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Abstract

An active target detector array, ANASEN, has been developed for nuclear reaction studies with rare isotope beams at low energies. It
aims at measurements of the excitation functions for proton and α- particle elastic and inelastic scattering and direct measurements
of (α,p) reactions with exotic nuclei in inverse kinematics. ANASEN is composed of three types of charged particle detectors. The
length of the active area is 340 mm and the total covered area is 1300 cm2 (almost 3π steradian solid angle coverage) providing high
efficiency for experiments with low intensity radioactive beams. A mix of 78 conventional electronics channels (for Proportional
Counter and CsI- detectors) and 480 dedicated high-density ASICs electronics channels for the silicon detector are used for readout.

PACS 29.40.Cs Gas-filled counters: ionization chambers, proportional, and avalanche counters 29.40.Gx Tracking and position-
sensitive detectors

Keywords: Active gas target; Charge particles detection; Multiwire position sensitive proportional counter; Silicon-strip detectors;
CsI(Tl) detectors; Radioactive beams; Inverse kinematic

1. Introduction1

Reactions involving radioactive nuclei play an important role2

in stellar explosions, but limited experimental information is3

available due to difficulties in producing and studying radioac-4

tive nuclei. The progress in development of radioactive nuclear5

beams (both in-flight and re-accelerated) provides greater ac-6

cess to these unstable isotopes, but the typical beam intensities7

are still much lower compared to stable beam facilities. That’s8

why more efficient and selective techniques and devices are re-9

quired to be able to study many important reactions of astro-10

physical interests.11

For instance, novae and X-ray bursts are the most common12

stellar explosions in the Galaxy and result from thermonuclear13

explosions on the surface of compact stars in binary systems.14

The study of these processes is important to understand the15

structure and evolution of white dwarfs and neutron stars, as16

well as accretion and mixing mechanisms that play a crucial17

role in many astrophysical environments. So far our under-18

standing of novae and X-ray bursts is limited in part by a lack19

of nuclear data regarding reactions that play a key role in the20

explosions, such as (p,γ), (p,α) and (α,p). The rates of these21

reactions are often determined by the properties of low-energy22

resonances that correspond to nuclear energy levels just above23

the proton (or α) threshold in corresponding compound nuclei.24

The large uncertainties that exist in most of these reaction rates25

are due to unknown properties of these low-energy resonances.26
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The Array for Nuclear Astrophysics and Structure with Ex-27

otic Nuclei (ANASEN), developed in a collaboration between28

Florida State University (FSU), Louisiana State University29

(LSU), and Texas A&M University (TAMU) was designed pri-30

marily to be used in measurements of (α,p) reactions and of31

proton and alpha elastic and inelastic scattering in inverse kine-32

matic using radioactive ion beams and thick targets. The main33

philosophy was to construct a detector that employs the advan-34

tages of an extended gas target, has vertex reconstruction capa-35

bility and can still be used with very high intensity radioactive36

beams (up to 109 pps) that will soon become available at the37

Facility for Radioactive Ion Beams (FRIB) at Michigan State38

University.39

Measurements of proton elastic and inelastic scattering will40

indirectly determine the properties (energies, spin-parities and41

proton partial widths) of some of the nuclear levels that are im-42

portant in (p,γ) and (α,p) reactions. While direct measurements43

of (p,γ) reactions are needed for the most important cases, such44

measurements are especially difficult, requiring both high ra-45

dioactive beam intensities and substantial experimental infras-46

tructure (e.g., large recoil separators). More straightforward47

studies like proton elastic and inelastic scattering are needed48

first to provide a basic picture of the energy level structure of49

these nuclei and to help identify what are, in fact, the most im-50

portant resonances. Since such reaction rates depend exponen-51

tially on the resonance energy, such indirect studies can sub-52

stantially reduce uncertainties in the nuclear reaction rates.53

ANASEN is targeted towards measurements with the RESO-54

LUT radioactive ion beam facility at the John D. Fox Supercon-55
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ducting Accelerator Laboratory at FSU ([1]) and with the new56

