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Abstract5

A silicon particle-telescope system for light-ion nuclear reactions is described. In par-
ticular, the system is optimized for level density and γ-ray strength function measure-
ments with the so-called Oslo method. Eight trapezoidal modules are mounted at 5cm
distance from the target, covering 8 forward angles between θ = 40 and 54◦. The thin
front ΔE detectors (130μm) are segmented into eight pads, determining the reaction
angle θ for the outgoing charged ejectile. Guard rings on the thick back E detectors
(1550μm) guarantee low leakage current at high depletion voltage.
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1. Introduction8

The experimental nuclear physics group at the Oslo Cyclotron Laboratory (OCL)9

has, through the last decades, investigated the excitation energy region between quan-10

tum-order and chaos in nuclei. The group has developed the so-called Oslo method11

[1], which gives the number of energy levels accessible for the nucleus, as well as the12

γ-ray strength function from these energetic quantum states.13

The OCL group has gained international renown and much attention for its discov-14

eries, see e.g. [2, 3] and references therein. The most important results are (i) experi-15

mental evidence for breaking of Bardeen-Cooper-Schrieffer (BCS) pairs and the melt16

down of pair correlations in the nucleus, (ii) measurements of nuclear heat capacity,17

(iii) discovery of a scissors-like vibration mode and determination of the nature of its18

electromagnetic decay, (iv) discovery of enhanced low-energetic γ-emission in light19

nuclei, and (v) measurements of vibrations of the nucleus’ neutron skin. These discov-20

eries are essential for astrophysical applications, and in particular for the understanding21

of the distribution of elements in our solar system. The measured quantities can also be22

used in the calculation of nuclear reaction rates, for example to study the transmutation23

of radioactive waste into nuclei with shorter lifetimes.24

The experimental studies are based on in-beam coincidences between γ-rays and25

charged reaction ejectiles. The set-up includes an array of 28 5”×5” NaI γ-ray detec-26

tors (CACTUS) with a total efficiency of 15 %, and a set of silicon particle telescopes.27

Using standard, commercial ΔE −E silicon detectors, only eight particle-telescopes28

could be fitted around the target inside the CACTUS target chamber because of space29
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constraints. Therefore, the active detector area and, consequently, the detection effi-30

ciency were small, calling for a replacement by modern user-designed detectors.31

The Oslo Method is a procedure to extract nuclear level densities and γ-ray strength32

functions from particle-γ coincidence data. The steps of the method are, very briefly,33

described in the following. For a detailed description, see Ref. [1] and the references34

therein. The particle detectors are used to identify the reaction channel and to deter-35

mine, for each event, the initial excitation energy Ex of the reaction product from the36

energy deposit in the ΔE and E detectors. For each excitation energy bin, the coinci-37

dent spectrum of γ-ray energies is constructed and, in a preparatory step, corrected for38

the γ-ray detector response function. All spectra are combined into a matrix with Ex on39

one, and the γ-ray energy on the other axis. It is important to have sufficient statistics in40

this matrix. This first matrix thus contains, for each excitation energy, the spectrum for41

the γ decay from the initial excited state down to the ground state of the nucleus under42

study. With some assumptions, a second matrix can be derived. It contains, for each43

excitation energy, the spectrum of primary γ rays, i.e., the first γ rays emitted after the44

population of the initial excited state. This second matrix can be decomposed into the45

product of two functions, one related to the nuclear level density and one to the γ-ray46

strength function, if the latter is assumed to be independent of the nuclear excitation47

energy. The nuclear level density and the γ-ray strength function are then obtained48

from normalization to other data.49

We foresee that the new silicon ring (SiRi) will lead to more discoveries as fine50

structures in the data such as spin dependencies can be studied. We give a short outline51

of the design requirements in section 2, and in section 3 the silicon chip processes52

are described. The signal handling and acquisition system are discussed in section 4.53

Finally, test results and conclusions are presented in sections 5 and 6, respectively.54

