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Abstract

The “Nab” and “UCNB?” collaborations have proposed to measure the correlation param-
eters in neutron [-decay at Oak Ridge and Los Alamos National Laboratory, using a novel
detector design. Two large area, thick, hexagonal-segmented silicon detectors containing
127 pixels per detector will be used to detect the proton and electron from neutron decay.
Both silicon detectors are connected by magnetic field lines of a few Tesla field strength, and
set on an electrostatic potential, such that protons can be accelerated up to 30keV in order
to be detected. Characteristics of the detector response to low energy conversion electrons
and protons from 15keV to 35keV, including the evaluation of the dead layer thickness
and other contributions to the pulse height defect for proton detection are presented for Si
detectors of 0.5 mm and 1 mm of thickness.

Keywords: mneutron beta decay, silicon detector, pulse height defect, nuclear defect, dead
layer

1. Introduction

Neutron beta decay, one of the most fundamental processes in nuclear physics, offers
a unique opportunity to test the basics of the weak interaction, and to test certain limits
of the standard model (SM) of elementary particles and fields. Thanks to extraordinary
theoretical precision, SM calculations of the neutron beta decay and its observables have
reached precision levels of a few parts in 10%, surpassing the available experimental precision
by up to an order of magnitude (0.13% for 7, 0.2% for \). As an additional challenge to the
experimental comunity, there are significant inconsistencies in the world data set on several
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key properties of the neutron: 7, its lifetime, and A\ = ga/gy, the nucleon axial vector
form factor (for recent summaries see Refs. [1, 2]). The importance of precise knowledge
of the observables in neutron decay (lifetime, as well as the various decay correlations),
cannot be overemphasized, as they play an important role in setting limits on non-(V — A)
interaction terms (and therefore new, non-SM physics), and have significant implications in
astrophysics.

For all the above reasons, several new experimental initiatives were recently proposed
with the aim to measure precisely several neutron decay parameters: a, the electron-neutrino
correlation, b, the Fierz interference term, A, the beta asymmetry, as well as B and C,
the neutrino and proton asymmetries, respectively. These quantities are defined by the
expressions for the differential neutron beta decay rate:
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and, for the proton asymmetry,
C =k(A+ B) where Kk ~0.275. (2)

The planned new experiments are: Nab, to measure a and b at the Spallation Neutron
Source (SNS), Oak Ridge National Laboratory [3, 4], UCNB [5], to measure B at Los
Alamos National Laboratory, and abBA [6], and PANDA [7], to measure A, C, and B,
also at the SNS. Traditionally, A has been measured precisely; the new experiments offer
independent means to measure A. While Nab, abBA and PANDA detect decays of cold
neutrons, UCNB uses ultracold neutrons. Common to all of these experiments is that,
unlike some prior ones, they detect both electrons and protons in coincidence from neutron
decay, and measure their energies. This technique opens the possibility to specify each event
kinematically, thus allowing measurements of correlations involving neutrinos, and greatly
improves the suppression of backgrounds. Both improvements are critical to realizing a new
generation of precision measurements of the neutron decay parameters.

The collaborations have jointly set out to develop a specialized large-area Si detector
capable of detecting both 30 keV protons and electrons up to 1 MeV kinetic energies [5, 6].
Figure 1 shows the set-up of the detectors in the Nab spectrometer. The 12 cm diameter
detectors are segmented into 127 hexagonal pixels, and are 2 mm thick in order to stop the
highest energy neutron beta decay electrons produced in the spectrometer decay volume. A
key detector property is its thin, < 100 nm thick, dead layer. However, low energy proton
detection is complicated even with such an advanced device as this new detector. This paper
discusses in detail the various systematic effects arising in detection of 30 keV proton with
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Figure 1: Schematic design of Nab spectrometer. Protons are accelerated in a field of U,,=-30kV in order
to be detected by the top large area 127-hexagonal segmented Si detector. The strength of the magnetic
field varies between 4T and 0.1T in the filter and TOF region. Electrons and protons are constrained to
spiral along the magnetic field lines. The bottom Si detector is immersed in -1kV field. The highest energy
electrons are stopped and detected by either 2mm thick detectors.

the large area, 0.5 mm and 1 mm, thick segmented Si detectors, focusing on the measured
pulse height defect that has to be properly accounted for in any precision measurement.