re-accelerated beam facility (ReA3) at the National Supercon-57

ducting Cyclotron Laboratory at Michigan State University.58

ANASEN has cylindrical geometry, that is well suited for59

high efficiency inverse kinematics reaction studies. The target60

gas is used as an active gas for a cylindrical gas proportional61

counter array that provides position information on the reac-62

tion products at one point close to the beam axis. The light63

recoils (typically protons or α-particles) are detected by a posi-64

tion sensitive silicon-strip detector array backed with CsI. The65

particular geometry of the gas detector electrodes and the sili-66

con detector array allows reconstruction of the track of each re-67

action product on an event-by-event basis to allow the reaction,68

center-of-mass energy, and final state to be determined. The use69

of CsI allows high-energy protons to be detected as well.70

ANASEN achieves its high sensitivity and efficiency by com-71

bining a high areal-density target with a large solid angle de-72

tector coverage, amounting to around ∼3π sr. Simultaneously,73

it excludes the region of high ionization density induced by74

the beam, which allows for relatively high-intensity radioactive75

beams to be used. Its design allows for an efficient measure-76

ment of excitation functions over a large dynamic range of cross77

sections. These are the properties needed for the spectroscopy78

of astrophysical resonances and measurements of (α, p) reac-79

tions.80

The TRIUMF Annular Chamber for Tracking and Identifica-81

tion of Charged Particles (TACTIC) aims toward a similar goal82

[2] but has very different design.83

2. Array design84

A schematic cross-section view of ANASEN is shown in85

Fig. 1.86

Figure 1: Schematic cross-section view of ANASEN

The detector follows a cylindrical design pattern, with three87

layers of detector systems surrounding the beam axis. The in-88

nermost layer is a multi-anode position-sensitive proportional89

counter (MAPC), which enables the active-target mode. At90

radii of 88 mm from the beam- axis, three identical rings of 1291

rectangular Silicon strip detectors are surrounding the MAPC.92

For detecting particles at laboratory angles near 90◦, a most ef-93

fective “barrel” geometry that involves detectors arranged par-94

allel to the incident beam direction (and more perpendicular to95

track of detected particles) has been selected. Angles near 90◦96

are more important for measurements of (α,p)-reactions with an97

extended gas target to make it easier to reconstruct events that98

are emitted more perpendicular to the incident beam direction99

(a notable recent implementation of this detector geometry is100

ORRUBA ([3]) which has been developed for measurements of101

(d,p) reactions). The Silicon detectors of the Super-X3 design102

are backed by CsI(Tl) crystals of trapezoidal-bar geometry.103

In addition to the “ring”- assemblies, the beam-forward an-104

gles are covered by an annular configuration of four QQQ3-105

design silicon strip detectors. Each QQQ3 detector is backed106

by the set of 4 segment shaped CsI(Tl) detectors. The “for-107

ward” assembly covers a wide angular range of polar angles108

from about 3◦ (at the maximum feasible length of 70 cm) up109

to > 70◦ in the lab frame, if the reaction occurs close to the110

forward QQQ3 detectors. The ANASEN elements are mounted111

inside a cylindrical stainless steel scattering chamber of 60 cm112

diameter and 100 cm length. An entrance window separates the113

ANASEN volume from the beamline vacuum. Depending on114

the experiment, a window as thin as 2 micron (Aramica, Asahi115

Chemical, Japan or Havar foil for the rare isotope beams that116

have intensity exceeding 107−8 ions/sec) or thicker can be used.117

For example, the 7.5 micron Kapton (DuPont, USA) window118

with diameter of 10 mm allows to run safely at the gas pressure119

up to about 2000 Torr (see, for example: [4]) and take the most120

beams of interest with the beam current up to 100 pA.121

A basic pump-out pressure at the level of 10−6 Torr is pro-122

vided by assembly of turbo and scroll pumps (Leybold).123

In addition to the detectors described above, a fast-counting124

ionization chamber (IC) can be attached to ANASEN at θlab =125

0◦. The IC is an ancillary detector for experiments that require126

detection of the heavy recoils but it can also be used for beam127

tuning and diagnostics of beam composition. The IC consist128

of 20 parallel copper planes with 1mm spaced wire grid, sup-129

ported by four isolated rods. The diameter of the entrance win-130

dow is 6.4 cm. The chamber can be partitioned into several in-131

dependent segments, providing for additional particle ID when132

needed. The three-segment configuration was used in the first133

experiments. The IC’s maximum counting rate is about 105 pps.134

Some details can be found in [5].135

3. Individual array components136

The general view of the main components of ANASEN is137

shown in Fig. 2.138

3.1. Multi-Anode Proportional Counter (MAPC)139

The two basic requirements for the MAPC design are: i) high140

gain to be able to detect high energy protons that lose less than141

10 keV in the active volume of the MAPC cell, and ii) good142

position resolution (within few mm range) for tracking. Both143
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Figure 2: ANASEN elements: Top Panel: Multi-Anode position sensitive Pro-
portional Counter (MAPC); Central panel: Forward detector array (one of
QQQ3 Si detector has been removed in order to show the CsI(Tl) detectors
behind it) ; Bottom panel: Ring array comprised of 12 Super-X3 backed by
CsI(Tl).

