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Abstract- We have extended the detector response function toolkit (DRiFT) to provide modeling
capabilities of semiconductor sensors. DRIFT provides realistic nuclear instrumentation response by post-
processing Monte-Carlo N-particle (MCNP®) radiation transport outputs. MCNP® is capable of modeling
radiation transport in complex environments, but has limited detector physics and readout electronics
modeling capabilities. Semiconductor detector response can be calculated with a high-fidelity for a flexible
range of environments by utilizing MCNP® to simulate radiation interactions inside of detector volumes,
and then using DRIFT to model charge transport and signal formation in the semiconductor, as well as the
readout electronics. DRIFT models charge transport in the semiconductor, the preamplifier, shaping
amplifier, pulse pile-up, and electronic noise to generate detector response. The semiconductor
application in DRiFT can model a range of semiconductor materials, shapes, and sizes; and is demonstrated
here for a large volume coaxial high-purity germanium (HPGe) detector. Here, we compare detector
response functions of a coaxial HPGe detector with measurement of ®°Co, !33Ba, and **’Cs at varying count
rates, and we conduct a parameter study to demonstrate the effect of changing parameters in the DRiFT
simulation. The HPGe detector response function shows excellent agreement with measurements of
difference sources with varying dead times and count rates.

Keywords- semiconductor, radiation, detector, response, HPGe, MCNP
1. Introduction

The ability to simulate detector response has applications in a multitude of radiation detection
applications, including nuclear safeguards and nuclear security. The detector response function toolkit
(DRIFT) generates detector response functions for gas detectors, scintillators, and now semiconductors [1-
3]. In addition to having many tunable features to customize the detector response function for different
detectors, the environment can be tuned because DRIFT leverages the Monte-Carlo N-particle code
(MCNP®) [4]. MCNP® is capable of modeling complex environments with user defined shapes and
materials, including custom radiation sources and detailed particle tracking (ptrac). The combination of
these two codes provides users with a range of flexibility in the geometric and material construction of
the environment, the radiation environment, and crucial detector properties that play an important role
in the detector response function.

For MCNP® users who wish to model detector response, they can use the pulse-height tally feature
(F8 tally), which tracks energy depositions in a specific cell with the addition of gaussian energy broadening
(GEB) to the F8 tally. However, the F8 tally does not consider where interactions occur in the detector,
charge transport factors, signal induction, or signal processing by the readout electronics. By using DRiFT,
MCNP® users can improve upon the fidelity of the detector response function by modeling the detector
and signal processing. Previous DRIFT users with experience in the gas and scintillator detector modules
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will now be able to expand their studies to semiconductor devices, using the tools described here. DRIFT
is not only complementary to MCNP®, but to other detector response function codes, such as GADRAS [5].
While DRIFT does provide users with diagnostic tools and flexibility that is not offered by other codes, we
consider it to be complimentary to these and not a replacement, due to the additional computational
expense and user input required.

1.1. HPGe Semiconductor Detector Properties

HPGe detectors have excellent energy resolution and detection efficiency, making them great for
gamma ray spectroscopy. The energy resolution of a coaxial HPGe detector at 1.33 MeV is typically less
than 2 keV full-width-half-maximum (FWHM) [6]. Germanium is relatively high-Z (Z=32) compared to other
semiconductors which can be grown at large sizes with sufficient purity for use as spectrometers, such as
silicon (Z=14). Modern HPGe detectors operate at close to liquid nitrogen temperatures (85-100 K) to
prevent excessively high leakage current due to the very low band gap of 0.67 eV [6, 7]. The mean energy
to produce an electron-hole pair (W-value) over the temperature range listed above is between about
2.962-2.965 eV. The Fano-factor relates the number of electron-hole pairs to the statistical variance
observed. For HPGe, the Fano-factor is commonly reported between 0.08 and 0.13 [6-8].

A coaxial design allows for uniform electric fields in large volume HPGe detectors, and this is the design
that we have chosen for the first semiconductor application in DRIFT [9, 10]. More specifically, our design
is based on the ORTEC manufactured GEM series detectors [11, 12]. An illustration of the design with the
dopant configuration is shown in Figure 1. This coaxial design is a cylindrical detector with a roughly 10
mm hole through the center. The hole does not extend all the way through the crystal, and the end of the
hole is rounded. We refer to the bottom of the crystal as the end which the hole is drilled. The top of the
crystal has rounded edges to eliminate regions of weaker electric field at the corners to facilitate high
charge collection efficiency and saturation velocity of the charge carriers in the entire detector volume [6,
10]. The top of the crystal faces the detector entrance window, which typically faces the radiation source.
The bulk of the detector that we have chosen to model is p-type (majority acceptor concentration). The
difference between the acceptor impurity concentration (Na) and donor impurity concentration (Np) is the
net acceptor impurity concentration (N, — Np). The bulk net acceptor impurity concentration should be
less than 10'° cm™ (N, — Np < 10%° cm™3), but the target net acceptor concentration is Ny — Np =
3 x 10'° cm™3 for peak performance [6]. The outer surface is n-doped at a high concentration to make an
n+ outer contact. This is achieved with lithium diffusion to a depth of approximately 700 um, which also
acts as an inactive dead layer on the outer surface of the crystal. The diffusion is restricted to the top and
sides of the crystal, and not the bottom. The hole through the center of the crystal serves as the second
contact, which is heavily doped via boron implantation (p+ contact) at a depth of 0.3 um [6, 11-13]. The
n+ contact on the outer surface is where the positive bias of the detector is applied. The impurity
concentration to achieve the n+ and p+ contacts (degenerate contacts) is on the order of 10 cm? [10].
The flat end or bottom is not a n+ or p+ contact but is made of the bulk p-type germanium.