2. Design parameters55

The goal of the new particle-telescope system is to obtain a compact set-up with56

high particle-γ coincidence efficiency. The previous version of the detector system was57

built with 8 standard, commercial ΔE −E detectors placed at 45◦ angle with respect58

to the beam axis. Each of the detectors had a surface area of around 10mm diameter,59

but in order to limit the scattering angle uncertainty, they had to be collimated to an60

azimuthal opening angle of about 5 ◦. The detectors were enclosed individually in a61

metal frame, making at least half of the polar angle range inactive. Together, the sensi-62

tive detector area was only about 8 times 6×6mm at 5cm distance from the target. The63

goal was to obtain ten times higher efficiency with the new detectors without degrading64

the particle energy resolution or the timing properties.65

The detector telescopes are designed for the measurement of energy, time, and to66

discriminate between different charged ejectiles from light transfer or scattering reac-67

tions. Typically, such nuclear reactions are (p,p′), (p,d) and (3He,α), but also multi-68

nucleon transfer reactions like (p,α) [4] and (p,t) [7]. Beam energies used are between69

15 and 45MeV. The Oslo method requires that the reaction includes exactly one out-70

going charged particle. Our main interest is to measure the direct reaction product,71

usually in forward direction. To reduce the number of particle pile-up events within72
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one and the same detector, our particle detectors may not cover too small azimuthal73

angles into which a very large number of particles is scattered elastically.74

The input basis for the Oslo method is a set of γ-ray spectra for all excitation energy75

bins Ex between the ground state up to the neutron separation energy Sn. However,76

in order to determine Ex accurately enough (ΔEx < 200keV), it is not sufficient to77

know the beam energy, reaction Q-value, and the energy of the outgoing particle. The78

recoil energy of the daughter nucleus also depends on the scattering angle θ between79

beam axis and ejectile, and thus, is directly connected to the determination of Ex. The80

recoil correction is of particular importance for lighter nuclei and makes it necessary81

to measure θ with an uncertainty of typically less than ±1 ◦.82

To prevent pile-up events and to accurately measure excitation energies, a certain83

granularity of the detectors is required. However, to avoid possible misalignments and84

bad overlap between the respective ΔE and E pads, and at the same time to keep the85

costs at a reasonable level, only the ΔE detectors were segmented. By requiring that86

only one ΔE pad fires, pile-up events in the E detector shared by the pads can be87

rejected.88

The particle-telescopes are to be placed inside the existing vacuum target chamber89

of the CACTUS NaI array. The 28 NaI detectors are placed at a distance of 22cm90

from the target and are distributed on a spherical frame. Each NaI is equipped with a91

conical 10cm thick lead collimator between the target and detector with an opening of92 � = 70mm at the NaI-detector front surface. The chamber is a cylindrical tube with93

an inner length of 48.0 cm and an inner diameter of 11.7 cm. To obtain reasonable high94

direct reaction cross sections with low spin transfer, we measure the outgoing particles95

at angles θ = 47◦ ± 7 ◦ with respect to the beam axis. Lower scattering angles would96

give significant pile-up due to the strongly increasing elastic cross section and, thus,97

impose the necessity to run with lower beam current.98

The center of each detector module is placed at 5.0 cm from the target. Present tech-99

nology requires that the silicon wafers are flat, and we find that eight trapezoidal-shaped100

telescope modules form an approximate ring around the target. The ΔE detectors are101

segmented into eight curved pads, covering mean scattering angles θ between 40 and102

54 ◦ in 2 ◦ steps per pad (corresponding to ≈ 1.7mm). Figure 1 shows the arrangement103

of the telescope system within the target chamber.104

The detector system is designed for measuring various outgoing charged particles105

appearing for the projectile types and energies available at OCL. The yield of making106

good 2–4 cm2 area detectors with thickness > 2mm, is low due to bad bulk properties107

as a result of an increasing number of impurities. Also, high depletion voltages require108

that broad guard rings surround the active areas. A good compromise for the beam109

energies needed for the Oslo method, is a ΔE and E detector with thicknesses of 130110

and 1550μm, respectively. Such a telescope system will be able to measure and iden-111

tify protons and 4He-ions in the energy regions of 3.7 – 16.5MeV and 15 – 66MeV,112

respectively. A more complete list of particle types and energies is shown in Table 1.113