2. Segmented large-area silicon detector

2.1. Detector

The silicon detectors are produced from single 12 cm diameter wafers of single-crystal
silicon 0.5mm, 1 mm, and 2mm thick [8]. The detectors are ion-implanted to form diode
structures and produced using standard photo-lithography techniques. Charged particles
enter through the front (p-implant) side, that consists of a shallow implant layer with a
very fine (0.4% of active area) aluminum grid to provide electrical conductivity. The square
grid lines are 10 um wide and spaced 4 mm apart. The detector has an entrance window of
< 100 nm silicon-equivalent thickness, as shown in Figure 2. Charges are collected from the
back (ohmic) side of the detector, which is segmented into 127 hexagonal pixels measuring
8.9 mm side-to-side, with an area of 70 mm? each and separated by 100 um. The total active
area of the detector, including partial pixels at the edge, is 108 cm?.

Detection of protons with small area (<600mm?) or thin Si detectors (SBD, SDD) in
neutron decay can be found elsewhere [9, 10, 11, 12, 13, 14, 15].

2.2. Front-end amplifier

Given the aim to detect low energy protons, the front-end amplifier was designed to have
the following characteristics: 1) high gain, 2) low noise, 3) fast risetime, 4) large dynamic
range and, 5) moderate cost. To meet these goals, a charge sensitive amplifier consisting of
a cooled FET stage, followed by a pre-amplifier and post-amplifier was implemented using
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Figure 2: A cross section view of the silicon detector. The Si wafer is 12cm in diameter. The planned
experiments will be carried out with 2mm thick detectors. The 16.6 cm diameter ceramic disc that is
attached on the ohmic side of the Si wafer is not shown in the figure.

commercially available components, as shown in Figure 3. A BF862 low-noise FET was
chosen with input capacitance to roughly match that of a silicon pixel. The BF862 has
0.8nV/ vHz input noise at 100kHz and a gate capacitance of 10 pF. A common source FET
circuit was chosen, with the drain signal amplified by an AD8011 pre-amplifier. A 1pF
feedback capacitor (C1) from the amplifier output to the FET gate completed the charge
integrator. A 1 GQ resistor (R2) served to discharge the integrator. Some output overshoot
was removed by providing a small amount of negative feedback to the inverting input (C4).
The output from the AD8011 also drove an AD8099 post-amplifier, with a fixed voltage
gain of 20. An interstage coupling capacitor (C3) between them acted as high pass filter.
Likewise, high frequency noise was removed by a low pass filter (L1,C5). Component values
were optimized using SPICE simulations using device parameters from the manufacturers.
Bench testing confirmed the expected noise (~1.3nV/ VvHz at 22 pF input capacitance), gain
and bandwidth of the electronics. The FET was mounted directly on the silicon detector
and cooled to —6°C in vacuum. The remainder of the electronics was operated at room
temperature outside the vacuum chamber. Coaxial cables were used to connect the input
and feedback sections of the pre-amplifier and FET. The post-amplifier was connected to an
Ortec 672 shaping amplifier, with a gain of 5 and shaping time of 1 usec. The shaped signal
was digitized by an Amptek MCA-8000A multichannel analyzer. An overall system gain of
~100mV /fC was obtained with a measured noise of o ~1.3keV silicon energy equivalent.
This performance allowed for efficient detection of 15 keV protons with low background rate.

2.3. Detection of 30 keV protons

In both Nab and UCNB experiments, protons from neutron beta-decay are accelerated
first through a 30kV potential drop for detection. Our capabilities of low energy proton
detection with 0.5mm and 1mm thick detectors were studied at the proton accelerator
laboratory at the Triangle Universities Nuclear Laboratory (TUNL) [16]. Prior to the proton
detection, we have investigated low deposited energy detection with two different detector
thicknesses, 0.5mm and 1mm, using alpha sources of ?!Am, and *®Gd, and conversion
electron sources of 13Sn, 39Ce, and principally *Cd. The detection of 62.5 keV electrons,
~22 keV X-rays from ®9Cd reflected a continuous improvement in the signal-to-noise ratio
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Figure 3: Pre-amplifier schematic described in Section 2.2.

which prepared our detector and instrumentation for 30 keV proton detection that is one
of the main requirements of detector performance. A proton of 30 keV produces less than
~ 6 x 10? electron-hole pairs in the active volume of the detector. The first step in improving
the detection of low deposited energy was to decrease the bulk leakage current to < 1nA /pixel
which was achieved by cooling the detector to —6°C. Figure 4 shows the measured bulk
leakage current as a function of the bias voltage. The temperature of the detector was
controlled by coupling the detector support to Cu tubing that was cooled by circulating
antifreeze liquid as is shown in Figure 5. To verify the temperature of the detector an
identical dummy detector was cooled with four temperature sensors mounted on the surface
of the detector. The detector was operated in darkness inside the vacuum chamber with
unnecessary instrumentation such as pressure gauges and temperature sensors turned off.