High-resolution gamma-ray spectroscopy with HPGe is an effective tool for non-destructive assay and
passive characterization, making it useful in non-proliferation, safeguards, emergency response and
nuclear forensics. HPGe detectors are used in environmental surveying on land, water, and aerial vehicles
to identify airborne radionuclides [14, 15]. HPGe can make higher accuracy uranium enrichment
measurements compared to other detectors (such as sodium iodide) because the relative count rates from
different isotopes (for example: the 186 keV peak from 2°U) are more easily resolvable due to the
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separation in full energy peaks [16]. When many sources are present, the convolution of different peaks
make it difficult to determine peak areas, so the well separated peaks of HPGe make it easier to determine
the peak region and the peak area. The assumption of a constant linear Compton region under the peak
can also come into question with the wider full energy peaks of other detectors [17]. HPGe is also of
interest for rare event searches. "°Ge can undergo double-beta decay so it has also been used to set limits
on the theorized neutrinoless double-beta decay (OvBB) process [18-22].
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Figure 1: The coaxial HPGe design shown with the net acceptor concentration (N4 — Np) in units of
cm. A cut-away shows the heavily boron (p+) doped central hole (N; — Np = 1 x 102 cm™3). The
heavily lithium (n+) doped outer layer is shown (N, — Np = —1 X 101° cm™3), with the rounded edge
at the top of the crystal. The bulk of the crystal has a net acceptor concentration of Ny — Np =

3 x 10 em™3.

1.2. Background on Detector Response Functions

A detector response function (DRF) models the radiation detector and instrumentation response for a
given measurement scenario. Measurement scenarios may vary drastically in both the source spectrum
and scattering environment. Having the flexibility to model HPGe detectors in a diverse range of scenarios
is valuable for predictions and verifications of measurements for non-proliferation, safeguards, isotope
identification, and other applications where gamma spectroscopy is implemented.

To build a DREF, it is necessary to have information about the gamma spectrum that reaches and/or
interacts in the detector volume. It is usually insufficient to have only information about the radiation
source spectrum, due to scattering and attenuation that happens between the source and the detector.
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Complex scattering environments may drastically alter the spectrum that reaches the detector, depending
on scattering materials, thicknesses, and distances. Furthermore, secondary products from regions outside
of the detector may enter the detector. Once the incident radiation on the detector is well established,
the types of interactions that occur in the detector need to be calculated. For low energy gamma
spectroscopy, there are additional factors that become important. The dead layer and contacts can
become impactful for low energy attenuation, the escape of photoelectrons and Auger electrons, and
penetration of electrons into the crystal from the contacts [23]. In addition to modeling the pulse-height
spectrum in gamma spectroscopy, models and simulations are common tools for HPGe detector
characterization and predicting signal formation [24-27]. These methods are often used to evaluate charge
collection efficiency, detection efficiency, and dead layer thicknesses in different regions of HPGe
detectors.

Once the radiation interactions in the detector volume are estimated, the detector response needs to
be modeled. The pulse-height spectrum of two separate detectors in the exact same environment may be
drastically different. Charge collection efficiency, W-value, and Fano factor will play a large role in both
uniform and non-uniform peak broadening. These factors are broadly influenced by the detector
type/material. Charge collection efficiency and peak shapes can also be affected by the size of the detector
and collection times; factors that are determined by charge transport properties and interaction locations.

The best method for generating DRFs will depend on the flexibility required and the specific
environments and detectors that need to be modeled. In general, there is a trade-off between accuracy in
flexibility, and computational time. The Gamma Detector Response Analysis Software (GADRAS) [5, 28-30]
and others [31] use a combination of first-principles calculations, empirical models, pre-computed tables,
and approximate solutions, which generate DRFs very quickly (seconds or minutes). These methods come
with a trade-off of limited flexibility in modeling both the scattering environment and the detector
properties. Some have used Monte-Carlo (MCNP®) with empirical methods (gaussian broadening on the
pulse-height tally) to generate DRFs, however, these can neglect important spectrum effects related to
charge transport and the electronic readout [32, 33].

To achieve the flexibility in the source spectrum and scattering environments, DRiFT leverages Monte-
Carlo n-particle (MCNP®) simulations to track radiation interactions inside of the detector volume with the
built in particle tracking (ptrac) card [4]. DRIFT uses the information from the ptrac card in conjunction
with a custom charge transport code that simulates the detector response. This comes at a cost of greater
computational times and large data sets, but provides flexibility to model different environments and
detectors, while giving users access to more information for analysis. Charge transport simulations are
paired with a combination of first-principles calculations and empirical methods for modeling the
electronic readout components. Scintillator [2, 34] and gas detector [3] capabilities of DRiFT have been
demonstrated. Early research and development of the semiconductor methodologies, including initial
testing has been demonstrated [1, 35]. Now, the methodologies and usage have been refined to be
compatible and consistent with DRIFT.