requirements can be satisfied by proper selection of the anode144

material and detector geometry.145

The optimized configuration of the proportional counter was146

determined using the computer code GARFIELD-9 [6]. Fol-147

lowing the results of the simulation, the proportional counter148

was made with anodes arranged cylindrically with respect to149

the beam axis at the radial distance of 30 mm. Each anode150

is surrounded by 8 grounded cathodes, to form a trapezoidal151

pattern Faraday cage. This arrangement makes 19 independent152

“hexagonal” proportional counter cells with an effective thick-153

ness of 12.5 mm, as is shown in Fig. 3a and 3b. The outer and154

inner guard rings (Fig. 3) are used to suppress delta electrons155

produced in the area outside of the cells from drifting into the156

cells.157

Several different techniques of position sensitivity were re-158

viewed in [7], the simplest one of which is charge divi-159

sion over a resistive anode wire, with examples discussed in160

Refs. [8–10]. We chose this method for ANASEN, which161

made the choice of the anode wire material critical, with few162

materials providing the mechanical stability at the small di-163

ameter for the required proportional counter gain, combined164

with the high wire resistance for good position resolution.165

Alloy materials, such as Nichrom (0.8Ni+0.2Cr), Iron Al-166

loy 875 (0.72Fe+0.225Cr+0.055Al), High Resistance Alloy167

(0.55Fe+0.375Cr+0.075Al) were considered, but show low re-168

sistances of 150-250 Ω/cm, while the Carbon- coated Quartz169

that has the highest resistance proved to be not durable enough.170

The solution was found in Carbon fiber filaments, whose per-171

formance was studied in [11, 12], and which has been used in172

several proportional counters [13–15]. Following the design of173

Ref.[7] a Carbon fiber material (Panex-35, ZOLTEK Co) with174

7 µm thickness was chosen as the anode material for ANASEN.175

For the cathode wires, two different materials were tested.176

The prototype was made from Silver- plated Copper with 75 µm177

diameter. We experienced that the wires stretched with time,178

which led to instabilities. Instead, Gold- plated Tungsten wire179

of the same diameter was selected for the final design.180

The total length of the active area of MAPC is 430 mm.181

Pre-treated with a solvent in an ultrasonic bath, Carbon fiber182

filaments were pasted with conductive paint (Silver Print 2,183

GC Electronics) to the Nickel- plated Copper pins. The fila-184

ments were stretched between the two end plates (printed circuit185

boards), mounted to the Aluminum frame (see Fig. 2, MAPC)186

forming the body of wall-less counter. The qualified filaments187

that passed the mechanical strength test (0.08 N) were soldered188

to the end-plates. The mounting tension on the individual car-189

bon fiber was about 0.05 N.190

Gold-plated Tungsten cathode wires and guard-ring elec-191

trodes were spring-loaded at the upstream end-plate of the de-192

tector with a tension of around 0.35 N. The ends of the cathode193

wires were soldered to the MAPC board and grounded. The194

inner and outer guard-rings are mechanically attached in the195

same way, but they have independent feed circuits. As a result196

of the combined wire tensions, the total force on the end plates197

is about 30 N.198
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Figure 3: GARFIELD simulations a: cross section of multiwire proportional
counter (◦ – anodes; × – cathodes and “guard”- electrodes) with electron drift
lines from the tracks of 5 MeV protons; Methane, P=300 torr); b: Contours of
electric field (Vanode=500V, both cathodes and ”guard” electrodes - grounded)

3.2. Silicon detectors199

Surrounding the proportional counter is a barrel of silicon200

detectors that was developed in conjunction with Micron Semi-201

conductor. Silicon strip detectors were chosen for ANASEN202

because a large area can be covered while achieving good en-203

ergy and position resolution. The Super X3 model is a double-204

sided, 75x40 mm silicon-strip resistive layer detector, seg-205

mented on both front and back sides. The Super-X3 design was206

adapted from the X3 detectors, used for ORRUBA [3]. The207

difference is that the back ohmic faces of the detector are seg-208

mented into four 18x40 mm2 strips that are used to determine209

the energy, independent of position, and assist with position cal-210

ibration of the resistive front strips. The front (junction) face of211

Super-X3 detector has four resistive strips that are 75 mm long212

and 10 mm wide. There are 12 signals, 8 front and 4 back, for213

each of these detectors. The Super X3 detector design is shown214

in Fig. 4.215

Figure 4: SuperX3 detector

Annular double sided silicon detectors were designed to216

cover a large fraction of the angular range for forward angles.217

The active area of each double-sided quadrant detector extends218

between radial distance of 55 mm to 99 mm. The forward de-219

tector set covers an area of 210 cm2, with the largest radius220

possible using 4 pieces of silicon (using 15 cm wafer technol-221

ogy). The QQQ3 detector has 16 front rings and an inner a ac-222

tive area of 55 mm and 99 mm, respectively, 16 back segments223

with 4 quadrant detectors creating a complete set. The front224

rings and the back segments are shown in Fig. 5. Both of the225

segmented silicon detectors, Super X3 and QQQ3, are 1000-226

µm- thick. This silicon thickness corresponds to the range of227

12 MeV protons at normal incidence.228

3.3. CsI(Tl) scintillator array229

The outer layer of the array was composed from trapezoid230

shaped 26-mm- thick CsI(Tl) scintillator from SCIONIX. These231

detectors are used to identify and measure residual energy of232

particles that can penetrate through the silicon array (typically233

only high energy protons and deuterons).234
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Figure 5: QQQ3 detector