Successful measurement of the 1%Cd spectrum was only possible after reducing instru-
mental noise using a variety of techniques: the detector bias voltage was provided by a
battery, ground loops were avoided by using a single grounding point, the FET was directly
mounted on the pixel pin to avoid capacitive couplings, the stainless steel vacuum chamber
protected the detector against electromagnetic noise, a metal mesh inside the vacuum pipe
of the chamber minimized the mechanical noise, and electronic filters, and very low noise
pre and post amplifiers were connected using short coaxial cables at appropiate points in
the circuitry.

Direct detection of 30 keV protons with our silicon detectors requires a stable low inten-
sity proton accelerator, capable of providing ~300s~! of protons with energies lower than
40 keV, and a beam energy resolution of ~0.6keV (FWHM). This accelerator was built at
TUNL by members of the UCNA collaboration [17]. The main features of the accelerator
are described by Hoedl and Young [16]. For the proton detection with our detector, the
small vacuum chamber shown in Figure 5 was connected to the grounded and electrically
insulated high energy end of TUNL accelerator. The thickness of the vacuum chamber pro-
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Figure 4: Leakage current as a function of the bias voltage for pixel number 63 (circle) and number 64
(square) of the large area 1.0 mm thick silicon detector at —6°C. Pixel number 64 is the central pixel of the
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Figure 5: A cross section schematic of the detector assembly inside of the vacuum chamber. The Si detector
is attached on a ceramic disc of 16.6 cm diameter and 1 mm thickness which provides both structural support
for cooling the detector, and electrically insulates the wafer. Part of the hexagonal detector segmentation
is shown at the bottom left of the schematic.
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vided a sufficient skin depth to shield the detector and FET from electromagnetic radiative
couplings. The large area, thick, segmented silicon detector was supported inside the cham-
ber by electrical insulators made from PEEK material and the assembly was firmly coupled
to the 16.5” vacuum flange in the way that the central pixel was in the middle of the beam,
however we could also detect ions with the adjacent pixels, especially with the ones located
above and below the central pixel or beam center. The chamber was evacuated to 1075 Torr
by a dry pump station before cooling down the detector to avoid contaminating the detector
surface.

15000
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Figure 6: Detection of low energy protons with 1 mm thick silicon detector at —6°C. The proton acceleration
voltage (in kV) is shown next to each peak. Protons are detected after crossing the detector dead layer. The
average detected energy resolution is 3.2keV (FWHM). A threshold was set to the MCA to cut the noise.

Figure 6 shows the results of low energy proton detection. The initial goal was only to
detect 30 keV protons, however, given that we had already detected ~ 22 keV X-Rays from
19Cd, it was possible to detect protons down to 15 keV. From the energy calibration with
19Cd described in section 3 we obtain that E=(0.411xch+1.56)keV which gives a noise level
of 6.1 keV corresponding to ch=11 in Figure 6. A similar result for the noise level is obtained
with deuterons, shown in Figure 7. The lowest proton energy detected with the 0.5 mm thick
detector corresponds to 22keV, limited by detector capacitance, shown in Figure 8. The
total evaluated detector capacitance of 0.5 mm, 1 mm, and 2mm thick detectors is about
2nF, 1nF, and 0.5 nF, respectively, which gives 15.7, 7.9, and 3.9 pF /pixel for 127-hexagonal
segmented detector. The proton detection for Nab and UCNB experiments will be carried
out with the 2mm thick silicon detectors, which will even further reduce noise.
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Figure 7: Low energy deuteron detection with 1 mm thick silicon detector at —6°C. The deuteron acceleration
voltage (in kV) is shown next to each peak. Deuterons are detected after crossing the dead layer.
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Figure 8: Low energy proton detection with 0.5 mm thick silicon detector at —6°C. The proton acceleration
voltage (in kV) is shown next to each peak. Protons are detected after crossing the dead layer. The measured
average energy resolution is 5.5 keV (FWHM). The corresponding noise level for ch=21 is 10 keV.
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3. Simulation of a '°°Cd spectrum in silicon detector

As an alternative method to characterize the Si detector for detection of low deposited
energy, we have measured the spectra of *Cd for energy calibration and to determine
the pulse height defect associated with proton and deuteron detection. In order to use
conversion electrons from °°Cd source we first need to determine the spectrum incident on
the Si detector.