3. Detector Layout114

The thick E detector (1550μm) needs a high bias voltage in order to be fully de-115

pleted. Therefore, 18 guard rings are surrounding each detector’s active area, covering116
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Figure 1: Illustration of the set-up. Only one ΔE −E detector module is shown with a center at θ = 47◦
with respect to the beam axis. One cone of aluminum foil is placed in front of all the 8 telescope modules
to reduce δ -electrons impinging on the front detector. The target chamber also houses a target wheel with
place for 4 targets.

Table 1: Particle energies deposited in the telescope. The second column gives the maximum energy de-
posited in the ΔE front detector, which represents the lowest energy applicable. The three columns to the
right represent the highest energy that is stopped by the ΔE + E detector, and the corresponding energy
deposits in the ΔE (130μm) and E (1550μm) detectors.

Particle ΔE ΔE +E ΔE E
type (MeV) (MeV) (MeV) (MeV)
p 3.7 16.5 0.7 15.8
d 4.9 22.3 1.0 21.3
t 5.7 26.5 1.2 25.3
3He 13.4 58.3 2.6 55.7
α 15.0 65.9 2.9 63.0
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Figure 2: Layout of the front ΔE detector. The curved pads are designed to specific angles θ .
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a ring width of 1700μm, which is comparable with the detector thickness. As ΔE and117

E detectors are mounted just behind each other, a larger active area in the thin detec-118

tors would not increase the efficiency of coincident ΔE −E measurements. In order119

to avoid extra mask costs, it was therefore decided to equip the ΔE detectors with the120

same guard-ring structure.121

Figure 2 shows the layout of the thin ΔE front detector. The detector is equipped122

with eight curved pads so that the scattering angle θ is constant for each pad. Due to123

this curvature and the trapezoidal shape of the detector, an area about as large as half124

a pad is not used for detection. The area of the pads increases with θ . In the spherical125

limit (ignoring the guard rings), the corresponding solid angle covered by each pad is126

ΔΩ = 2π sinθΔθ . (1)

Thus, the solid angle covered by the 40◦ pad is about 21% smaller than for the 54◦ pad.127

The back E detector has the same layout as shown in Fig. 2, but is not segmented into128

pads.129

The ΔE and E detector chips were designed and produced by SINTEF MiNaLab,130

Norway. Float zone (FZ) silicon originating from Topsil, Denmark, was used in the131

production. The wafers for the 1550μm thick E detector were supplied directly by132

Topsil, while the 130μm thick wafers for the ΔE detector were procured from Virginia133

Semiconductor, USA, who made the wafers from a FZ Topsil ingot.134

The processing sequence includes field oxidation, boron implantation for the de-135

tector readout pads and guard ring, opening of contact holes, and front and backside136

metalization (aluminum). As the detector readout pads are covered by aluminum, the137

design of the ΔE chip with eight pads requires a second layer of aluminum. This is nec-138

essary for crossing the lines connecting to the respective bonding pads over the other139

readout pads. The two metal layers are separated and isolated by 5μm of polyimide,140

and five mask layers are therefore needed for the processing (active pad and guard ring,141

contact holes, metal 1, polyimide, and metal 2). As the E detector chip only includes142

one readout pad, no second metal is needed, and the processing requires three mask143

layers only.144

The detector full depletion voltage is inversely proportional to the specific resistiv-145

ity, but increases with the square of the thickness. The thick wafers used for production146

of the E detector had a specific resistivity in the range 10 – 30kΩcm. The detectors147

are to be operated fully depleted, and the typical depletion voltage was measured to148