2. Methods for Building Semiconductor DRFs in DRiFT

There are multiple components to building a semiconductor DRF using DRIiFT. Two of these
components are external to the DRIFT package but are required for execution. The first external
component is an MCNP® simulation. An MCNP® simulation must be done with sufficient particle tracking
information in the ptrac card. To take full advantage of DRIFT, it is important to capture the detector and
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environment details in MCNP® to account for scattering and interactions that occur in the materials around
the detector and the active volume of the detector itself. We developed a very detailed MCNP® model of
the detector that includes the materials in the detector housing and the detector dead layer. The second
external component is an electrostatics model of the detector. The electric field and electric (weighting)
potential must be modeled for charge transport to be simulated. The geometry in the electrostatics model
should be consistent with the MCNP® geometry. The model should also account for the different crystal
layers, including doping layers/concentrations, and the bias voltage. We used Silvaco to model the electric
field and potential [36]. We are also exploring other software options to give users flexibility in modeling
their own detectors. Supported detectors that are included with a DRIFT release will already have the
necessary electrostatics models provided, and example MCNP® input files with accurate detector
geometry. The rest of the requirements for DRIFT execution reside entirely within DRIFT itself. These
include a charge transport simulation that uses Shockley-Ramo theorem to determine the signal induced
on the readout for each energy depositing interaction. It also includes charge sensitive preamplifier,
trapezoidal shaping amplifier, pulse pile-up, and electronic noise models. In this methods section, we will
summarize some details of the detector model in MCNP®, the electrostatics model, the charge transport
simulation, and readout electronics models thereafter. The results section will compare DRFs generated in
DRIiFT to measurements, and illustrate how changing parameters can affect the DRF.

The specific detector that we have chosen to model is an ORTEC GEM140P-S [12]. This detector has a
140% efficiency, which is expressed in relation to the detection efficiency of a 3x3 in? Sodium lodide (Nal)
detector measuring 1.33 MeV °Co photons [6].

2.1. MCNP® Modeling

A detailed model of the radiation detector was built to accurately capture scattering in the detector
housing and inside of the active detector volume. These include the HPGe crystal dead layer, contact pin,
wiring, detector housing, and various other materials associated with internal electronics and overall
construction. Furthermore, a method of filtering the MCNP® ptrac card had to be developed to extract the
necessary information for the following response function calculations. The primary information that we
are concerned with for charge transport is the amount of energy deposited for each interaction in the
detector, and the position of each scattering event. It is also necessary to know the MCNP® particle history
number (nps) associated with each event so that different events from the same source photon can be
correlated. The surface event information is necessary to know the energy of particles as they enter the
active detector volume. Lastly, the time of each scattering event is required for pile-up calculations. We
used dimensions provided by the manufacturer for the exact model and serial number of the detector that
we are comparing measurements with. Some information that was not provided by the manufacturer was
discovered through disassembly of similar detectors, and studies found in literature [24, 33, 37]. The
information provided by ORTEC and found through our own investigation is proprietary, and thus it is not
openly communicated in this document.

2.2. Electrostatics Modeling

The method of charge transport modeling requires modeling of the electric field and electric potential
(weighting potential) inside of the active detector volume. We did this using Silvaco [36]. Modeling starts
by constructing a mesh grid with the appropriate geometry. The HPGe detector is cylindrical in shape, and
symmetrical about the angular coordinate (or azimuth), allowing us to reduce the electrostatics
simulations to only the radial axis (r) and height axis (y). Doping is defined in the bulk of the HPGe crystal,
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and the contact/dead layers. The bulk of the crystal was modeled as p-type germanium with an impurity
concentration of 3x10° cm™. The outer contact is a 700 um thick n+ lithium diffused layer that is modeled
as an n-type germanium with a net donor impurity concentration of 10'° cm™. The inner contact is a 0.3
um thick p-type germanium (p+ boron implanted layer) with net acceptor impurity concentration of 10*°
cm. The bias applied to the outer n+ contact is +4500 volts. The output of the Silvaco simulation is a grid
of positions (r and y positions), a grid of electric potential values (V), a grid of electric field r-vector values
(Er), and a grid of electric field y-vector values (Ey). The profile of the electric field vectors is shown in
Figure 2. The electric potential profile is shown in Figure 3. It is well known that the n+ dead layer thickness
varies between individual detectors, and a dopant gradient exists [23, 33]. This is especially true for older
detectors that have been stored at room temperature. Modeling dopant gradients and varying thicknesses
is possible, however, without know the true gradient and thickness of the specific detector we measured
with, we opted to base our electrostatics (and dopant) model on the ideal detector; with the ideal and
uniform dopant concentrations, and the “advertised” contact thicknesses.
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Figure 2: The (a) E/(r, y) vector, showing the magnitude of the electric field r-vector with respect to
position in the detector, and the (b) E,(r, y) vector, showing the magnitude of the electric field y-vector
with respect to position in the detector.
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Figure 3: The electric potential profile inside of the detector volume, or V(r, y).

2.3. Charge Transport Modeling
2.3.1. Charge Generation

The number of charge carriers produced is expressed in Equation 1, where P(N) is the probability
distribution of producing N number of charge carriers (electron-hole pairs). The mean number of charge
carriers produced (N) is expressed by the energy deposition (Egepositea) and W-value (W). The variance in
the number of charge carriers produced (0?) is expressed by the product of the Fano-factor (F) and N [7,
38, 39]. The probability distribution is calculated for each energy depositing interaction, and a number of
charge carriers is randomly pulled from the distribution. Then, the charge carriers are transported. A Fano-
factor of 0.13 and W-value of 2.964 eV-per-pair was used for all DRFs shown in the results section, unless
specified otherwise.