The source of 1%°Cd with 8.11 nCi of beta activity has a holder diameter of 25 mm and
an active source diameter of 3mm with a mylar cover and support of 3.5 um thickness.
The source mounted on a copper holder was placed ~10cm away from the central pixel of
the detector that was operated under the same conditions as in the proton detection. The
measured 1%Cd spectrum was affected by energy loss in the mylar cover; to correct the
spectrum it was necessary to simulate the detector response using a PENELOPE [18] based
Monte Carlo simulation.

In the simulation, a 1 cm radius mylar foil of thickness which was varied from ~3.5 ym-
12 pm was positioned 10 cm away from the 1 mm thick silicon disk, backed by an Al disk.
The source foil was mounted on an Al ring, having a 1 mmx 1 mm square cross section, which
was placed in front of a 2 mm thick copper plate. All objects had cylindrical symmetry and
were coaxial with the z-axis. In the model the first 100 nm of the silicon detector was
considered “dead” and therefore the energy loss in this volume was tallied separately.

Events were generated according to the probabilities of relative emission intensities for
199Cd [19] within a 1.5 mm radius in the center of the source foil with an isotropic momentum
distribution. One million events were generated for each geometry that was investigated.
Events were tracked until the primary and all secondary particles either exited the system
or were absorbed when their energies fell below 100eV.

A measured background-subtracted '°°Cd spectrum was used in the data analysis to
verify the simulation results. The measured background was scaled to match the low energy
peak in the data and fit to an exponential which was then subtracted from the original
spectrum. A separate calibration was also carried out with a pulse generator with variable
amplitude output to provide a voltage vs. MCA units of calibration.

The quality of the measured and simulated energy spectra after voltage calibration by
the pulse generator was quantified by a minimum y? test. Figure 9 shows the result of this
comparison, while numerical values indicate that a mylar foil thickness of 6.0 yum matches
best the data.

Systematic effects from source tilt and detector misalignment were also modeled. If the
source mount was tilted, the path length, [, in the foil would increase by Al = 1/cos6 — 1
which increases the energy loss of the conversion electrons. To simulate this effect to first
order the mylar foil thickness was varied between 1.5 ym to 6.5 um. There are two notable
effects of the mylar foil thickness on the recorded energy in the detector shown in Figure
10, the electron peaks at 18 keV, 63 keV, and 84 keV shift to lower voltages as the thickness
increases and the X-ray peak at ~22keV is unaffected by foils. Another cross-check of the
mylar foil thickness, the expectation that above a thickness of 2.5 uym, the 18 keV Auger line
falls below our noise threshold, was also confirmed in our '*?Cd measurement. A series of

9
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larger simulations were run with 14 million events for a few of the mylar foil thicknesses
to investigate the effect of source-detector misalignment. Radial position cuts, r=1cm, at
y=0, 2, 3, 4, 5, and 6 cm along the y-axis were used to mimic the source being offset of the
“active” region of the detector. The maximum effect of the “offset” is just 2keV (2%) shift
in the conversion peaks, the X-ray peak unchanged.

4. Pulse height defect of low energy protons

It is well known that charged particles of different species with the same kinetic energy,
Ey, recorded with the same detector produce different response, expressed in terms of its
pulse height (PH). As PH  FEy, it is common to define the pulse height defect (PHD) as
AFEpyp = Ey — E', where E' is the detected energy. The PHD is specially important for
heavy ions, and it is also relevant for low-Z particles at low kinetic energies. The PHD is
considered to include three terms: AEpyp = AE, + AE, + AFE,, where AFE,, is known as
the “window defect”, if it is given in units of energy, or as the “dead layer” if expressed in
units of length. The dead layer is the detector region where the charge from ionization is not
collected. The second term, AFE,, is the so called nuclear defect (strictly speaking atomic
scattering defect), discussed in section 5 with a value of AE,= 0.8 keV for 30 keV protons.
The third term, AFE,, is the recombination defect which is originated by the incomplete
collection of charges by the electric field applied to the detector due to a recombination of
electron-holes in the created plasma.

