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ABSTRACT. (U) A neutron detector based on a multi-layer silicon proton
recoil detection scheme is under development. The neutron detector uses
polyethylene sheets as a neutron convertor and a stack of three silicon
wafers to detect the recoiling protons. The multi-layer silicon detector
features variable threshold for low energy neutrons, nominal 2r directional
response, and low sensitivity to gamma rays. Pulse processing electronics
has been developed to analyze signal events in real time to determine the
direction of the incoming neutron. The multi-layer silicon sensor system has
been tested under various neutron and gamma radiation conditions. The

sensor efficiency and angular response have been measured for 15 MeV
monoenergetic neutrons.
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1. INTRODUCTION (U)

(U) A key element of the Neutral Particle Beam (NPB) discrimination is the sensor
required to detect the neutron emissions from the NPB irradiated target. Due to the
nature of the background radiation environment, an operational sensor must satisfy
top level requirements of directionality, energy thresholding for neutrons, and low
sensitivity to gamma radiation. The directional capability of the sensor will reduce the
background from the earth's neutron albedo and some cosmic ray induced activity; the
energy threshold will eliminate the background from the low energy neutrons from a
fission pulse; likewise, the gamma sensitivity should be significantly low so that
delayed gammas from a fission pulse do not compromise the operation of the sensor.

(U) We have been developing a neutron sensor based on a Multi-Layer Silicon (MLS)
detection system that meets all the requirements of a candidate sensor. In this paper
we report on the development and testing of a MLS sensor unit. A brief description of

the MLS sensor system is presented along with a discussion of the experimental tests
and the performance of the detector under various irradiation conditions.

2. MLS NEUTRON SENSOR SYSTEM (U)
2.1 The MLS Detector (U)

(U) We have configured a basic MLS detector to demonstrate its characteristics
of energy thresholding and directionality. The configuration used is shown in Figure 1
and consists of three partially depleted silicon (Si) wafers adjacent to a polyethylene
(CH2) convertor. The CHz layer serves as a scattering medium for incoming neutrons
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producing recoil protons in the process. The high-energy protons emerge from the

CH2 convertor layer and are detected by the Si stack to produce a proton recoil
detector. The key to the operation of the MLS detector is the orientation of the Si

wafers within the stack. The first wafer is oriented so that its dead layer is facing the
front and the depletion (or active) zone faces the rear. This is the wafer that is
responsible for the thresholding capability. By lowering the bias voltage applied to the
detector, we increase the energy threshold since protons of higher energy are needed
to penetrate through the increased dead layer into the depletion zone. This technique
produces a continuously variable threshold that is adjusted by merely raising or
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Figure 1. (U) Schematic diagram of the cross sectional view of the detection plane of
a Multi-Layer Silicon sensor.

lowering the bias voltage applied to the detector. The second and third wafers in the

stack produce the directional characteristic of the detector. For these wafers, the

depletion zones are closely matched by bias voltage settings and are both facing the

front of the detector. The depletion zones are fixed at an appropriate thickness so that o
sufficient energy is deposited by a proton to exceed the setting of the lower level  -o
discriminator which is set to eliminate the gamma energy deposition. A proton passing - ;,44,
through the stack deposits more energy per unit length as its energy decreases. This .5
fact is used to determine the direction of the recoiling proton by comparing the energy .. ¢q
deposited in the second and third wafers of the stack. If the energy deposited in the .-

third layer exceeds that in the second layer, the recoil proton is passing from the front —-———
to the rear of the detector and vice versa. This logic is easily incorporated into puise

processing electronics to determine the direction of the recoil proton. o oution
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(U) Note that the third wafer has its dead layer facing the rear CHg layer thus imposing
a fixed threshold to recoil protons coming from the rear of the stack. A unique feature
of the MLS sensor is that the proton recoils from the low energy neutrons are stopped
in dead layers, thus eliminating sub-threshold events and thereby reducing electronic
pile-up and drift effects that a high count rate background might otherwise create.

(U) In the present investigation we have used 5.08cm x 5.08cm (25.8cm?2 active area)
silicon wafers that are segmented into four quadrants (nominally 1 in. x 1 in.). The
detectors are nominally 300um thick and capable of full depletion at applied bias
voltages of 30 to 60 voilts. The MLS detector is configured with three of these Si
wafers with ultra-high molecular weight (UHMW) polyethylene sheets mounted front
and rear.