There are two different geometries of CsI(Tl) detectors used235

in ANASEN, shown in Fig. 6. Type I detectors have been de-236

signed so that an arrangement of 16 crystals can fully cover the237

forward silicon detectors in pie shaped segments, four for each238

QQQ3 detector. Each CsI(Tl) crystal is wrapped in 2-µm- thick239

aluminized mylar, and has a built-on preamplifier which is read240

out by a single Hamamatsu 20x20 cm2 S3204 PIN diode. Type241

II CsI(Tl) detector has been designed to fit behind the Super-X3242

detectors, covering the same solid angle.243

The face of the Type II crystal covers the back side of the244

SuperX3 silicon detector and extends 1.5 mm beyond its ac-245

tive area. It tapers outward with radius on the sides at an angle246

of 13.5◦. This geometry ensures that if a recoil particle that is247

scattered at 90◦ with respect to the beam axis hits a SuperX3248

Si detector then it cannot escape the CsI crystal. However, for249

shallow trajectories the escape is still possible near the upstream250

and downstream edges and has to be taken into account in the251

analysis. Scintillation from Type II detectors are read out by252

two pin-diodes from opposite sides of crystals, allowing to de-253

termine both total energy and Z- position of scintillation (along254

the beam axis). Under optimal noise conditions, the energy255

resolution with a 241Am source is 5% for the Type I geome-256

try crystals and 8% for the Type II. It is limited by variation in257

the efficiency of light collection due to geometry and uniformity258

of scintillator light output throughout the volume. It is natural259

that the larger scintillator crystals (Type II) have worse energy260

resolution on average.261

3.4. Electronics262

With the combination of the multichannel proportional263

counter, silicon detectors, and CsI(Tl) detectors, there are264

over 500 channels of electronics in the full configuration of265

ANASEN. To deal with this high channel count in a cost effec-266

tive manner, ANASEN utilizes Application-Specific Integrated267

Circuits (ASICs) of the HINP16C design by Washington Uni-268

versity [16] in combination with conventional MESYTEC elec-269

tronics (for MAPC and Cs(I) detectors –136 channels total).270

Each HINP16C ASIC handles the pulse-shaping, timing, and271

triggering of 16 channels of data. The system as a whole has 2272

ASICs HINP16C chips per board, with 16 boards in the system,273

Figure 6: CAD rendering of CsI(Tl) detectors, Type I [left] and Type II [right].

handling up to 512 channels in one motherboard. Analog sig-274

nals from all channels are multiplexed into XLM flash ADCs.275

ANASEN uses 2 motherboards and XLM modules. A VME-276

USB Wiener interface is used to send the collected digitized277

data from the front end processor using NSCL DAQ ([17]). Ex-278

ternal preamplifiers are used to optimize the energy resolution279

and dynamic range. A custom 72-channel preamplifier system280

for Si detectors has been developed based on the Indiana Uni-281

versity’s LASSA preamplifier chip; with a gain of 27 mV/MeV282

and a 30 µs fall time that matches the shaping of the HINP16C283

ASICs [18].284

With a complete ANASEN implementation comprising 560285

signals from Si detectors, handling a high-density of electron-286

ics without losing resolution becomes a priority. We designed a287

circuit board feed-through to map 6 Super X3 detectors through288

regular density Insulation Displacement Connector (IDC) to289

high density IDC cabling to get the signals out of the vacuum.290

Another vacuum-tight circuit board was designed to feed 64291

channels of two QQQ3-detectors with the same preamplifier292

box.293

3.5. Gas handling system294

It is well known (see, for example [19, 20]), that the gain295

of the proportional counter without gas flow changes signifi-296

cantly over time due to the gas deterioration. The origin of297

this effect may be an accumulation of electro-negative addi-298

tives from polymers covering flat cables connecting detectors299

and construction elements, beam induced gas deterioration and300

the layering effect of gas mixtures. The latest is distinct in301

helium/carbon-dioxide gas mixture which is the working me-302

dia for investigation of (α,p)- reactions. For the active gas-303

target mode, the gas handling system has to fit the requirements304

of high accuracy and stability to keep operating pressure and305

gas flow during runs of up to a few weeks, and meet safety306

specification for use of flammable gases (Hydrogen/Deuterium,307

Methane, Iso-Butane). The gas/vacuum handling system for308

ANASEN is shown schematically in Fig. 7.309

The pressure and gas flow is controlled by an integrated pres-310

sure controller with πPC-99 (MKS instruments) mass flow me-311
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Figure 7: The scheme of gas the handling system.