Based on three arguments, the recombination defect of our Si detector is insignificant
compared with the other two defects. The first argument is operational, the detector has
been operated at a reverse bias voltage higher than the recommended value. The oper-
ating point was determined by varying the bias and observing the centroid for the main
line of 2! Am, and at the same time monitoring that the leakage current did not exceeded
~1nA /pixel. For a reverse bias higher than 72V the alpha centroid of 5485keV reached a
saturation value with a clearly defined plateau. This indicated that the detector internal
electric field was sufficient to collect all the electron-hole pairs produced by the incident par-
ticle with minimal recombination. On the other hand, for a detector diode temperature of
—6°C, a reverse bias of 75V produces a leakage current of 0.32nA /pixel, that is a resistivity
of 1.7 x 10" Q-cm/pixel. Following the procedure of Ogihara et al. [20] for the evaluation
of the plasma time, t,, and recombination time, ¢,, and using the model of recombination
proposed by Finch et al. [21], AE,/FEy = t,/t. we obtain a value of AE,/Fy ~ 1073 for pro-
tons of 35 keV of energy. Apart from the model of recombination used to estimate the value
of AF,, the final argument to uphold that AFE, ~ 0 for light ions comes from the experi-
mental measurement of the “nuclear stopping defect” carried out by Funsten et al. [22] for
protons and He™ for E <60 keV, shown in Figure 13. For these two ions and energies, AE,
approaches constant saturation values of ~ 0.8keV (H"), and 3.2keV (He™) which indicates
the absence of recombination defect given that AFE, could manifest itself as AF, oc E which
is not observed within the range of cited energies. In other words the plasma density, p, for
low energy and low-Z ions are such that p < p., where p. is the critical density [23], [24]
and a bias of =75V is enough to completely sweep the created electron-holes. As a result
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of the considerations, for our Si detector interacting with low mass, Z=1, ions with £ <35
keV, the PHD is AEpyp = AE, + AE, or £/ = Ey — AE, — AFE,.

For conversion electrons of 1%Cd we estimate that AE, <50eV for the highest electron
energy of 87.9keV. Funsten et al. [25] have estimated a recombination loss of 5 x 107 for
electrons up to 40keV. On the other hand, conversion electrons are practically unaffected
by ~100nm thick dead layer, AFE, <90eV, accordingly AFEpyp = 0 within experimental
errors, or Fg = E’ for electrons. The same expression is also valid for X-rays.
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Figure 11: Response of 1 mm thick silicon detector to protons at four energies, and conversion electrons and
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Figure 12: Pulse height defect of protons and deuterons of the large area, 1 mm thick and hexagonal
segmented silicon detector, central pixel. The PHD is deduced from Figure 11 for protons.

Figure 11 shows the response of our Si detector to protons, and %?Cd conversion electrons
and X-rays. A similar graph is also obtained for deuterons. A linear fit to the proton
values from 20 to 35keV is reasonable, and characterized by a x*/NDF = 2.53/4. The
peaks of %9Cd from 20 to 25keV correspond to X-rays and the electron of 18.5keV is
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not observed due to self absorption in the mylar source material which was verified by
gamma ray attenuation and also corroborated by Monte Carlo simulation. The pulse height
defect AEpyp = AFE,, + AE,, taken from the difference in the measured detector response
compared to the 1%°Cd electron and X-ray response as a function of particle energy, is
shown in Figure 12. Results of Figure 12 show that with our 1mm Si detector and 30
keV protons the energy loss through the dead layer, scattering defect, etc, only amounts to
(8.61+0.45) keV leaving 21.4 keV for electron-hole pair production and consecutive collection
of charge by the detector.

