them as a veto on the entire DAQ to reduce the computer
dead-time. The trigger signal from the Frisch grid is split to make a second copy in coincidence with a
slightly delayed gate (60 ns) so that two overlapping events are flagged. We then feed the primary trigger
to the start of a TAC and stop it with this secondary trigger. The results are shown in Fig. 11. The signals
marked in red are any signal that are produced by two overlapping events. This analysis also provides a way
of measuring the effective pileups within an experiment, which, as we have found, are typically an order of

magnitude less (103 pile-ups per second vs 10* pps) than the “good” signal events.

4. Experimental Results

In order to validate the operation of Encore as well as the analysis method employed, we performed a
series of experiments with well-known systems and compared the data obtained with Encore to published

data.
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4.1. Fusion Reactions

Here, we discuss the fusion excitation functions of the stable systems '°0 + 12C and °F + '?C as mea-
sured with Encore at the John D. Fox laboratory at FSU. These measurements were part of an experimental
campaign to understand the possible influence of the halo first excited state in '’F on the fusion process
[23].

A %0 primary beam was used to produce a !’F radioactive beam via the '°0(d,n)!’F reaction. A
liquid nitrogen-cooled gas cell was filled with deuterium gas and bombarded by a primary '°O beam at
91.5 MeV. The radioactive '"F beam at 61.5 MeV at a rate of 600 pps was delivered to Encore using the
RESOLUT radioactive beam facility. However, part of the primary 'O beam with the same rigidity as the
17F reached Encore at 58.1 MeV and at a rate of 1100 pps. Measurements with '°0 and !’F were performed
simultaneously. The time-of-flight of the beams was used with strip 0 in Encore to separate the different
beam components as it is shown in Fig. 4.

Encore was filled with CHy gas at 168 torr. Under these conditions, the fusion excitation function of
the '0 + '2C system was measured in the energy range of E., = 8 MeV - 16 MeV. Results from this
measurement are shown in Fig. 12 in comparison with existing published data [24-31]. The error bars in
the cross sections are statistical while the error bars in the energy are due to the size of the strips in the
segmented anode. The good agreement between our measurement with Encore and previous sets of data,
especially the reproduction of the structures in the fusion excitation function, give us confidence in the
analysis procedure used.

A separate experiment was performed to measure the fusion excitation function of the '°F + 12C system.
A 65 MeV stable '°F beam was delivered to Encore at a rate of 1000 pps. In this experiment, Encore was
filled with 131 torr of CH, gas. The measured fusion excitation function of the '°F + '2C system is shown
in Fig. 13 along with previous published data [24, 32, 33]. The error bars in the cross sections are statistical
while the error bars in the energy are due to the size of the strips in the segmented anode. The agreement

between our measurement and previous sets of data shows consistency of the analysis procedure.

4.2. (a,p) and (a,n) Reactions

The flexibility of the Encore detector allows it to be used with different counting gases. In particular,
measurements with helium gas are of relevance in nuclear astrophysical scenarios.
We have successfully used Encore to measure 180(a,n)?!Ne and 18O(c1/,p)21F reactions simultaneously.

For this experiment, Encore was filled with pure helium gas. A 52 MeV !80 beam at a rate of 10,000

18
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Figure 12: Results of the experimental fusion cross sections measured with Encore [23] for the '°O + '2C system compared with
existing data from Refs. [24-31]. Good agreement is shown between the current measurement and previously published data.
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existing data from Refs. [24, 32, 33]. Good agreement is observed between our measurement and data from literature.
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reaction is on the left side where cross sections are shown in linear scale. The y-axis for the '*O(a,p) reaction is on the right side
where the cross sections are shown in log scale. The '8O(a,p) cross sections are about two orders of magnitude smaller than the
30(a,n) reactions in the measured energy range, thus the data points shown are upper limits on the cross section for the '8O(a,p)>'F
reaction.

pps was delivered to Encore, which was filled with 404 torr of helium gas. The energy and pressure in
the detector are such that both channels, (@,p) and (@,n), are open in the first 8 strips. However, the (a,p)
cross sections are only of the order of a few milibarns or less in this energy region as shown by statistical
model calculations. Therefore, only upper limits for the (@,p) cross sections could be extracted for two
of the early strips in the detector. Results of our measured cross sections are shown in Fig. 14. Very
scarce experimental data are available for these systems. Our results are compared with data from ref.
[34] and with statistical model calculations by P. Mohr [35, 36]. The measured (a,n) data agrees very well
with the previous measurement and with the calculations. Despite the small cross sections for the (a,p)
reaction, there is still very good agreement between our measurements and statistical model calculations

that demonstrate the capabilities of Encore.
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5. Summary and Outlook

In summary, Encore is an active target detector developed at FSU that measures energy losses as the
beam travels through the detector using a segmented anode, thereby identifying reaction products and un-
reacted beam particles. Encore allows for the measurement of a large portion of the reaction excitation
function using a single beam energy. Several gases can be used in the detector. We have measured the 'O
+ 12C and '°F + '2C fusion reactions using CH,; gas. The '0(a,p)*'F and '"®O(a,n)?'Ne reactions were
measured using helium gas in the detector. The results were compared with existing data and statistical
model calculations, showing a good agreement among them.

Encore is a portable, versatile, highly-efficient, self-normalizing, active target detector optimized for
use with low intensity radioactive beams. In the future, other gases (Ne, Ar, Kr) can be used to explore
different mass ranges and Z dependencies on the measured reactions and to study other reaction processes

like fission. Further improvements include the use of digital electronics as well as residue identification.
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