< 300V. Another challenge is that the bulk leakage current increases with the deple-149

tion width and thereby the thickness. However, SINTEF has developed very efficient150

gettering processes which eliminates most of the bulk recombination centers, and typi-151

cal pad and guard ring leakage currents at 480V were < 7nA and < 10nA, respectively.152

Concerning the ΔE detector, the main problem was the fragility with resulting wafer153

breakage due to the very thin material and insufficient edge rounding.154

Table 2 shows typical depletion voltages and leakage currents for the detectors.155

The bonding and mounting on ceramic substrate were performed by Microcompo-156

nent, Horten. The two ΔE and E chips are glued back-to-back on the 0.5 mm thick157

substrate. For redundancy, two bonding threads were used for each contact to the ce-158

ramic board. A flat cable is soldered to the board to connect to the preamplifiers. The159

assembled SiRi ΔE−E ring with 8 modules is shown in Fig. 3.160
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Figure 3: Silicon particle telescope modules with connectors, mounted on the support structure centering the
detectors in the reaction chamber.

Table 2: Silicon chip properties.

Detector type ΔE E
Chip # 21 23/5
Thickness (mm) 0.13 1.55
Number of pads 8 1
Pad area (mm2) 299 323
Individual pads (mm2) 31.5 - 43.7 -
Depletion (V) 15 220
Pad leakage (nA) 0.4 @ 30V 6.5 @ 480V
Guard leakage (nA) 0.9 @ 30V 7.3 @ 480V
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Figure 4: ΔE−E matrix for the reaction of 38MeV 3He ions on a 112Cd target. For this example, we have
chosen front detector f5 (θ = 50◦) and back detector b1. There are totally 64 matrices with f0, f1, . . . , f7 and
b0, b1, . . . , b7.

4. Electronics and Data Acquisition161

The telescope module of Fig. 3 is connected by multi-pole shielded cables, manu-162

factured by Mesytec, with LEMO vacuum feedthroughs. Outside the vacuum chamber,163

the detectors signals are connected to preamplifiers. There are four preamplifiers for164

the ΔE detectors, each handling 16 pads, and one preamplifier for all eight E detectors.165

Both preamplifier types are Mesytec MPR-16 with sensitivities adapted to the expected166

energy deposits in the front and back detectors, respectively.167

The preamplified signals are transferred as differential signals to Mesytec STM-16168

modules including both spectroscopy amplifiers and timing-filter amplifiers, and also169

leading-edge discriminators. The logic or of all E detector discriminator outputs is170

used to generate the trigger signal for the data acquisition.171

The γ-rays detected by CACTUS are filtered off-line to select only those rays in172

coincidence with the respective reaction of interest. This is achieved by measuring the173

time difference between particle detection in the E detector (start signal) and the γ-ray174
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detection in CACTUS (stop signal). The acquisition trigger signal is given by the logic175

OR of all E detector discriminator outputs, optionally AND-ed with the logic OR of all176

ΔE detector discriminator outputs. The stop signal is individual for each γ-ray detector,177

i.e., for 28 NaI and up to 2 Ge detectors.178

Since we use leading-edge and not constant-fraction discriminators, the walk due to179

different signal rise times for different energy deposits has to be corrected in software.180

For this purpose, we found that a good choice for the energy-corrected time was given181

by182

t(E) = t0 +
α

E +β
+ γE, (2)

where t0 is the measured time and α , β and γ are fitted values to ensure that t(E) is183

approximately constant.184

The data acquisition system is based on one VME crate housing commercial and185

custom-made VME modules. The system is controlled by software running on a CES186

8062 CPU. The trigger handling is performed by a custom VME module which is187

capable of separating 8 different trigger sources. The analog-to-digital conversion is188

done using ADCs from CAEN (mod. 785) and Mesytec (MADC-32), and TDCs from189

CAEN (mod. 775). The data is transferred to a standard Linux PC through a CAEN190

VME USB module (mod. 1718). The whole system has been run without problems at191

trigger rates of up to 10kHz.192

The slow-control settings of most Mesytec modules are operated via Mesytec’s193

proprietary remote control bus using a control software developed at OCL. This re-194

mote control is very convenient for modules placed at the target station (ramping of195