A possible additional source of defect has been attributed to the average energy, e,
required for the creation of an electron-hole pair in silicon. However, Pehl et al. [26] have
found that e, = €,=(3.67+0.02) eV /pair, where e, and e, are the average electron and
photon energy, respectively. On the other hand, Mitchell et al. [27] have measured the
ratio of the average energy to create electron-hole pair of deuterons relative to protons in
silicon, for energies of ~1MeV, obtaining €4/€,=1.001 £0.002 which implies that ¢ does not
depend strongly on the isotopic mass. Langley [28] has measured the ratio of alphas relative
to protons, obtaining the value of €,/€,=0.978+0.006, while Bauer and Bortels [29] have
measured the ratio of alphas relative to electrons; €,/e,=0.985+0.008. Using the last two
results we obtain that e,/e,=1.007+ 0.010, that is €, €. , €, and €q agree in their main
values to the level of < 1% at room temperature. We expect the same relationship at other
temperatures.

5. Computation of the nuclear pulse height defect of protons in silicon by screened
coulomb scattering from 1 to 35 keV

A charged particle that is slowed down by Coulomb interactions in silicon loses its en-
ergy in two processes, 1) by energy transferred to atomic electrons, An, which results in
a generation of electron-hole pairs and a subsequent detectable charge, and 2) by energy
transferred to the translational motion of the atom AF, which is significant at the end of
the particle range. The second process does not produce electron-hole pairs and thus can
not be detected through charge collection; the energy transferred to the kinetic energy of
the atoms will increase the temperature of the detector. For an incoming particle of energy
E, E = An+ AE,. The calculation of the average transferred energy to recoiling atoms,
based on Thomas-Fermi cross sections and dimensionless nomenclature [30, 31], has been
carried out by Haines and Whitehead [32]. This energy transferred is also know as nuclear
defect and up to the second order of approximation (third order effect is too small) for an
amorphous material is given by
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where, € is the dimensionless energy defined by E = Z;Zye?(M, + My)e/aM, = kpe; R
is the range which is related to the dimensionless range “p” by R = p/Nma*y = krp; T,
the transferred energy related to the dimensionless energy transfer ¢ by t = €*T/T,,(E);
Tn(E) is the maximum transferred energy given by T,,(F) = 4MMyE /(M + M,)* = vE.
The indices 1 and 2 denote the incoming and target particle, respectivgly, agld N is the

dt
) 3 de (4)

density of atoms in the substance. The screening radius is a = 0.8853ao(Z7 +Z3)"2 , where

ap = 0.529 A is the Bohr’s radius. (3—;) is the dimensionless total stopping power. Since

both ¢, and ¢ are dimensionless numbers, Q(e) is the same as Q(t). The function f(¢2)
comes from the Thomas-Fermi cross section which is given by do = wa2f(t2)dt/2t2 while
F(t2) has the following analytical form [33], f(t2) = A ts[1+ (2t3)3]~2, with A=1.309. The
dimensionless stopping power is composed of the nuclear and electronic stopping powers,

expressed as
2

dE 1 € 1 dt
(%) =5 [ treh )

The proportionality constant, k, in the electronic stopping power has been measured for
low energy protons in silicon by Grahmann and Kalbitzer [34] and can also be evaluated
using Schiott’s equation [35]. The upper range of validity of the nuclear defect is given by
E < Zf/?’ A; x 25keV which corresponds to 25keV for p+Si, 50keV for d+-Si, 250keV for
a + Si, and 23600 keV for Si4+-Si. Although this upper limit provides the value of 25keV
for protons in silicon, Grahmann and Kalbitzer’s work indicates that this limit is extended
not only up to 35keV but even slightly higher in energy. Another significant feature of their
result is the linearity in the measured electronic constant with a value of k =1.87£5%.

[NIES

Results of our nuclear defect computation are shown in Figure 13 and compared with
the measured nuclear defect for protons in silicon carried out by Funsten et al. [22]. The
agreement is good when Grahmann and Kalbitzer’s measured stopping power is used. A
dotted line shows the computation of the average nuclear defect using an equivalent electronic
constant that resembles Niemann’s experimental electronic stopping power from 20 to 35 keV
[36]. The range of validity of the electronic stopping power and our interest in the nuclear
defect from 15 to 35keV have limited our computation from 1 to 35keV. We carried out
also a similar computation for low energy deuterons in silicon.

6. Evaluation of dead layer of silicon detectors

Compilation of measured values (including the generated data PSTAR) of the electronic
stopping power for low energy protons in silicon is shown in Figure 14 [34, 38, 39, 37, 36, 41].
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Figure 13: Nuclear defect of low energy protons in Silicon. The computation uses Grahmann and Kalbitzer’s
measured electronic constant of k=1.87 [34] (solid line). The measured values are taken from the work of
Funsten et al. [22] (solid circles). Dashed line is computed with an equivalent electronic stopping power
that resembles Niemann’s measured stopping power from 20 to 35 keV [36].

