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Abstract10

In recent years, particle discrimination methods based on digital waveform11

analysis techniques for neutron-transmutation-doped silicon (nTD-Si) detec-12

tors have become widely used for the identification of low-energy charged13

particles. Although the particle discrimination capability of this method has14

been well demonstrated for small incident angles, the particle discrimina-15

tion performance may be affected by changes in the detector response when16

the detector is moved closer to the charged particle source and the incident17

position distribution and incident angle distribution to the detector become18
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wide. In this study, we performed a beam test for particle discrimination in19

light-charged (Z ≤ 2) particles using the digital waveform analysis method20

with a pad-type nTD-Si detector and investigated the dependence of the per-21

formance of the particle discrimination on the incident position and incident22

angle. As the incident angle increased, a decrease in the maximum current23

was observed, which was sufficient to affect the performance of the particle24

discrimination. This decrease can be expressed as a function of the penetra-25

tion depth of the charged particles into the detector, which varies for each26

nuclide.27

Keywords: NTD silicon detector, particle identification, pulse shape28

analysis, incident angle dependence29

1. Introduction30

Particle identification (PID) is an essential process in nuclear reaction31

measurements. In addition to the conventional energy loss (∆E) and total32

energy deposit (E) method, PID methods based on the digital pulse-shape33

analysis (DPSA) of neutron-transmutation-doped silicon (nTD-Si) detectors34

have been developed in recent years [1–7] and are becoming more common35

due to increasing sophistication of data acquisition systems.36

The DPSA method has the following advantages over the ∆E-E method.37

There is no need to use two detectors as required by the ∆E-E method, and38

only a single detector is sufficient for PID. In particular, when identifying low-39

energy particles, the ∆E-E method requires a rather thin, fragile detector40

that must be handled with great care. In contrast, the DPSA method requires41

only one thick detector. Instead, a waveform digitizer capable of acquiring42
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waveform information is essential for the DPSA method.43

Highly segmented detectors such as double-sided silicon strip detectors44

(DSSSD) are widely used in modern nuclear physics experiments, in which a45

high angular resolution of the scattered particles is usually required. How-46

ever, the increased number of channels makes such a detector and the signal47

readout electronics more costly. On the other hand, pad-type silicon de-48

tectors have the advantage of a single detector being able to cover a large49

solid angle at the cost of not obtaining position and angle information. The50

small number of channels requires simple and inexpensive data acquisition51

electronics. This advantage is still of great benefit for certain types of mea-52

surements that do not require precise angular information — for example, the53

channel selection in in-beam γ-ray spectroscopy [8, 9] and fission probability54

measurements [10–12], and measurements of charged particle emission after55

the muon nuclear capture reactions [13]. In these experiments, hydrogen56

isotopes (p,d, and t) and helium isotopes (3He and α) with kinetic energies57

higher than several MeV were discriminated to identify reaction channels or58

evaporation particles by using thin Si detectors as ∆E detectors. The DPSA59

method with nTD-Si detectors can detect and identify lower-energy charged60

partciles that would stop in those ∆E detectors. This advantage is especially61

important in the measurement of evaporation particles, since such low-energy62

particles typically have a higher emission probability.63

If the statistics are expected to be limited for such experiments, one64

should place the detector closer to the target and cover a large solid angle in65

order to obtain more statistics. Consequently, charged particles arriving at a66

large incident angle to the detector will also be detected. Under such condi-67
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Figure 1: Schematic overview of the experimental setup.

