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ABSTRACT 

The response of a silicon surface-barrier detector with proton radiator 
to a pulsed 14-MeV neutron source was measured. It was found that a single 
detector of area 1 cm 2 could be used to confirm the presence, or absence, 
of source neutrons in a given time domain with 99.9% confidence for a 
fluence of 2400 neutrons/cm2. Five detectors in parallel would give the 
same result for 480 neutrons/cm2, and ten detectors in parallel for 240 
neutrons/cm2. Absolute fluence measurements using a single detector could 
be made with an uncertainty of less than ± 20% at fluences greater than 
8.6 x 10^ neutrons/cm2, and less than ± 10% at fluences greater than 
3.5 x 10^. The use of multiple detectors would reduce these minimum 
fluence levels required for a given uncertainty in direct proportion to the 
number of detectors used. 
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SILICON SURFACE BARRIER DETECTOR APPLICATION 
TO PULSED NEUTRON MEASUREMENTS 

Introduction 

Measurements were made to characterize silicon-surface barrier detectors 
for possible Joint Test Assembly (JTA) applications. These detectors would 
be used for neutru> flux measurements to provide diagnostics of neutron 
generator output. The surface-barrier detector is a miniature radiation 
detector that is sensitive to ionizing radiation and charged particles. 
Neutron detection is accomplished by placing a proton radiator, e.g., 
polyethylene, next to the detector so that neutron elastic scatterings 
with hydrogen atoms result in energetic protons being ejected from the 
radiator into the sensitive region of the detector. Elastic scattering of 
the 14 MeV neutron flux produces protons with energies up to 7 MeV that 
deposit their full energy in the surface-barrier detector by creating 
hole-electron pairs, 3.6 eV per pair, over a path length of up to 400 pm. A 
fast rise, narrow width pulse results when the hole-electron pairs are swept 
out of the detector by an electric field. Each proton entering the detector 
gives rise to a single pulse. At very low neutron flux levels, single or 
multiple proton pulses above a specified threshold level could be used to 
confirm neutron generator output in the time frame of interest. At higher 
flux levels, multiple proton pulses could be counted, or integrated, to 
obtain absolute flux as well as pulse shape information. 
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Silicon surface-barrier diodes operate on the same basic principle as 
p-n junction diodes. The rectifying junction in the surface-barrier diode, 
however, is made between an evaporated gold layer and the high resistivity 
n-type silicon. The evaporated gold layer rectifying contact is typically 
40 tig/cm2 thick. The rear ohmic contact, made from evaporated aluminum, is 
also typically 40 yg/cm2. The diode is reverse biased (positive polarity 
on aluminum contact) so as to oppose injection of majority carriers into the 
bulk material. Injection of minority carriers is aided by this biasing 
method, but these carriers are almost nonexistent, so that only a very small 
diode current exists under reverse bias. An electric field -is established in 
the bulk material when the diode is reverse biased, as shown in Figure 1. 
The diode may be partially depleted (case a), totally depleted (case b), or 
overly depleted (case c), depending on the magnitude of the applied bias. 
The field region of the detector is called the depletion region since free 
charge carriers are swept out of this region by an electric field. Free 
charge carriers come only from the depletion region, so this region is also 
called the sensitive region. The depth of the depletion region, W, is 
obtained from basic electrostatic considerations, and is given by 

W = 0.5 ( p V ) 1 / 2 

where P is the resistivity of the bulk n-type silicon, and V is the applied 
bias. 1 

The surface barrier detector is small in size, satisfying the JTA 
requirement of being a miniature radiation detector. Tha physical shape of 
the detector is that of a cylindrical wafer with an area of up to a few 
square centimeters, and a thickness of up to a few thousand microns. For the 
proton radiator application, a detector that is as thick as 400 vm will 
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totally stop the most energetic proton (7 MeV) emitted from 14 MeV neutron 
interactions. The proton radiator material should also be at least as thick 
as the range of the most energetic proton to achieve maximum efficiency. A 
polyethylene radiator as thin as 625 vm could be used to satisfy this condi
tion for 14 MeV neutrons. The total volume of a 1 cm 2 radiator/surface-
barrier detector, then could be as small as 0.1 cm 3 and still achieve the 
maximum efficiency for this type of detector. 

Detector Efficiency 

The neutron detection efficiency of the proton radiator/surface barrier 
detector was measured using a 14 MeV pulsed neutron source, proton radiators 
of both polyethylene and paraffin, and surface barrier detectors of dimensions 
300 nm z x 1000 um, and 100 mm 2 x 500 vm. The bias voltage for total 
depletion of the 1000 u m detector was 320 V, and for the 500 y m detector, 
170 V. The output of the surface barrier detector across a 50 ohm current 
viewing resistor was recorded on an oscilloscope. Typical outputs of the 
surface barrier detector, and a source normalization detector, are given in 
Figure 2. Both detectors were at the same distance from the neutron source. 
Individual proton pulses observed with the surface barrier detector are fast 
rise, narrow width pulses. Individual pulses greater than three times the 
noise level were counted as signal pulses. The incident neutron fluence was 
obtained by numerically integrating the area under the output trace of the 
normalization counter and applying a known calibration conversion factor. 
The results of these measurements on the neutron detection efficiency are 
given in Table I. The results show a detection efficiency of 0.29% for the 
surface barrier detector with polyethylene radiator, and 0.34% with a paraffin 
radiator. Placing a radiator behind the detector gave no increase in signal. 
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These efficiency values indicate that for 1000 neutrons incident 
on the detector, we would expect to measure 2.9 +_ 0.2 proton events using the 
polyethylene radiator/surface barrier detector. This number could be increased 
by using multiple detectors in parallel and summing the outputs. A stack of 
surface barrier detectors with alternating layers of proton radiator material 
would increase the detection efficiency in direct proportion to the number of 
detectors used. The number of counts as a function of neutron fluence are 
given in Figure 3 for a single detector of 1 cm 2 area, and for stacks of 2, 
5, 10 and 20 detectors. 