For this apparent simple system, a variation of ~35% is obtained at 30keV. The dispersion
is even higher for theoretical predictions other than the one based in the work of Lindhard,
Sharff and Schiott [30, 31]. One of the main difficulties of the theoretical models for the
stopping cross section is related to the charge state of the particle inside the material which
is certainly difficult to measure [42]. From the experimental point of view, problems inherent
with the fabrication of thin foils, thickness determination [40], impurities, foil roughness [39],
systematic errors, etc., contribute to the dispersion in the measurement of the electronic
stopping cross section. At this point, we are not in a position either to reject or to ignore
any experimental electronic stopping power. The argument that supports this criterion is
shown in Figure 13 that compares two computed values, based in different stopping powers,
with the measured nuc
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Figure 14: Measured electronic stopping powers for low energy protons in silicon. PSTAR is a generated
stopping power based in ICRU report [41].
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Figure 15: Upper limit of the dead layer thickness for 1 mm thick silicon detector evaluated with Grahmann
and Kalbitzer’s measured electronic stopping power for protons in silicon [34]. The result in the dead layer
is the limiting outcome out of several stopping powers shown in Figure 14.

Figure 15 shows the dead layer of our 1 mm thick silicon detector evaluated with Grah-
mann and Kalbitzer’s electronic stopping power, obtaining a weighted average of (104+4) nm.
In the same way, we obtain ~70nm with the other stopping powers. Using deuteron data,
we obtain a dead layer of (75+4)nm with Konac’s measured stopping power, and apply-
ing the observed absence of isotopic effect in the electronic stopping cross section between
protons and deuterons at the same velocity, we obtain (784+5)nm with Fama’s data, and
(1134+5) nm with Grahmann and Kalbitzer; that is, a systematic increase of ~6nm over the
corresponding proton dead layer but with an overall agreement. Due to the sensitivity of
low energy ions to probe the dead layer, and given the dispersion in the measured electronic
stopping power and measured nuclear defect, we can only indicate that the dead layer is in
the range from 70nm to 110 nm for our 1 mm thick silicon detector.

The measured dead layer of the 0.5mm thick detector is between 50 nm and 75nm
as examined by protons. The difference in dead layer between 0.5mm and 1mm thick
detectors might be related to the fabrication process under our requirement for a dead layer
of <100 nm.

7. Conclusions

We have characterized large area (108cm?), thick (0.5mm and 1mm), 127-hexagonal
segmented silicon detectors for the neutron beta decay experiments Nab and UCNB, with
the initial goal to detect 30 keV protons. The detector properties and development have been
done using alphas from ' Am and “®Gd, and 62.5keV conversion electrons and ~22keV
X-rays from °Cd. We used the TUNL low energy proton accelerator for proton and
deuteron studies. For the 1 mm thick detector we have obtained a bulk leakage current
of <0.31nA/pixel at —6°C, and detected 30keV protons with the energy resolution of
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3.2keV (FWHM), and signal-to-noise ratio of S/N=(30-8.61)/6.1=3.5. The 1 mm detector
dead layer is estimated to be <110 nm thick. The deposited energy was measured by oper-
ating the detector at —6°C, with electronics where the FET based preamplifier was directly
mounted to the detector pin, followed by a shaping amplifier, and MCA that was operated
in peak sensing mode.

In the present work, we achieved the following: 1) detected protons down to 22 keV with
the 0.5 mm thick detector which is the noisiest detector compared with the thicker detectors;
the low energy limit was set by noise, 2) detected protons and deuterons down to 15 keV
with 1mm thick detector, obtaining the average energy resolution of 3.2keV for protons,
and 3) accomplished a limit of 15keV proton detection well below 30keV requirement.

Based on the characterization described in this paper the Nab and UCNB experiments
will be further benefited from: 1) operating the detector at lower temperature such as 150 K
operation that minimizes the leakage current, improves the energy resolution, reduces noise,
and improves the signal-to-noise ratio, 2) using 2 mm thick large area silicon detectors that
are the less noisy detectors, 3) using flash ADCs (FADC) to process the low energy signals,
sampling the whole waveform rather than a single peak.
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