ter. It was configured to be capable of controlling pressure in312

the range of 30 Torr to 1200 Torr with the accuracy of ±1%313

through TCP/IP protocol. A high accuracy (±0.05%) gas in-314

dependent absolute pressure transducer MM series (OMEGA315

Engineering) is set for the complementary monitoring of the316

gas pressure. An extra pump is installed for evacuation of317

flammable gases away from laboratory building through the318

specific exhaust line. The gas sensor shuts the input line valve319

and activates an alarm signal in case of exceeding the maximum320

allowable content level of flammable gases. As a result of tests321

it was found that the gas flow on the level greater than 100 sccm322

is sufficient to maintain stable operation of the MAPC.323

Because the current configuration does not support recycling,324

the gas is stored in empty cylinders for further offline clean-325

ing during experiments with isotope enriched target gases (deu-326

terium, for example). During long lasting experiments, the327

ANASEN chamber is refilled with fresh deuterium in certain328

time intervals. The reliability of the system with respect to the329

gas pressure stability has been demonstrated during several 3 -330

4 week long runs.331

The performance of the position sensitive proportional332

counter depends on the energy and type of radiation, counter333

geometry, composition and pressure of working gas and ap-334

plied anode voltage (gas amplification) [10, 19]. For example,335

the position sensitive proportional counters with 7 µm diameter336

Carbon fiber as resistive anode was extensively tested in [7] and337

references therein (mostly, for X-ray emission spectroscopy). It338

was shown that for the P-10 gas mixtures (90%Ar+ 10%CH4)339

the minimum position resolution of 0.15 mm can be obtained340

with the highest pressure, i.e. 10 atm.341

The gas composition and pressure are determined by the spe-342

cific conditions of the experiment. Therefore the original tests343

were conducted with a standard P-10 gas to compare it with344

specific gases that could be used as target gases for ANASEN345

experiments (H2, D2, CH4, He+CO2) at the pressure in a range346

of 100 to 1200 Torr.347

4. Testing and calibration of detectors348

4.1. Multi-anode proportional counter349

Two different techniques have been employed for both en-350

ergy and position calibration. Initially, the MAPC was tested351

and calibrated independently from other ANASEN elements352

with an 241Am α-source (intrinsic calibration), and then the fi-353

nal calibration was performed in the complete ANASEN setup354

with the silicon array using the 210Po needle α-source (see Fig.355

8).356

For the intrinsic calibration a standard 241Am α- source was357

mounted outside of the MAPC at the distance of 65 mm from358

its axis. The α- source was collimated by two pairs of slits so359

that the size of an irradiated area at the most distant anode does360

not exceed 1 mm. An exact positioning (mechanical accuracy361

of about 0.5 mm) of the α-source along the anode wires was run362

by a micrometer-motion mechanism. This technique allows to363

test and calibrate independently all anodes simultaneously. A364

positive high voltage was applied to both ends of anode wires.365

Signals from both ends of the MAPC wires are decoupled from366

the high voltage by capacitors and read out by charge sensitive367

preamplifiers and sent to the ADC through a spectroscopic am-368

plifier (all electronics are fabricated by MESYTEC). Because369

of the wide energy range of detected reaction products, a MPR-370

LOG series preamplifier was used for the proportional counter371

readout. It provides a linear range that covers about 70% of372

the total, and the remaining 30% covers the high energy end373

logarithmically.374

A pulser calibration of all electronic channels was made to375

provide the gain matching. This is especially important for376

determination of event position location at the MAPC anode377

and further recovery of vertex, because a position reconstruc-378

tion technique is based on charge division method: X=(Up-379

Dn)/(Up+Dn), where X - position of signal with respect to the380

Upstream (Up) and Downstream (Dn) end of the resistive an-381

ode. Later this “Intrinsic” position is converted to ”Global” 3D382

coordinates of total ANASEN setup (see below). The results of383

the position calibration for one of anodes is shown in the Fig. 9.384

Figure 8: Schematic view of the testing setup. A sliding “needle” α- source
placed at the ANASEN axis.

Extensive information on the properties of different gases385

suitable for proportional counters and drift chambers were ac-386

cumulated (see, for example [19] end Ref. there). Typically the387

different mixtures of noble gases (helium, argon) with small ad-388

ditions of hydrocarbons (methane, butane) or organic (ethyl- or389

methyl- alcohol) provide the highest gas amplification. The res-390

olution of the proportional counter (both energy and position)391

depends on gas composition, pressure and applied voltage. Be-392
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Figure 9: MAPC position calibration. Gas: P-10, P=30 torr. Solid squares -
experiment. The measurement errors are within the size of squares.

cause ANASEN is an active target detector, it limits the selec-393

tion of an appropriate gas and defines the working conditions.394

The desired target gases for ANASEN are those that con-395

tain hydrogen and helium isotopes. Pure H2 seems to be the396

best option for experiments with protons, but in this case high397

pressure has to be achieved to slow down or stop incident ions398

inside ANASEN, especially at high beam energy. Usually hy-399

drocarbon gases (methane, iso-butane) can be used for proton400

scattering experiments. They combine characteristics which401

qualify them as a target gas in active target detector: high hy-402

drogen concentration, sufficient stopping power and high gas403

amplification at low voltage. If helium is the desired target404

then it has to be quenched to reduce fluorescence from elec-405

tron de-excitation that is competitive with the ionization process406

[21, 22]. The dependence of the position resolution on anode407

voltage is shown in Figs. 10 and 11 for different gas mixtures.408

4.2. Super X3409

As mentioned above, the Super X3 detectors have a total of410

12 channels, where channels 0-3 correspond to the ohmic back411

segments and channels 4-11 to the downstream (4-7) and up-412

stream (8-11) sides of the 4 resistive front strips. The energy is413

obtained from the back segments and the position from the front414

strips. Signals from a high-precision pulse generator are fed di-415

rectly into the preamplifier in order to extract the electronics416

offset. In this section we explain the energy and position cali-417

bration procedures for the Super X3 detectors. More details on418

these procedures can be found in [23].419

The energy calibration of each Super X3 detector is done in420

two steps: 1) align all the back-channel signals, 2) get the abso-421

lute energy calibration. Both steps require data from an alpha422

source such as 228Th. In step 1, a reference channel is selected423

(usually one with high statistics). Then, proportional constants424

are found for the rest of the back channels so that the centroids425

of their peaks match the ones of the reference channel. In step426

2, the energy spectra of all back channels is combined from427

which the energy calibration coefficients can be extracted, see428

Fig. 12. The typical energy resolution was found to be ∼ 50 keV429

(FWHM).430

Figure 10: Position resolution as a function of anode bias for different gas mix-
tures