tions, the dependence of the detector response on the position and incident68

angle can be critical for PID compared to the case of small-angle incidence on69

a highly segmented detector. In this study, we experimentally investigated70

the effect of these factors on the particle discrimination performance of a71

pad-type nTD-Si detector for light-charged (Z ≤ 2) particles.72

2. Experiment73

The experiment was conducted using an 8-MV tandem accelerator at the74

Center for Accelerator and Beam Science (CABAS) of Kyushu University.75

To generate light-charged particles with a proton number of two or less,76

a 24-MeV 7Li beam irradiated a thin aluminum target with a thickness of77

11 µm. Light ions produced by nuclear reactions at the target were detected78

by using a detector telescope placed at 30◦ relative to the beam direction as79

depicted in Fig. 1. Both the reaction target and the telescope were placed in a80

vacuum chamber. Figure 2 presents an overview of the detector telescope. A81

496-µm thick nTD-Si pad detector (Micron Semiconductor MSX04-500 Type82

NTD) is mounted on the front of the telescope, with the ohmic side facing the83

target, to take advantage of the particle discrimination performance. It has a84

sensitive area of 20×20 mm2. A 500-µm-thick veto Si detector (Hamamatsu85

4



Micron

MSX04-500

Type NTD

Aluminum

collimator (5 mmφ)

Hamamatsu

S14536-500

Charged particles

rotatable

(θ = 0°, 15°, 30°, 45°)

θ

Figure 2: Overview of the detector telescope used in the experiment.

Photonics S14536-500) with a sensitive area of 48 × 48 mm2 is placed on86

the back of the telescope to detect punch-through particles. A 3-mm-thick87

aluminum collimator with a 5-mmφ hole was placed in front of the nTD-Si88

to limit the injection area in order to investigate the position dependence89

of the detector response. The nTD-Si detector can be rotated around the90

vertical axis by 0◦, 15◦, 30◦, and 45◦ with the center of the sensitive area fixed,91

thereby enabling the incident angle of the light ions onto the detector to be92

varied. The detector output signals were amplified by using a 16-channel93
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Figure 3: Schematic drawing of the charged-particle injection areas in the nTD-Si detector.

Each of the four circles represents an incident area: (1) center, (2) left edge, (3) top edge,

and (4) corner.

charge-sensitive preamplifier (Fuji-diamond international co., ltd. 0380-16),94

with a charge gain of 0.5 V/pC, installed outside the vacuum chamber. It is95

the register feedback type and its time constant is 51 µs. The preamplified96

signals were then digitized by using a 14-bit waveform digitizer (CAEN SpA97

V1730SB) with a sampling frequency of 500 MHz. The signals from nTD-98

Si and the veto Si were acquired independently by the self-trigger with a99

threshold corresponding to a 7-mV signal input. The recording length and100

the pregate length with respect to the trigger timing were set to 10 µs (5000101

samples) and 2 µs (1000 samples), respectively.102

In the present experiment, measurements of voltage dependence, position103

dependence, and incident angle dependence were performed. First, measure-104

ments were made with different bias voltage settings to determine the optimal105

6



bias voltage. Next, the detector response was measured for the charged par-106

ticles incident on the four areas — (1) center, (2) left edge, (3) top edge, and107

(4) corner, as shown in Fig. 3 using an aluminum collimator. In order to108

investigate the effect on the active area boundary, the top edge and corner109

areas extend outward from the active area by approximately 1 mm. Finally,110

measurements were made at four different angles (0◦, 15◦, 30◦, and 45◦) of111

the nTD-Si detector to investigate the dependence of the detector response112

on the incident angle of the charged particles. The incident position was113

fixed at the center throughout the angle dependence measurement.114

3. Data analysis and discussions115

3.1. Pulse shape analysis116

Particle identification by DPSA of the preamplifier output was performed117

similarly as in Ref. [3]. The flow of DPSA and example waveforms during118

the analysis are depicted in Figs. 4 and 5, respectively. The symbols in Fig. 4119

correspond to the waveforms of the same color, as displayed in Fig. 5. In120

the first step, the baseline of the digitized signal of Si detectors, calculated121

by averaging the first 800 samples, was subtracted from the waveform. An122

example of a baseline-subtracted waveform is indicated by the black line in123

Fig. 5. In order to identify light ions, two feature values were extracted from124

the digitized waveforms. One is the maximum current (Imax) and the other125

is the energy deposit (E), as explained in the following subsections.126

3.1.1. Maximum current127

In this experiment, a charge-sensitive preamplifier was used to amplify128

the signal from the silicon detector. Therefore, the following procedure was129
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used to derive Imax for each waveform. First, a moving average of the five130