At high flux rates, where the number of measurable events (pulses) is 
greater than approximately 100, the statistical uncertainty is less than ± 108, 
and the number of measured events could be used to give a measure of the 
absolute neutron fluence, and the time distribution of events could be used 
for pulse shape and timing information. At very low flux rates, where the 
number of measurable events is less than 10 with the statistical uncertainty 
greater than + 30%, tha measurad events could be used to confirm that the 
neutron generator produced neutrons in the time frame of interest. The 
significance of a few measurable events for determining whether or not 
neutrons are present can be obtained for a statistical analysis. 

Statistical Considerations 

Nearly all observations in nuclear physics are described by Poisson's 
distribution which applies to random processes whose probability of occurrence 
is small' but constant. If N is the number of measured events from such a 
process, the statistical uncertainty in the measurement is _+ (N) ' . The prob
ability that at least one event is measured, the quantity of interest in 
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determining whether or not neutrons were produced by the generators, is given 
by the formulation 

P(x = N) = ^ -

where P is che probability that the random variable x takes on the value N, a 

is the average or expected number of events, and N is the number of events 
actually measured. To determine the probability of N equal to 1 or more, we 
need merely to subtract P(x = 0) from unity. For the probability of N equal 
to 2 or more, we subtract P(x = 0) and P(X = 1) from unity, etc. The prob
ability of measuring N or more events as a function of the expected number of 
events is given in Figure 4 for values of N equal to 1 and 2. From this 
analysis we conclude that there is a 99% probability of detecting one or more 
events if the average number of measured events is expected to be 4.6, and a 
99.9% probability if the average number of events is 6.9. 

The number of parallel detectors required to give a certain confidence 
level for a given neutron fluence can be obtained by combining the information 
in Figures 3 and 4. This has been done, and the results are given in Figure 
5 for the 955!, 99.0% and 99.9% confidence levels of measuring at least one 
event (N = 1), where the detectors are of area 1 cm 2. A stack of 5 detectors, 
for example, gives a 95% confidence of measuring at least one proton pulse 
for fluences greater than 200 n/cm2, 99% confidence for fluences greater 
than 320 n/cm2, and 99.9% confidence for fluences greater than 480 n/cm2. 
A single detector would require a fluence of 1000 n/cm2 to give 95% confi
dence of measuring at least one proton pulse, 1600 n/cm2 for 99% confidence, 
and 2400 n/cm2 for 99.9% confidence. The results of Figure 5, then, are 
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universal curves that can be applied to any anticipated neutron pulse width 

and flux to determine the detector array required to give the desired 

conf1dence 1evel. 

Conclusion 

The efficiency of a silicon surface-barrier detector with a proton 

radiator for detecting 14-MeV neutrons was measured as 0.29% using a poly

ethylene radiator, and 0.34% using a paraffin radiator. An absolute fluence 

and timing information can be obtained by counting the number and time 

distribution of pulses from the radiator/surface-barrier detector. Fluence 

values with an accuracy better than ± 10% could be obtained with a single 

1 cm2 detector at fluence levels greater than 3.5 x 10* n/cm2, and 

± 20% at fluence levels greater than 8.6 x. 10 3 n/cm2. The use of multiple 

detectors would reduce these minimum fluence levels in direct proportion to 

the number of detectors used. The presence or absence of source neutrons in 

the time domain of interest using a single 1 cm? detector could be determined 

with a 99.9% confidence for a fluence of 2400 n/cm2, 99.0% confidence for 

1600 n/cm2, and 95% confidence for 1000 n/cm2. The same confidence 

levels could be obtained with five detectors in parallel at 480, 320 and 

200 n/cm2, respectively, and with ten detectors in parallel at 240, 160 and 

100 n/cm2, respectively. The volume occupied by a single 1 cm2 area 

surface-barrier detector could be as small as 0.1 cm ,̂ satisfying the 

requirement of miniaturization for many JTA applications. 
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TABLE I 

DETECTION EFFICIENCY OF A SILICON SURFACE BARRIER 
DETECTOR WITH PROTON RADIATOR FOR 14-KeV NEUTRONS 

AT NORMAL INCIDENCE. 

Radiator Detector Percent Efficiency 
Proton Position Depletion (counts/neutron 

Radiator w/Detector Region (urn) X 200) 

Polyethylene Front 1000 0.30 ± .02 
Polyethylene Front 500 0.28 ± .04 
Polyethylene Front i 1000 0,29 ± .02 

Rear 
Paraffin Front 1000 0.30 ± .02 
Paraffin Front 500 0.38 ± .04 
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Figure 1. Representation of electric field, E, in a surface barrier detector 
depicting the width of the depletion region, W, relative to the 
physical thickness, L, for the cases of (a) partial depletion, 
(b) total depletion, and (c) over depletion. 
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Figure 2. Typical scope of traces of the response of a silicon surface-
barrier detector with polyethylene proton radiator (upper 
traces), and a plastic scintillator/photomultiplier tube 
calibration detector (lower traces) to a pulsed 14-HeV neutron 
flux. 
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Figure 3. Number of detector events (counts) as a function of ..eutron fluence for multiple 

detector arrays. 
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Poisson Statistics 
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Figure 4. Poisson statistical probability of measuring N or more events (counts) as 
a function of the inspected or average number of events. 
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Figure 5. Number of detectors required to give 99.9, 99.0, and 95.0% confidence 
of detecting one or more events as a function of neutron fluence. 