PON) = — —3<N_N>2 1
(V) = ovzr P\T2\ &
y = Ldepositea (1.1)

w
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o> =FN (1.2)
2.3.2. Charge Transport and Signal Induction

The signal induction is calculated by a charge transport simulation. When energy is deposited,
electron-hole pairs are generated and set into motion by the electric field in the crystal. The motion of the
charge carriers induces a signal on the readout. The precise nature of the induced signal is determined by
different charge transport factors and the (weighting) potential [40]. The model utilizes the charge carrier
mobilities, saturation velocity, charge carrier lifetimes, and electric field for charge transport. For HPGe,
the mobility at 300 K is about 1900 cm?V-’s™* and 3900 cm?V-s for holes and electrons, respectively. At
77 K, the mobility increases to 42000 cm?Vls? and 36000 cm?Vs? for holes and electrons, respectively
[10, 11]. The saturation velocity of the charge carriers is about 5.9x10° cm/s at room temperature and
9.6x10° cm/s at 77 K [9-11]. All parameters may vary between detectors of the same design, but they are
adjustable by the user, providing a level of flexibility to adapt the DRF to a very specific detector. Our model
uses the values listed for a temperature of 77 K. Equation 2 shows the expression for the charge carrier (e
or h) velocity (v) with respect to mobility (u), electric field (E), and the saturation velocity (vsst) [41]. The
saturation velocity is reported as the same for both electrons and holes by ORTEC and others [9, 11].

.ue,hE

7_7\e,h = v
E

Jl +< Uen >
vsat(e,h)

During the motion of the charge carriers, the induced charge on the readout is explained and
calculated using Shockley-Ramo theorem [42-44]. The charge induced on the electrode (Q) is determined
by the moving charge (q) through the weighting potential (¢o). A coaxial HPGe detector is a two-electrode
system, making it possible to use the normalized electric potential as the weighting potential. The charge
induced on the readout for some charge (q) at a position inside of the detector (x) is expressed in Equation
3 [44].

(2)

2

Q=—qpo(x) (3)
1%
@o(x) = Vb(zz (3.1)

Charge (g) is lost during transport due to trapping, and this is modeled for each group of charge carriers
using Equation 4. The charge carrier lifetime (t) for HPGe detectors is on the order of 10 seconds, which
is the value used for both electrons and holes for the GEM140 detector being modeled, unless specified
otherwise [9, 45]. The lifetime for each charge carrier is adjustable by the user, so if a specific detector
exhibits low energy tailing due to charge trapping, it can be tailored to that detector.

a® = goe 1) “

Charge transport in DRIiFT is conducted in time-steps. DRiFT uses the energy deposited in an
interaction and generates electrons and holes in the position of the interaction. The electric field is found
at that point and the velocity of the charge carriers is calculated. The velocity is used to calculate the
distance and direction of motion (dr = v,. - dt + 1y, and dy = v,, - dt + y,), where dt = 1 nanosecond for
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each time step. The charge is moved, the electric field is found at the new position, and a new velocity is
calculated. At each step, charge losses due to trapping are calculated. The charge induced on the electrode
is also calculated at each step using the electric (weighting) potential data (dQ = —q - dg,). Transport is
completed for electrons and holes separately, until the charge carriers reach the bias or ground electrode.
The contributions for electrons and holes are summed to produce the total charge induced on the
electrode over time for the interaction. Different interactions that belong to the same particle history (nps
or source emission event) in MCNP® are summed to produce the total charge induced on the electrode
for the particle history. The total charge induced on the electrode for the particle history is fed into the
charge sensitive preamplifier model.

The induced signal will depend on the interaction location inside of the detector because the
weighting potential profile that each group of charge carriers (electrons and holes) must traverse will vary
depending on their origin. Since the sum of the electron and hole contributions make up the total induced
signal, the signal is largely dependent on the individual charge transport properties. Interaction location
and transport will influence the shape of the signal, the charge collection time, and the charge collection
efficiency. This is why we choose to model the signal from each interaction individually, and then transport
each group of charge carriers separately for every event. The diffusion of the charge carriers during
transport is not modeled. The induced signal shapes for different interaction locations have been
evaluated and compared with the expected output for a coaxial HPGe detector, but are published
elsewhere [35].

2.4. Readout Models
2.4.1. Charge Sensitive Preamplifier

The charge sensitive preamplifier integrates, amplifies, and shapes the signal (charge induced on the
readout electrode) to increase signal magnitude and generate a signal that is better suited for processing
by the other readout electronics [9]. The preamplifier model implemented in DRIiFT considers two major
components of a charge sensitive preamplifier, the signal gain and decay. The components of the
preamplifier model that are adjustable by the user are the feedback resistance (R; and feedback
capacitance (Cy). The feedback capacitance effects the preamplifier gain. The product of the two effects
how fast the signal decays: known as the decay-constant or RC-constant. The preamplifier pulse model is
expressed by Equation 5 [9, 46]. The rise of the preamplifier pulse is calculated by processing each step (/)
of the charge induced data. As the signal builds in the preamplifier, the charge from earlier steps is
simultaneously decaying. If the decay constant is sufficiently large compared to the collection time, then
the decay is negligible. During the rise of the pulse (charge collection), the preamplifier pulse at some time
step (Vi) is expressed by Equation 5. Once all charge is collected, the decay of the pulse simplifies to
Equation 5.3. The default values in the model are Rs= 2x10° ohm and Cs= 1x10*? farad.