data points, which functions like a low-pass filter, was taken to reduce the131

effect of background fluctuations. Next, the discrete data points with a 2-ns132

sampling period were interpolated with a cubic spline to make it continuous133

and then differentiated over time. Since the preamplified waveforms have134

charge information, their time derivatives correspond to the current informa-135

tion. The example of the time-differentiated waveform is indicated by the136

blue line in Fig. 5. The maximum value of the differentiated waveform was137

taken as Imax.138

3.1.2. Energy deposit139

The energy deposit (E) of the incident particle in the detector was ob-140

tained from the total charge Q of a detector pulse. For the compensation141

of the exponential decay of the preamplified signal during the rise time, a142

trapezoidal filter [14, 15] was applied to the pulse. The rise time, the flat143

top, and the pole zero of the trapezoidal filter were set to 1 µs, 1 µs, and144

44 µs, respectively. The waveform after application of the trapezoidal filter145

is indicated by the red line in Fig. 5. The charge Q was obtained by av-146

eraging 16 samples in the flat top of the trapezoid. The energy deposit E147

was then calculated by a linear transformation of Q. The energy calibration148

was performed using the punch-through energy of protons, deuterons, and149

tritons at 0◦ and a mixed alpha source consisting of three alpha emitters —150

148Gd, 241Am, and 244Cm. The energy resolution was a maximum of 32 keV151

(FWHM) for these three alpha peaks.152
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3.1.3. Pileup rejection153

Suppose a signal arrives when the exponentially decaying tail of the pre-154

vious signal is still present. In such a case, DPSA cannot be appropriately155

processed because the baseline calculation is incorrect. The maximum event156

rate for nTD-Si in this measurement was approximately 100 cps. Although157

the rate of pileup events was not high, they were removed to achieve the best158

particle discrimination performance. In the current analysis, events whose159

time stamp difference from the preceding events was less than 1 ms, which is160

much longer than the preamplifier’s time constant of 51 µsec, were excluded161

as pileup events.162

3.1.4. Particle identifiaction163

In the DPSA method, PID is performed through the correlation between164

E and Imax. Figure 6(a) depicts the correlation between E and Imax, hence-165

forth referred to as a PID plot, with the bias voltage of 280 V. A figure166

similar to that in the literature was obtained, and the loci corresponding to167

protons, deuterons, tritons, and alpha particles are clearly recognized. Other168

events corresponding to 3He, 6He, and 6,7Li are also evident, although the169

separation is not clear at this stage. The line that folds back to the lower170

left from the high-energy end of the proton locus is due to events in which171

particles had penetrated the nTD-Si.172

3.1.5. Elimination of punch-through events173

In order to eliminate events where a charged particle punched through the174

nTD-Si, events with a time difference of 100 ns between the time stamp of175

the nTD-Si signal and that of the veto Si signal were excluded. The PID plot176
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after a rejection of punch-through events is displayed in Fig. 6 (b). The pen-177

etrating particle events extending to the lower left of the point of maximum178

energy deposit are correctly excluded after the rejection. The separation in179

the high-energy region is improved, and the hydrogen isotopes are clearly180

distinguished. Hereafter, all the punch-through events are eliminated in the181

analysis.182

3.2. Selection of optimum bias183

It has been found that particle performance improves more at lower bi-184

ases as compared to the over-depletion bias of the nTD-Si detector [2]. In185

this study, measurements were also made at various bias voltage settings to186

investigate the optimal voltage for light ion discrimination.187

Figure 7 depicts the PID plots for different bias voltages. As the bias188

voltage increases, Imax tends to increase for the same energy loss. This is189

because a higher bias voltage shortens the charge collection time. As the190

bias is lowered from 300 V, which is the nominal full-depletion bias of the191

MSX04-500, the PID performance improves, particularly in the low-energy192

region. On the other hand, the measurement at 310 V bias shows poor193

particle discrimination for low-energy hydrogen isotopes.194

In order to quantitatively evaluate the particle discrimination perfor-195

mance under each measurement condition, the figure of merit (FOM) was196

defined in the same manner as done in Ref. [6]:197

FOMpd =
2 |µp − µd|

2.35(σp + σd)
, (1)