Figure 11: Position resolution as a function of anode bias for helium gas with
different concentrations of CO2 quenching gas
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Figure 12: Left: Energy signals measured by a Super X3 detector from a 228Th
α source. Right: α particle energy as a function of the centroid of the peaks
found in the left spectrum, the red line represents a linear fit.

The position of a hit in the SuperX3 detector is determined431

using a ratio of the calibrated signals from one side of the front432

strip to the signal of the back segment: Up (or Down) / Total.433

The decision on what side of the front strip to be used for a434

specific event is based on the information of which back seg-435

ment has fired and allows to always chose the side that received436

more charge. This procedure is implemented to minimize the437

effective energy threshold in position measurement.438

In order to calibrate the Super X3 internal position to an439

actual physical length we used data from the charge-sharing440

events from hits between n-type contacts on the detector. These441

are particle hits that occur at the border between the two back442

segments, triggering two back channels with relatively large443

signals. These hits correspond to about 0.4% of all hits, thus we444

had to sort large amounts of data to achieve reasonable statis-445

tics. Since locations of these regions (three for Super X3) are446

known, accurate position calibration can be achieved. Fig. 13447

shows how the position calibration coefficients are extracted.448

For 5 MeV α-particles the Super X3 detectors showed a posi-449

tion resolution of 1.2 mm (FWHM).450

The energy dependence of the hit position for the charge451

sharing events in the Super X3 detector is shown in Fig. 14.452

The plot shows a marked degradation of position resolution for453

the events with the energy below 2 MeV. This energy threshold454

was used for the data analysis (see Fig. 13).455

5. Test of ANASEN performance in active target mode456

The first two commissioning runs were designed to test457

ANASEN performance in experiments where excitation func-458

tions for α elastic scattering and (α,p) reactions are measured.459

The rare isotope beam of 6He ions was used for the former and460

the stable 14N beam with intensity degraded down to 107 pps461

for the later.462

5.1. Measurement of excitation function for 6He+α elastic463

scattering464

The 6He+α excitation function was measured recently in [24]465

in the energy range from 2.0 to 6.0 MeV in c.m. using the AT-466

TPC active target detector. We have repeated this measurement467

with ANASEN and extended the measured energy range to 8468
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Figure 13: Charge-sharing events from hits between n-type contacts on the
detector. (a) and (b) show the position calibration for the down-stream and
up-stream sides, respectively. The blue circles represent the position of the
centroids of the peaks observed in (c) and (d), which contain the histogram of
the down-stream and up-stream calibrated signal over the total signal. The 2
MeV energy cutoff was applied for the back segments (total energy). The data
are taken from the 17O(d,p) reaction test run at E(17O) = 55 MeV (see [23]).
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Figure 14: Energy vs position in Super X3 detector for 17O(d,p) reaction at
E=55 MeV. The vertical solid lines indicate a position of back segments in
Super X3 detector. The dots represent the proton hit position.
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MeV in the c.m. In addition to testing the performance of the469

detector, this experiment had a goal of searching for α-cluster470

excited states in 10Be at higher excitation energy than in Ref.471

[24].472

A 6He beam was produced at Florida State University’s John473

D. Fox Superconducting Linear Accelerator Laboratory using474

the radioactive beam facility, RESOLUT ([1]). This beam was475

produced in flight by a (d,3He) reaction with a stable 7Li beam.476

The primary beam was accelerated by the tandem and super-477

conducting linear accelerators and impinged on the target gas478

cell containing deuterium gas cooled to ≈ 75 K at a pressure479

of ≈ 350 torr. 6He beams between 7 and 29 MeV entering the480

chamber were used which covered center-of-mass energies be-481

tween 2.2 and 8 MeV. We used 7.5 µm thick Kapton entrance482

foil. The energy loss of the 6He beam in the entrance foil varied483

from 300 keV for the highest energy to 1 MeV for the lowest en-484

ergy. Typical intensity of the 6He beam was 104 pps. α-particles485

were the main beam contaminants, contributing at the level of486

50-70 % (depending on energy of 6He beam). The events that487

correspond to the α+α elastic scattering are clearly visible in488

Fig. 16 as a band above the 6He+α elastic scattering events489

(indicated by the red gate). We used 8 different energy steps490

to cover the range of c.m. energies from 2.2 to 8 MeV in c.m.491

The c.m. energy intervals covered varied from 300 keV for the492

lowest energy to 1 MeV for the highest energy. To obtain the493

lowest beam energies (below 19 MeV), plastic degrading foils494

of various thickness (from 40 µm to 117.5 µm) were placed at495

the entrance window to ANASEN. The beam energy spread was496

about 1 % at the highest beam energy (29 MeV) deteriorating497

to about 15 % at the lowest beam energy due to energy loss498

straggling and non-uniformity of the degrading foils.499

The target gas was a mixture containing helium and carbon500

dioxide (CO2) gasses with the CO2 between 5 and 10 percent of501

the composition (depending on the energy of 6He beam). The502

gas pressures ranged from 160 to 700 Torr with the lower pres-503

sures used for the lower beam energies.504
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Figure 15: ∆E − E spectrum with red contour showing the selection of α parti-
cles. This figure is adapted from [25].