B dt dQ
V; =V,_,exp —W + C_f (5)
dQ = QL_C—le_l (5_1)

dt = ti - ti—l =1ns (52)
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2.4.2. Trapezoidal Shaping Amplifier

Shaping amplifiers process the preamplifier pulse by adding gain (amplification), and typically
changing the shape of the pulse to have a slower rise but a much faster decay back to baseline. Trapezoidal
shaping (compared to CR-RC or CR-RC" shaping) maintains energy resolution at high count rates with
varying charge collection times, making it ideal for large volume HPGe detectors [9, 39, 47]. The trapezoidal
shaping amplifier in DRIFT is based on the ORTEC DigiDART portable HPGe MCA [48]. It outputs uniform
trapezoidal pulses (fall time equal to rise time). It utilizes the Gedcke-Hale method of calculating the dead
time percentage and has a pile-up rejection (PUR) feature. The trapezoidal shaper model has adjustable
input parameters for the rise time (t.s), flat top duration (ts), and gain. The model evaluates the
amplitude and the collection time of the preamplifier pulse. If the collection time of the preamplifier pulse
is less than the rise time setting for the trapezoidal shaper, then a uniform trapezoid is formed. If the
collection time is greater than the sum of the rise time and flat top duration settings on the shaping
amplifier, then ballistic deficit occurs. Ballistic deficit is calculated by evaluating the preamplifier pulse-
height at ¢ = tyise + triq¢- If the preamplifier collection time lies within the flat top duration (¢, <
collection time < tyi5e + triqr), then no ballistic deficit occurs, but the resulting trapezoidal pulse is non-
uniform. Gain is applied to each pulse by simply multiplying the pulse-height by the gain value input by
the user.

2.4.3. Pulse Pile-up

Pile-up models assume that the PUR feature in the shaping amplifier is adequate and effective.
However, there are instances of pulse pile-up that a shaping amplifier cannot identify. If two events occur
in a detector in a very short time window such that the second pulse arrives before the initial pulse is
finished collecting, then the collection of both pulses will be seen as one [9, 49]. This makes the two pulses
indistinguishable from one another by the readout electronics, so they do not get rejected, and they are
seen as a combined pulse in the gamma energy spectrum. This can happen with many pulses if successions
of pulses occur within a short enough time window. Pile-up can be modeled in DRIiFT using two different
methods. The “activity” method uses a source activity input parameter to make pile-up calculations, while
the “statistical” method uses count rate and dead time input parameters. All results shown here use the
statistical method, with all user input count rate and dead time values equivalent to what was read on the
ORTEC DigiDART MCA during the compared measurement. The output of both pile-up methods is an array
of pulse heights that are carried onto the electronic noise model.

2.4.3.1. Activity method

The activity method uses Poisson statistics the calculate the time between decay events and the
interactions thereafter. The time data in the ptrac file is modified according to the activity input parameter
and then the modified time data is used to determine when pile-up occurs. If the time difference between
two particles interacting in the detector is less than the collection time of the first particle interaction,
then the two are seen as one event and summed together. This can happen as many times as necessary
to create successive pile-ups until all charge from the preceding events is collected before new event
arrives.
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2.4.3.2. Statistical method

The statistical method starts by conducting a count rate correction using the Gedcke-Hale method.
The measured count rate (m), as read on the MCA, and the dead time fraction (y), are user input
parameters used to calculate the dead time corrected event rate in the detector (n). The dead time fraction
is a product of the measured count rate and the resolving time (t) of the MCA. The simplified form is shown
in Equation 6 [9, 48, 49]. The collection times from all particle histories during charge transport are used
to calculate the average collection time. Using Poisson statistics in Equation 7, we can use the dead time
corrected event rate to calculate the probability (P,) of some number of events (x) happening within the
average collection time (t,.). The probability of x-events occurring in t,, is calculated for x=0, 1, 2, 3, and
4 (giving Py, P1, P2, P3, and P3). Where Py represents the probability of zero events occurring after the initial
event within the pile-up time window, or the probability of a detector count being represented by only
one particle history (no pile-up). P; represents the probability of one event occurring after the initial event
within the pile-up time window, or the probability of one detector count being represented by two particle
histories (two events piled up). We assume that no more than five particle histories will be piled up to
form one count. These probabilities are used to sum the pulse-heights of events together to generate pile-

up.

m _ dead time [%]

14

"T1y T 100%

(6)

_ (nfpu)xe_mpu

x!

(7)

P

2.4.4. Electronic Noise

We employ the equivalent noise charge (ENC) model for adding a noise component to each pulse-
height. The ENC is the amount of charge that if injected into the input terminals of the readout, results in
an output voltage equal to the root mean squared (RMSnoise) level due to noise [9]. In other words, the
ENC is the signal charge that results in a signal-to-noise ratio of one [39]. The user input parameter is ENC
in units of number of electrons. The number of electrons is converted to charge in coulombs, then
converted to a voltage with preamplifier and amplifier gain applied to be consistent with the collected
charge due to interactions in the detector. The conversion finds the equivalent RMSy.ise Value, which is
then used to calculate a normal distribution. The conversion from ENC to RMSpise is shown in Equation 8.
RMSnoise is in units of volts. Voltage values are randomly pulled from the normal distribution (Equation 8.1)
and added to each pulse-height. In the equation, the mean (u) equals zero volts. An ENC = 100 electrons
was used for all DRFs shown in the results section, unless specified otherwise. This method allows users
to adjust for noise at the output of the total readout (the sum of all noise sources and filters) that directly
effects the pulse-height spectrum, while being simple to adapt to future configurations (detectors,
preamplifier, and amplifier settings).