(U) At this phase of the sensor development we selected 300um thick Si wafers over
the more conventional 500um to gain added flexibility in testing the MLS concept.
Although higher neutron energy thresholds can be achieved with 500um thick Si, with
the 300um thick Si we have interposed thin aluminum filters between the CHj3 and the
first Si wafer to achieve the same dynamic range as the 500um Si.

2.1 MLS Electronics (U)

(U) The pulse processing electronics consists of an analog and a digital stage for real-
time event processing. The analog bcard contains inputs for four separate detectors
each consisting of three wafers in a stack. Each input consists of a LeCroy HQV110
preamplifier foilowed by an amplifier and shaping circuit. The digital board contains
the peak-detect circuit, the comparators and the programmable logic array. There are
only three outputs on the digital board, i.e., the event present, valid event and invalid
event. A valid event is one for which the logic has determined the recoil proton passed
from front to rear of the detector stack; for an invalid event the proton passed from the
rear to the front of the detector.

(U) A signal occurring in any of the three wafers of the stack will trigger the system and
the event is analyzed based on the signals or lack of signal from the three wafers. A
discriminator level is set at each input (0 eliminate noise and unwanted puises due to
gamma interactions. The signals are amplified and shaped for acceptance by the
peak detect circuits which establish the pulse heights. The coincident pulses that
occur in the second and third wafers of the stack pass into a comparator circuit to
determine which wafer has produced the greater pulse height. The logic array (PAL)
has been programmed to categorize each event as valid or invalid based on the
pulses from each of the three input channels. An event, for example, that does not
trigger the first channel of the stack is designated as an invalid event because the
event could not have originated at the iront of the detector stack. Likewise, an event
that does not trigger the third channel is designated as valid since it could not have
originated at the rear of the detector. Only when an event triggers all three channels
does the result of the pulse height comparison in channels two and three come into
play in the designation of the event as valid .or invalid. All possible event combinations
are coded to produce the most likely designation for each event. A buffer amplifier
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produces the output pulses to increment counters for the event present and the event
designation. Real-time analysis is a requirement for an operational sensor to assure
that the discrimination time is kept to a minimum.

3. SENSOR TESTS AND RESULTS (U)

(U) Initially, functional tests were conducted to evaluate the pulse processing circuitry
and validate the logic. The bare MLS detector stack {without CH2) was irradiated with
high energy protons (Ep=13.5 MeV) incident on the front of the detector. The protons
were generated with the 2H(3He,p)4He reaction at EzHe=1.2 MeV using the 4 MV
Grumman Van de Graaff accelerator. Fully 99.3% of the events were correctly
designated as valid events. The detector was then reversed so the protons were
incident on the rear of the detector stack, resulting in 97.5% of the events correctly
identified as invalid events.

(U) The Grumman Van de Graaff accelerator was also used to generate neutrons with
the 3H(2H,4He)n reaction. To characterize the neutron flux generated, we measured
the neutron spectrum at 0 degrees with respect to the incoming deuteron beam using
a BC501 liquid scintillator. Upon deconvolution of the spectrum using the FORIST
code, we obtained nominal 15 MeV neutrons at a flux of approximately 2.2x103
n/cm2es as shown in Figure 2.
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Figure 2. (U) Spectrum of 15 MeV neutrons used in the MLS sensor tests. The
spectrum was deconvolved using the FORIST code.
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(U) The MLS neutron detector unit was mounted in an evacuated test chamber with a
thin aluminum end plate. A small silicon surface barrier detector with a 1.5mm thick

polyethylene convertor in front was situated next to the MLS detector to serve as a
neutron monitor.