where µ and σ are the mean and standard deviation of the distribution of198

Imax for a given energy loss by a given particle, respectively. Using this199
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definition, an FOM greater than 1.5 can generally be considered to have200

sufficient discrimination power.201

Figures 8 (a) and (b) depict FOMs for p-d and d-t discrimination for var-202

ious bias voltages and energy losses. Points corresponding to conditions in203

which the two particles were indistinguishable are not plotted. As a general204

trend, smaller bias voltages improved the performance of particle discrimi-205

nation for hydrogen isotopes, and satisfactory discrimination was achieved206

for hydrogen ions of 3 MeV or higher at 260 V or lower. However, if the bias207

voltage is set too low, the charge collection efficiency will also decrease and208

the signal wave height will also be low, which may cause low-energy particles209

to be missed. In fact, a decrease in the pulse height and deterioration in210

energy resolution was observed at 240 V for the alpha particles used in the211

energy calibration. Therefore, 260 V was selected as the optimal bias in this212

study, and all subsequent measurements hereafter were made at 260 V bias.213

3.3. Position dependence214

The dependence of the particle discrimination performance on the inci-215

dent position is discussed on the basis of the results of measurements when216

charged particles are injected into the four regions depicted in Fig. 3 using the217

collimator and when charged particles are irradiated without the collimator218

— that is, the entire detector is irradiated with charged particles. Figure 9219

presents the PID plots for different incident regions. For the measurements220

with the collimator, there is little difference in the PID plot, except for the221

difference in statistics. The locus between the hydrogen isotope loci and the222

helium isotope loci present when the collimator was absent is eliminated by223

using the collimator to limit the incident area. In addition, the use of the224
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collimator significantly reduces the smearing of events from the respective225

loci to the low Imax side. This limitation of the incident area improves the226

discrimination performance, particularly between 4He and 6He in the energy227

region below 15 MeV. The absence of such events, even when charged par-228

ticles are incident not only in the central area but also in the edge and the229

corner areas, suggests that these events occur when particles are incident at230

the very edge of the chip area of the detector.231

Figure 10 depicts the variation of Imax for different incident areas for232

different incident energies. Each symbol and error bar represents the mean233

and standard error of the Imax distribution. For all energy regions, Imax is234

slightly smaller when particles are incident at the center. The reason for this235

is not clear, but it will not be discussed in this paper because this decrese236

does not affect the particle identification performance that is of interest here.237

3.4. Incident angle dependence238

Figure 11 depicts the PID plots for incident angles of 0◦, 15◦, 30◦, and239

45◦. For the incident angle at which the measurements were made, it was240

found that particle discrimination was possible even at large angles of 45◦
241

if the incident angle distribution was sufficiently restricted. The maximum242

energy of stopped particles increases as the incident angle increases because243

the effective thickness increases by a factor of 1/ cos θ. In general, for particles244

with the same kinetic energy, Imax decreases as the incident angle increases.245

Figure 12 depicts the variation of Imax for each energy range and for each246

hydrogen ion as a function of the incident angle. The higher the neutron247

number and the lower the energy, the higher the rate of the reduction of248

Imax. From these figures, we can conclude that hydrogen ions can be well249
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discriminated by Imax if the incident angle is limited between 0◦ and 30◦. For250

example, assuming a point source of charged particles, sufficient PID can be251

achieved if the detector is at least 5 cm away from the source.252

In order to understand how increasing the incident angle reduces Imax,253

the relationship between the depth of penetration of the charged particle254

into the detector and the maximum current is discussed. Imax is considered255

to be approximately proportional to the charge collection rate. The charge256

collection rate is affected by the magnitude of the electric field in the silicon257