ENC - (1.602 x 1071 C) - gain
Cr

= RMSy ise = Onoise (8)

_ 1 l/x—u z
fx) = mexp <—§<Gn0ise) > (8.1)
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3. Measurements

All measurements were taken with the same ORTEC GEM140 HPGe detector connected to the ORTEC
DigiDART portable MCA and shaping amplifier. Spectra were collected, and initial peak analysis was
conducted using the DigiDART system with further analysis in Python. Measurements of ¥’Cs, %°Co, and
133Ba were taken. The ¥7Cs, ©°Co, and **Ba sources were 429.4 uCi, 52.97 uCi, and 108.1 uCi. For the ¥’Cs
measurement, the source was placed one meter from the front face of the detector. For the other two
sources, the measurements started at about one meter, and then the source was moved closer to
progressively increase the count rate and dead time. The goal for the ®°Co and **Ba measurements was
to achieve a specific range of dead time values, so we simply moved the source closer or further to increase
the count rate accordingly. Each source was placed on a tripod to make the source level with the detector
and lift it off the concrete floor to limit gamma-ray scattering. Nothing was placed between the detector
and the source, but some gamma-ray scattering in the concrete floor, the tripod itself, and the liquid
nitrogen container/cryostat assembly is still likely. Figure 4 shows the energy resolution versus the
measurement dead time at different gamma-ray energies. The energy resolution at 1332 keV is 0.19%
measured with a 3% dead time.
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Figure 4: The energy resolution versus the dead time at different gamma-ray energies, measured with
the ORTEC GEM140 HPGe detector. The energy resolution at 1332 keV is 0.19% measured with a 3%

dead time.
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4. Results and Discussion

The same detector/preamplifier parameters were used in DRIFT for all DRFs to ensure consistency. The
Fano-factor and ENC parameters were determined through trial and error to find a pair of values that
generate matching peak widths across the full energy spectrum. If the Fano-factor and ENC are not
balanced correctly, then peak widths may match at low energies and not high energies, or vice-versa. The
ENC has more influence on energy resolution at lower energies than higher energies, whereas the Fano-
factor contributes significantly to resolution at all energies. We compare DRFs to measurements of °Co,
1333, and 1*’Cs sources. The only difference between the three different source DRFs is the source card in
the MCNP® simulation. No background was simulated. Count rates and dead times were adjusted for each
DRF so that they are equal to the count rate and dead time observed during the compared measurement.
When adjusting count rates and dead times, no other parameters were adjusted. The energies and
branching ratios modeled in each MCNP® simulation are shown in Table 1 [50]. The values shown in the
table are not normalized, but are by MCNP®,

Table 1: A list of the gamma ray energies included in each DRF with their branching ratio [50].
Branching ratios are not normalized in the table.

Energy (MeV) Branching Ratio (1,)
137cS
0.661657 0.851
0.0365 0.0243
0.03219 0.0367
0.031816 0.0199
GOCO
1.332492 0.999826
1.173228 0.9985
0.8261 0.000076
0.34714 0.000075
13BBa
0.38385 0.0894
0.356 0.6205
0.30285 0.1834
0.2764 0.0716
0.08099 0.329
0.0796 0.0265
0.0532 0.0214
0.0358 0.429
0.0353 0.395
0.03097 0.602
0.0306 0.326
0.0047 0.153

4.1. ®Co

Figure 5 shows the DRF and measured spectra of a ®°Co source with a 3% dead time at 1616 counts
per second (cps). Figure 5a shows the full spectrum, and Figure 5b shows a close-up of the two full energy
peaks. The profile of the peaks and Compton continuum match up well. There is a small sign of low energy
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tailing on the measured 1.33 MeV peak, which could be due to incomplete charge collection. The region
between the two full energy peaks is slightly elevated in the measured spectra, most likely due to the high
energy background that was not modeled in the DRF. The elevated backscatter region in the measured
spectrum is most probably explained by differences in the MCNP® simulation and measurement
environment. The MCNP® simulation contained the detector and it’s housing, and the point source in air.
The measurement environment contains some additional scattering materials, such as the liquid nitrogen
cryostat and cooling rod, the floor, and the tripod holding the source. This difference highlights the
importance of the scattering environment when building DRFs.