(U) The spectral response of the first wafer in the silicon stack is shown in Figure 3 for
two different energy threshold settings. The MLS sensor was irradiated with 15 MeV

neutrons and a gamma flux of 2x106 y/cm2es from a 137Cs source situated at the front
of the sensor. The portion of the spectrum due to only gammas incident on the sensor
is shown by the dashed line in the figure. The gamma ray contribution to the spectrum
is at low energy due to the thin depletion regions of the silicon wafers and the fact that
specific energy loss for electron in silicon is 15 to 20 times smaller than for protons of
the same energy. No evidence of pile-up exists at this gamma flux level so a
discriminator level setting just above the edge of the gamma contribution would
eliminate the gamma influence. The broad feature at the center of the spectrum is due
to proton recoils from the CH2 convertor layer and the low count-rate continuum at
higher channels (>240) is due to neutron interactions in the silicon. A similar set of
spectral features is shown in Figure 3B for the higher energy threshold setting (7.5
MeV). For the higher threshold, the depletion region is thinner and less energy is
deposited in the first silicon wafer by the electrons and recoil protons.
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Figure 3. (U) Spectra from the first wafer of the silicon stack for two neutron energy
thresholds. The response to irradiation by 15 MeV neutrons and 0.662
MeV gamma rays (dashed line) is shown.

(U) The MLS sensor efficiency for 15 MeV neutrons was measured as a function of
CHpa convertor thickness and neutron energy threshold. Figure 4 shows the intrinsic
efficiency versus the CHz convertor thickness for the zero threshold condition (i.e., the
threshold layer Si wafer is fully depleted). The data are plotted along with the
calculated efficiency. The shape of the curve is nearly linear for very thin (<400um)
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CHz2 layers since most of the recoil protons from the 15 MeV neutrons escape the CHa
layer and are detected in the Si detector. As the CH2 layer becomes thicker, the
fraction of recoil protons that are stopped in the polyethylene increases. When the
CH3 layer becomes thicker than the range of the maximum energy recoil proton that
can be produced, the efficiency no longer increases with CHjz thickness. Efficiency
curves of these types are highly dependent on the incident neutron energy and the
setting of a neutron energy threshold. The maximum efficiency for low energy
neutrons is achieved with thinner CH2 layers and for high energy neutrons with thicker
CHa layers.
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Figure 4. (U) MLS detector efficiency measurements and prediction as a function of
polyethylene thickness.

(U) For a 1.5mm thick CH2 layer in front of the MLS sensor we have measured the
efficiency as a function of the neutron energy threshold. Figure 5 shows the resuits for
threshold energy settings ranging from no threshoid to 7.5 MeV. The efficiency at

TH=7.5 MeV is approximately one-half that for no threshold. The intrinsic efficiency is
readily calculated for a given MLS sensor configuration so we are able to determine
the appropriate CHa thickness to achieve optimal efficiency for a given neutron energy
or neutron energy distribution incident on the sensor.
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Figure 5. (U) MLS detector efficiency for 1.5mm polyethylene as a function of neutron
energy threshold level.

(U) The angular response of the MLS sensor to 15 MeV neutrons has also been
measured at four incident angles as shown in Figure 6. These data are the net counts
from the neutron interactions in the CHy layer. The shape of the angular response
matches the cosine squared function piotted in the figure (solid line). When coupled
with the front-to-back directionality of the sensor, this response results in a slightly
better than 2x directionality for the MLS sensor.

4. CONCLUSIONS (U)

(U) The MLS neutron sensor is based on proton recoil detection using a stack of three
partially depleted silicon wafers. The depletion region can be quite thin (~100um) so a
low cost, low resistivity silicon can be used. The bias voltage requirements for the
MLS sensor are typically 50 volts or less. The sensor is able to achieve a continuously
variable neutron energy threshold by adjusting the applied bias voitage on the first
(threshold) wafer in the stack. A key feature of the threshold capability is that
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Figure 6. (U) Angular response of the MLS detector to 15 MeV neutrons follows a
cosine-squared function.

subthreshold neutrons generate low energy proton recoils that are stopped in the
dead layer of the sensor and cannot contribute to electronic pile-up. The directional
response of the MLS sensor is nominally 2rx achieved through a real-time, distributed
signal processing of events in the sensor. The geometric configuration of the sensor
contributes to a cosine-squared response, thus improving the angular response in the
forward direction. The gamma sensitivity of the MLS sensor is reduced by using thin
detection regions in the silicon wafers and imposing the required coincidence for
multiple wafers in the silicon stack.

(U) In this report we have demonstrated some of the key features of the MLS sensor
system. The wide range of design parameters that can be varied within the MLS
sensor concept assures that a design configuration for an operational sensor is
achievable.
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