Events of interest were selected from the ∆E − E particle505

identification plots produced from the energy losses in the pro-506
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Figure 16: Recoil energy detected in silicon detectors plotted as a function of
scattering angle with red contour showing the selection of 6He+α events. The
locus above the reg contour corresponds to α+α elastic scattering events and the
group below the red contour is 6He+α inelastic scattering and breakup. This
figure is adopted from [25].

portional counter (corrected for the trajectory length in the ac-507

tive volume of the proportional counter cells) and the energy508

deposited in the Si detectors shown in Fig. 15. By selecting509

the band corresponding to the scattered α particles the kine-510

matic curves (total energy vs scattering angle) could be deter-511

mined allowing the 6He+4He reaction channel to be identified512

as shown in Fig. 16. From the selected reaction of interest,513

in this case the elastic scattering channel, the differential cross514

sections were determined. Multiple segments of the excitation515

function were pieced together to make the continuous spectrum.516

The angle-integrated spectrum is shown in Fig. 17, compared517

to the similar spectrum measured in Ref. [24] Details of the518

analysis procedure can be found in [25]. The overall absolute519

normalization in this specific run was performed using elastic520

scattering of 6He on 12C and 16O of the gas mixture CO2 com-521

ponent. These events have different kinematics than the 6He+α522

events and can be clearly identified in the 2D energy vs lab.523

scattering angle scatter plot (similar to Fig. 16) after gaiting on524

6He (events above the red gate in Fig. 15). Due to uncertainties525

in optical model potentials that are used to calculate 6He+16O526

and 6He+12C elastic scattering cross sections and uncertainties527

in the composition of the gas mixture the overall uncertainty528

of the normalization procedure was about 20%. The recent529

upgrade of ANASEN detector includes a thin scintillator foil530

and two PMTs in front of the entrance window - making nor-531

malization much more accurate and straightforward. This new532

configuration has already been used in recent run with ReA3533

beam at the National Superconducting Cyclotron Laboratory at534

Michigan State University and will be described in a forthcom-535

ing publication. There is a general agreement in the overlap-536

ping energy range between Ref. [24] and this work, and the537

observed deviation can be related to the somewhat different an-538

gular range covered and also to the about a factor of two dif-539

ference in absolute magnitude of the cross section measured at540

scattering angles below 90◦ degrees (Fig. 18). The agreement541

for scattering angles above 90◦ is nearly perfect (Fig. 19). The542
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low energy part of the excitation function (3.0 MeV and below)543

was obtain using the lowest 6He beam energy of 8 MeV, which544

had an energy spread of about 1 MeV (FWHM) due to a thick545

absorber. As a result, energy resolution of the low energy part546

of the excitation function is 150 keV in c.m., compared to 50547

keV at the highest energies.548

Figure 17: Angle-integrated excitation function for 6He+α elastic scattering.
The data from this work are shown by the filled circles. Red triangles - data
from [24] (65 -135◦ in c.m.). The uncertainties shown are purely statisti-
cal. This figure is adopted from [25] with addition of data points from cite-
SuzukiPRC.

80o

E    (MeV)cm

Figure 18: Excitation function for 6He+α elastic scattering at 75◦-85◦ scat-
tering angles. The data from this work are shown in red and data from [24]
are in blue (open diamonds). At energies below 3 MeV our data is limited to
scattering angles above 80◦ in c.m. due to effective detector energy threshold.

The dominant feature in the excitation function is the reso-549

nance at 2.7 MeV. This state has been previously observed and550

its spin-parity has been reported to be 3− [26] and more recently551

4+ [24, 27]. The angular distribution determined from this work552

is consistent with a Jπ = 4+ assignment shown by the angular553

distribution at the peak energy of the 2.7 MeV resonance in Fig.554

20. The alternative, 3− spin-parity assignment, disagrees with555

the experimental data, as demonstrated by the bottom part of556

Fig. 20.557

E    (MeV)cmE     (MeV)cm

Figure 19: Excitation function for 6He+α elastic scattering at 85◦-95◦ scatter-
ing angles. The data from this work are shown in red and data from [24] are in
blue (open diamonds).