HV and leakage current monitoring, no radiation exposure), as well as for the shaper196

modules (thresholds and gains, large number of channels to adjust). The thresholds197

and control registers of the ADCs and TDCs are set directly by the data acquisition198

program running on the VME CPU.199

5. System performance200

The new SiRi particle-telescope system has already been used in several experi-201

ments at OCL. In principle there is no need for constructing a fast coincidence overlap202

between the ΔE and E detectors. If one back E-trapeze has triggered, also the front203

detector should have been hit by the same charged particle, unless the particle passed204

through the areas not covered by the strips. By requiring that one and only one pad of205

the front detector has provided a reasonably high signals, the ΔE−E particle event is206

assumed to be good.207

Figure 4 shows a typical ΔE−E matrix for 38MeV 3He ions impinging on a 112Cd208

target. The curves for each particle type are well separated, and the coincident γ rays209

can be assigned to a specific nucleus at a given excitation energy Ex, with Ex < Bn.210

The most energetic protons, deuterons, and tritons are not stopped in the E detector,211

resulting in a backbend of the respective curves.212

A computer code jkinz [5] has been developed to calculate reaction kinematics and213

to estimate the energy losses of the various particle types in the target and other mate-214

rials. The energy loss functions by Ziegler [6] are used for this purpose. The nuclear215
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masses necessary for the relativistic treatment of the reaction kinematics are obtained216

from the AME2003 tables [9]. The calculation displayed in Fig. 5 demonstrates the217

very good resemblance with the experimental curves of Fig. 4.

Figure 5: Graphical user interface (GUI) of the jkinz application with parameters appropriate for the 112Cd
experiment of Fig. 4.

218

Projections of the 3He curve of Fig. 4 on the ΔE and E axis are shown in Fig. 6. The219

spectra are displayed for energies around the elastic peak. The spectrum created event-220

by-event by adding the two detector signals Etot = ΔE +E gives a resolution which is221

about two times better than for the E projection. The reason is that the more energy222

deposited in the ΔE detector, due to statistical straggling, the less energy is deposited223

in the E detector, and opposite. The FWHM of the elastic scattering peak in the Etot224

spectrum is approximately 200keV, which is very good with respect to all contributing225

factors. The excited 2+ state of 112Cd at 618keV is well separated from the strong226

elastic peak.227

The main contribution to the total resolution of the Etot spectra has its origin from228

the variation of recoil energy carried by the heavy residual nucleus; the higher scatter-229

ing angle θ , the more kinetic energy is transferred to the residual nucleus. This effect230

is smaller for lighter projectiles with lower incident energy, and for heavier targets.231

Figure 7 shows the results from a typical light-ion experiment [7] with 17MeV232

protons on 90Zr. The experimental resolution for the ground state in (p, p′) scattering233

on 1.83mg/cm2 90Zr is now FWHM≈ 100keV, corresponding to a standard deviation234

of σ ≈ 43keV. This resolution includes the straggling in the target and the uncertainty235
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Figure 6: Spectra of the measured 112Cd(3He,3He)112Cd elastic peak in the ΔE and E detector. The bin
width is 60 keV/ch. A clear improvement in energy resolution is seen in the spectrum where ΔE and E are
added event-by-event.
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Figure 7: Proton spectrum of the 90Zr(p, p′)90Zr reaction with beam energy of 17MeV. All 64 particle
telescopes are added.