detector and the drift distance to the electrode, both of which are functions258

of the penetration depth of the detector by the charged particles. Thus, the259

ratio 〈Imax〉/Q can be considered proportional to the rate of charge collection260

and independent of the amount of charge. Figures 13 (a)–(f) depict 〈Imax〉/Q261

as a function of penetration depth for each hydrogen and helium isotope.262

Here, the penetration depth d was defined in the following manner:263

d ≡ R(E) cos θ, (2)

where R(E) is the range in silicon as a function of total kinetic energy and264

was calculated using the methods in Refs. [16] (for H) and [17] (for He)265

implemented in the LISE++ code [18].266

It is evident that the 〈Imax〉/Q ratio for each nuclide can be well expressed267

as a single function of the penetration depth and it is independent of the268

incident angle when the penetration depth is fixed. Therefore, once this269

ratio is measured at a zero-incident-angle condition, it is possible to simulate270

the detector response when the charged particles have a finite incident angle271

distribution. This finding enables us to evaluate the particle discrimination272

performance in future experimental setups in advance.273
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In addition, this relationship may enable the nTD-Si detector to be274

used as an incident angle detector. If the incident nucleus is identified, the275

〈Imax〉/Q ratio can be used to determine the penetration depth and, thus,276

provide information on the incident angle of low-energy charged particles. It277

can be used, for example, to evaluate the background events due to charged278

particles not originating from the target and to identify the target from which279

the charged particles are originating from in multiple target measurements.280

Figure 14 depicts the 〈Imax〉/Q ratio as a function of penetration depth for281

different nuclides at an incident angle of 0◦. The magnitude of the 〈Imax〉/Q282

ratios for hydrogen and helium are distributed in a similar range, but the283

slope is steeper for helium than that for hydrogen. The slope for nuclides284

with the same number of protons tends to increase slightly with an increas-285

ing mass number, although the difference is smaller than that for different286

proton numbers. The dependence on the number of protons and mass num-287

ber at large penetration depths can be qualitatively discussed because as the288

number of protons and mass number increases, the width of the Bragg peak289

narrows and the position distribution of the energy loss becomes closer to the290

end of the range, thereby resulting in a larger 〈Imax〉/Q ratio. On the other291

hand, in the shallow penetration depth region, the electric field is weaker292

due to the under-depletion bias. It is possible that the space charge effect,293

although small, is present because the charge density generated at the Bragg294

peak is larger for particles with larger proton and mass numbers, thereby295

resulting in slightly longer charge collection times.296
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4. Summary and conclusions297

Particle identification for light-charged particles was performed using a298

pad-type nTD-Si detector by using the DPSA method, and the incident299

position and angle dependence of the PID performance was investigated.300

No significant position dependence was observed, except at the very edge301

of the chip area. On the other hand, with regard to the incident angle302

dependence, there was a significant decrease in the maximum current Imax303

with an increasing incident angle, which was sufficient to affect the PID304

performance. It was found that the reduction in Imax can be well expressed305

as a function of the penetration depth of the charged particles into the nTD-306

Si detector. This result enables the evaluation of PID performance in new307

measurement systems. It demonstrates the possibility of using an nTD-Si308

detector as an incident angle detector for low-energy charged particles.309
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[1] J.A. Dueñas, D. Mengoni, V.V. Parkar, R. Berjillos, M. Assie,320
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Figure 4: Flow of DPSA. The symbols in the diagram correspond to the waveforms of the

same color, as depicted in Fig. 5.
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Figure 5: Example of waveforms during DPSA. The black, blue, and red lines represent

the digitized waveform after the baseline subtraction, the output of the trapezoid filter,

and the time derivative of the moving-averaged waveform, respectively. A magnified view

close to the rising edge of the signal is displayed in the inner panel.
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Figure 7: Particle identification plots for light-charged particles with various bias voltages.
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error bars represent standard errors of the Imax distributions.
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bars represent standard errors of the Imax distributions.
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Figure 13: Penetration depth dependence of the 〈Imax〉/Q ratio for each nuclide.
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