This peak is considered to be a member of the α:2n:α558

molecular-type rotational band [27]. Beyond this peak, the ex-559

citation function is relatively flat with the exception of a broad560

structure (≈1000 keV wide) at Ec.m. ≈6.1 MeV. The origin of561

this feature is not clear and further investigation, especially at562

scattering angles close to 180◦ in c.m. are necessary to deter-563

mine if this is the next 6+ member of the α:2n:α rotational band564

in 10Be.565

5.2. Measurement of excitation function for 14N(α,p) reaction566

Measuring excitation functions for the astrophysically rele-567

vant (α,p) reactions that involve proton rich nuclei is one of568

the main goals of ANASEN detector. Therefore, it is impor-569

tant to test the performance of ANASEN for the (α,p) reac-570

tions using a well-known case. The excitation function for571

the 14N(α,p)17O(g.s.) reaction is known from the time-reverse572

17O(p,α) measurement Ref. [28] to which the excitation func-573

tion measured by ANASEN can be compared directly. Of574

course, the ANASEN measurements have to be performed in575

inverse kinematics to emulate the rare isotope beam experiment.576

The beam of 14N ions with an energy of 35.6 MeV was ac-577

celerated by the Tandem at the John D. Fox Superconducting578

Linear Accelerator Laboratory. A mixture of helium with car-579

bon dioxide gas (99% of He and 1 % of CO2 by volume) at580

a pressure of 350 Torr was used for these measurements. The581

selection of the 14N(α,p)17O(g.s.) events was performed using582

the following steps. First, we identified the events associated583

with protons using the ∆E-E cut in the 2D plot of energy loss584

in the proportional counter (corrected for the trajectory length585

in the active volume of the proportional counter cells) vs total586

energy deposited in the silicon detector (see Fig. 21). Second,587

we calculated the Q-value of the reaction using recoil proton588

energy, scattering angle and energy of the 14N beam. The two589

latter values are established from the proton trajectory recon-590

struction using the position sensitivity of the silicon array and591

the proportional counters. We then gate on the Q-value of the592
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Figure 20: Angular distribution at 2.72 MeV. The solid red curve in the top
figure is an R-Matrix fit with 4+ spin-parity assignment of the resonance at
2.72 MeV. The dramatic difference between the 3− (blue curve) and the 4+

(red curve) spin-parity assignments is demonstrated in the bottom figure by
comparing the P2

3 and P2
4 Legendre polynomials squared to the experimental
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Figure 21: The ∆E-E spectrum showing particle ID for the light recoils. The
proton (bottom) and α (top) groups are well separated.

14N(α,p)17O(g.s.) reaction (-0.8 MeV) (see Fig. 22). The Q-593

value resolution is between 0.9 MeV and 1.1 MeV depending594

on angle and excitation.595

The 2D plot of energy vs angle dependence, shown in596

Fig. 23 for the selected events, clearly demonstrates kine-597

matic bands that correspond to the 18F excited states observed598

in 14N(α,p)17O(g.s.) reaction. Gaps in the spectrum are asso-599

ciated with the gaps between the groups of Si detectors. The600

excitation function for the 14N(α,p)17O(g.s.) reaction measured601

by the forward segment of ANASEN detector is shown in Fig.602

24. It is scaled to compare to the direct kinematics measurement603

with an implanted 14N target [29]. (No accurate absolute nor-604

malization was performed in this stable beam test run.) There is605

also good data on the ground state branch from the time-reverse606

reaction 17O(p,α) [28] that covers narrow excitation energy of607

18F from 7.2 MeV to 8.2 MeV. All major resonances observed608

in [28] using traditional direct kinematics measurements can be609

clearly identified. The energy resolution of the (α,p) spectrum610

was measured by ANASEN to be 80 keV in c.m. for θlab < 25◦.611

The energy resolution is observed to degrade at larger labora-612

tory angles, and changes are being implemented to improve the613

performance at large angles.614
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Figure 22: CM energy of recoil protons vs reaction Q-value calculated from
the scattering angle and energy of the recoil proton under the assumption of
binary kinematics and 14N+α entrance channel. The vertical band at -0.8 MeV
corresponds to the 14N(α,p)17O(g.s.) reaction.

6. Conclusion615

The new detector, Array for Nuclear Astrophysics and Struc-616

ture with Exotic Nuclei (ANASEN) has been constructed and617

commissioned for experiments with rare isotope beams that tar-618

get nuclear astrophysics and structure of exotic nuclei. We de-619

scribed the general outline and each component of the detector620

individually. The detector can be used as a stand alone Si+CsI621

array with zero degrees ionization chamber and as an active tar-622

get detector, providing high efficiency and tracking capabilities623

for experiments with low intensity beams of exotic ions. The624

performance of the detector in active target mode was tested by625

measuring the α(6He,α) and 14N(α,p)17O(g.s.) excitation func-626
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tions and comparing the results to the previously available ex-627

perimental data. An important feature of this detector is that628

the high ionization beam axis region is naturally isolated and629

therefore future high-intensity FRIB radioactive beams can also630

be used with ANASEN in active target mode without any fur-631

ther modification. We expect that this detector will be used632

extensively with the rare isotope beams provided by ReA3(6)633

at NSCL or RESOLUT at Florida State University to explore634

structure of exotic nuclei, and to constrain reactions relevant635

for nuclear astrophysics using direct and indirect methods.636

Figure 23: Kinematic dependence of recoil protons energy on scattering angle

after the reaction Q-value cut.
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