in the scattering angle determination. It also includes all misalignments of the detector236

system.237

The elastic peak is seen to be more than 100 times stronger than the average (p,p′)238

cross-section to excited states in 90Zr. The rate of pile-up events is 4 orders of magni-239

tude lower than the elastic peak. The particle yield at the right-hand tail of the elastic240

peak is due to ≈ 20% punch-through of the elastic events.241

A good SiRi particle event is to be taken in coincidence with the NaI and Ge detec-242

tors of the CACTUS array. Here, the 32-fold TDC gives the time difference between243

the E detector and the individual γ detectors. In the event sorting procedure, the energy-244

compensated time difference is reconstructed by245

Δt(Eback,Eγ) = Δt0− tp(Eback)− tγ(Eγ), (3)

where the two last terms are calculated from Eq. (2). The two sets of α , β and γ246

parameters needed, were fitted to data from a separate run on a 12C target. In practice,247

it is usually sufficient to set each NaI detector’s t0 value such that all detectors are248

aligned at Eγ = 4.43 MeV, and then use the same energy-dependent correction to all249

NaI detectors, as the output signal amplitudes of the NaI detectors are usually adjusted250

to be very similar to each other. A similar procedure is applied for the time signals of251

the E detectors.252

For low energy signals, α is the most important parameter describing the hyperbolic253

energy dependence of the trigger time close to the energy threshold. Here, we find254

α < 0 for the START Eback detector and α > 0 for the STOP γ detectors since the low255

12
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It should be noted that the NaI spectra are raw, meaning they have not been unfolded by the NaI detector
response function. The horizontal lines marked Sp and Sn indicate the proton and neutron binding energies,
respectively.

energy signals produce delayed leading-edge discriminator triggers. The procedure for256

making energy-compensated time spectra works very good and the resulting total time257

resolution of 8 particle telescopes and 28 NaI detectors is about 15 – 20ns FWHM. The258

main contribution to the resolution comes from the NaI PMTs, which are optimized for259

good energy resolution, and not time.260

Figure 8 shows the results from the particle-γ coincidence measurement. The re-261

lation between particle energy and excitation energy is established using calculations262

performed with the jkinz application, so that the excitation energy can be deduced263

from the particle energy. A prompt time gate is set on the coincidence peak of the264

Δt(Eback,Eγ) spectrum for incrementing the (Eγ ,Ex) entries event-by-event, and a time265

gate on the random coincidences is set for decrementation. Also a gate on the proton266

particle ΔE−E curve is required to reduce the occurrence of unwanted events originat-267

ing from pile-up, δ -electrons, incomplete energy deposits, channeling effects in silicon268

and so on.269

The data of Fig. 8 fall mostly within the triangle defined by Eγ < Ex. The small270

number of counts outside this triangle shows that the coincidences are true and the pile-271

up is small. Some γ-ray lines are seen as vertical lines. They represent yrast transitions272

passed in almost all cascades for a large range of initial excitation energies, up to the273

neutron separation energy of Ex = Sn ≈ 12MeV.274
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6. Conclusion275

The SiRi particle-telescope system has been used in several experiments at the Oslo276

Cyclotron Laboratory. The system is able to identify the charged particle type using277

the well-known ΔE −E curve gating technique. The particle resolution is better and278

the efficiency is about 10 times higher than with the previous set-up of conventional279

silicon detectors.280

SiRi also allows to study ejectiles in 8 angles with θ = 40 – 54◦ relative to the281

beam direction, and 8 angles around the beam axis with φ = 0 – 360◦. This gives the282

opportunity to explore the angular momentum transfer in the direct reactions.283

The system composed of SiRi and CACTUS has already collected large amounts of284

particle−γ coincidence data suitable for analysis with the Oslo Method. The random285

coincidences can be subtracted in a satisfactory way, and the measurements are not286

affected by severe pile-up effects, provided that the beam current is typically less than287

≈ 2nA. By utilizing the ejectile-γ-ray angular correlations, it should be possible to288

deduce information on the multipolarities of the γ transitions as function of the initial289

excitation energy.290

We believe that the good-resolution, high-efficiency particle-γ coincidence system291

will open for the study of new physics in the quasi-continuum of atomic nuclei.292
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Highlights: 
 

- we have designed silicon chips with guard rings with small leakage current 
- these form a particle telescope system with 64 �E-E detectors 
- the system covers 8 forward angels between 40 and 54 degrees 
- together with NaI detectors we obtain high gamma-particle coincidence efficiency 