Figure 6 shows the DRF and measured spectra of a ®°Co source at a higher dead time and count rate
of 82% and 87851 cps. Everything in the spectrum < 1.33 MeV is similar to Figure 5, except for additional
peak broadening and peak tailing in the measured spectrum. The obvious differences at high count rates
are above 1.33 MeV, where severe pile-up is observed. This consists of a pile-up continuum and three pile-
up peaks. A close-up of the pile-up peaks is shown in Figure 7. The differences in the relative pile-up peak
heights can be explained by gamma-coincidence. In MCNP®, each energy in the ®°Co source was modeled
as a simple isotropic source, neglecting any effect of gamma-coincidence in both MCNP® and DRIFT. Due
to gamma coincidence, it is less probable to have two gamma-rays of the same energy pile-up than it is to
have one of each to pile-up. The difference in the overall pile-up counts could be contributed to the lack
of background in the DRF. By using the same count rate in the DRF as the measured spectra, we are
neglecting the fact that any measured spectra have background contributing to the count rate and to pile-
up. The consequence is an over-estimation of the severity of ®°Co pile-up in the DRF because the actual
80Co count rate is lower than the total measured count rate (*°Co plus background). Furthermore, when
background contributes to pile-up, it may produce a slightly different pile-up region while contributing to
peak broadening. The full energy peaks in Figure 6b are slightly broader than the DRF. Since the additional
broadening is uniform, we suspect that this could be from two primary sources. First, this measurement
may have had a higher level of electronic noise than other measurements. Noise contributes to broadening
at all energies but is more impactful to energy resolution at lower energies, so it could worsen resolution
more at 1.17 MeV and 1.33 MeV, and not as much in the pile-up peak energies. However, the experimental
measurement data does show that resolution worsens slightly at higher count rates. A more likely cause
could be the automatic pile-up rejection and pole zero adjustment on the ORTEC DigiDART portable MCA
and shaping amplifier was not perfectly optimized. This can cause pile-up to occur on the tails of the
trapezoidal shaped pulses without being rejected, which would cause tailing/broadening on the high-
energy side of full energy peaks. If this happens in addition to overshoot (the trapezoidal pulse falling
below baseline), then we could see tailing/broadening on both sides of the full energy peak.
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Figure 5: The DRF and measured spectra of a ®°Co source (a), and a close-up of the two full
energy peaks (b). Both have a 3% dead time and count rate of 1616 cps. Measured background
is also shown. Discrepancies include a more elevated backscatter region of the measured
spectrum.



a) DRF pulse-height

1.17 MeV 1.33 MeV

Pile up peaks

relative counts
relative counts

—— measured spectra

—— DRF spectra

measured pulse-height

DRF pulse-height

1.17 MeV ﬂ 1.33 MeV

—

relative counts
relative counts

—— measured spectra

—— DREF spectra

measured pulse-height

Figure 6: The DRF and measured spectra of a ®°Co source (a), and a close-up of the two full
energy peaks (b). Both have an 82% dead time and count rate of 87851 cps. Discrepancies
include broader full-energy peaks in measured spectra and more elevated pile-up in the DRF.
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Figure 7: The DRF and measured spectra showing the pile up peaks of a °Co source. Both have
an 82% dead time and count rate of 87851 cps. Discrepancies include more severe pile-up and
less variation between different pile-up peaks.

4.2. 3Ba

Figure 8a shows the DRF and measured spectra of a 133Ba source at a dead time of 9.28% and count
rate of 4698 cps. The X-ray peaks, Compton region, and full energy peaks are in good agreement in both
their peak profiles and positions. There are peaks in the measured spectra at 161 keV (1,=0.00638) and
223 keV (1,=0.00453) that are not present in the DRF. These are **Ba gamma energies of low branching
ratios that were not modeled in the MCNP® simulation. These energies also appear to be causing Compton
scattering that is not present in the DRF. There is also an additional pile-up peak in the DRF above the 384
keV energy peak. This pile-up peak is the result of X-rays piling up on the 356 keV gamma ray peak. The
cause of this discrepancy is addressed in the discussion of Figure 9. A close-up of the full energy peaks are
shown in Figure 8b.

Figure 9 shows the DRF and measured spectra at a higher dead time and count rate of 79.56% and
80692 cps. There is extra high energy tailing in the measured spectra, which could have a few probable
causes. The ORTEC DigiDART portable digitizer and shaping amplifier has a pole-zero adjustment (or tilt
adjustment). An incorrect pole-zero adjustment that results in undershoot (the signal failing to return to
baseline) would cause high energy tailing on full energy peaks at high count rates. Both Figure 8a and
Figure 9 have more severe pile-up in the DRF than the measured spectrum. Like the 8°Co case, the lack of
background counts causes an over-estimation of the source pile-up in the DRF. The relative pile-up peak
heights in the DRF are different from the measured spectrum. Like the ®°Co example, this can be explained
by the lack of gamma-coincidence modeling when generating the DRF.
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Figure 8: The DRF and measured spectra of a *3Ba source (a), and a close-up of the four full
energy peaks (b). Both have a 9.28% dead time and count rate of 4698 cps. Discrepancies
include un-modeled gamma-ray energies and a pile-up of X-rays on the 356 keV peak in the
DRF..
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a 133Ba source. Both have a 79.56% dead time and count rate of 80692 cps. Discrepancies
include more severe tailing in the measured spectrum and more severe pile-up on the DRF
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4.3. ¥Cs

The DRF and measured spectrum of a 3’Cs source are compared in Figure 10. The two spectra match
well across the full energy range, except for the backscatter peak/region. This is also seen and explained
in the ®Co comparisons and is most likely a cause of differences in the MCNP® simulation environment
and measurement environment. Additionally, high energy tailing (and minor low energy tailing), is mostly
likely due to a small amount of tail pile-up occurring and not being rejected by the pile-up rejection. Like
the previous cases, this could be exacerbated by an undershoot of the shaped amplifier pulse.
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Figure 10: The DRF with measured spectra of a *’Cs source (a) and a close up of the 0.662 MeV
full energy peak (b). Both have a 14% dead time and count rate of 7576 cps. Discrepancies
include an increased backscatter and peak tailing in the measured spectrum.
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4.4. Parameter Study

Previously shown results compare DRFs to measurements using a fixed set of parameters to match a
single detector. We conducted an additional parameter study to demonstrate the effect of changing
certain parameters in the DRIFT simulation. This demonstrates that a DRF can be highly dependent on the
physical parameters of the device, and can be finely tuned to better suit a wider range of detectors.
Including the pulse height tally (F8 tally) illustrates the difference between using only MCNP®, which does
not account for the effects of charge transport/collection and the electronic readout, and DRIiFT, which
does take these factors into account.

Figure 11 shows DRFs of a ®°Co source with different parameters and an F8 tally. The four pulse height
spectra in the figure appear to be very similar when looking at the full spectrum (Figure 11a), with some
differences in pulse heights. This is expected when considering the excellent energy resolution of HPGe. A
closer look at the full energy peaks (Figure 11b), reveals differences. See the legend for a representation
of different cases. For the case of 1.=0.0001 seconds, all detector parameters are the same as used in
Figures 4-9. The parameters are as follows: Fano-factor=0.13, ENC=100 electrons, electron and hole
lifetime of 0.0001 seconds, saturation velocity=9.6x10% cm/s, W-value=2.964 eV/pair, electron
mobility=36000 cm?/V/s, and hole mobility=42000 cm?/V/s. The count rate and dead time used are 5936
cps and 11%, respectively. For the case of 1.=0.00002 seconds, only the electron carrier lifetime is
decreased from 1x10* seconds, to 2x10™ seconds. The decrease in lifetime causes more charge losses
during transport, which is seen as low energy peak broadening. The extent and shape of the low energy
broadening will ultimately depend on the detector. For large detectors, the charge carrier transport times
for electrons or holes may vary drastically, so the effects of charge losses will vary depending on which
charge carrier lifetime is increased/decreased. In the case of t.=1 second and ENC=300 electrons, the
charge carrier lifetime is large enough that negligible charge is lost. The noise level is increased to show
the increase in peak broadening, however, at ®°Co energies, this has less of an effect as it would at lower
energies. The last notable difference between the different cases are the apparent peak positions. The
T.=1 second and ENC=300 case has no charge loss due to trapping, so all peak broadening is uniform. The
result is a full energy peak that uniformly sits around each gamma-ray energy (1.17 MeV and 1.33 MeV).
In contrast, the cases with charge losses due to trapping exhibit peaks that do not fit uniformly around the
gamma-ray energy. This is an important distinction because if gaussian energy broadening (GEB) was
added to the F8-tally using only the tools provided within MCNP®, it would cause uniform broadening that
is inconsistent with that of charge losses.
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Figure 11: ®9Co DRFs with varying parameters compared to an F8-tally. The full spectrum (a) and a
close-up of the two full energy peaks (b).

471 4.5. Modeling Limitations

472 While these models show good agreement with benchmark data there are some explainable
473  discrepancies. These are primarily due to limitations in the fidelity of the MCNP® model of the surrounding
474 room used as the benchmark. One example of this is backscatter, which is underrepresented in the DRFs
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due to the lack of scattering environment in the MCNP® simulation. The MCNP® simulations used to build
the DRFs shown here does not include the concrete floor, the tripod which holds the source, or the liquid
nitrogen cryostat attached to the detector. While none of these scattering centers lie in the direct path of
between the source and detector, some scattering is inevitable. Similarly, the lack of background modeling
in the MCNP® simulation led to observable differences between DRFs and measurements. The count rates
of measured spectrum include counts from both the source and background. By using the same count
rate/dead time in the DRF as what was measured in the benchmark data, we assume that all counts are
from the source. This leads to an over-estimation of source pile-up. Differences in relative pile-up peak
heights were also observable, which can be explained by not accounting for gamma-coincidence in the
source model. However, these results show that we can use DRIFT with an imperfect MCNP® simulation
to build DRFs that are consistent with measurements, while the parameter study shows that we can
influence the spectrum significantly by changing parameter values in the DRIiFT simulation.

5. Conclusions

Implementation of physics-based semiconductor response capabilities in DRiFT have been introduced
and demonstrated. This capability reads MCNP® output (ptrac) and conducts charge transport simulations
using Shockley-Ramo theorem to calculate the charge induced on the readout. This is followed by charge
sensitive preamplifier, trapezoidal shaping amplifier, pile-up, and noise models. Using Monte-Carlo particle
transport simulations to model radiation interactions in the detector provides flexibility for users to model
a wide range of environments and sources that is unmatched by empirical methods. The charge transport
simulation provides further flexibility in calculating induced signals. The charge transport simulations are
adaptable to different semiconductor materials and shapes, provided an electrostatics model of the
detector. There are also adjustable parameters to adapt charge transport to individual detectors. These
include the electron mobility, hole mobility, electron lifetime, hole lifetime, Fano-factor, W-value, and
saturation velocity. The readout modules are based on first principles and empirical methods to remain
effective while minimizing complexity and computational time. The charge sensitive preamplifier model
has adjustable parameters for feedback resistance and feedback capacitance, which affect signal gain and
decay. The shaping amplifier has adjustable parameters for rise time, flat top duration, and gain, which
effect ballistic deficit and signal amplification. The pile-up model can utilize either source activity or count
rate and dead time for calculations. The electronic noise model has one parameter for the equivalent noise
charge to adjust the severity or magnitude of the noise distribution. DRFs of ®°Co, **Ba, and *’Cs show
good agreement with measurements at various count rates with explainable discrepancies. In the future
we plan to improve our benchmark comparisons by increasing the fidelity MCNP® model of the
environment and background. The discrepancies between the DRFs and the measurements illustrate the
significance of modeling the environment correctly in MCNP®, especially the source (with background),
and the scattering regions.
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