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Abstract—In an effort to better understand the contribution
of terrestrial protons to the counter background, we have devel-
oped a model to examine the production of protons, within an
ionization counter from the interaction of incident neutrons on
the counter material. Results of high energy proton irradiation
on an UltraLo-1800 XIA alpha-particle counter are shown which
indicate that the active signal discrimination is very effective at
rejecting most of the detected events. A Poisson model is described
which gives guidance on making appropriate measurement times
and acceptance criteria for detectors with a range of backgrounds.

Index Terms—Alpha particles, ionization detectors, low-back-
ground, Poisson statistics, protons, terrestrial neutrons.

I. INTRODUCTION

I N PRIOR publications, the importance of reducing the
alpha-particle component to Single-Event Upsets (SEUs)

has been discussed [1]–[4]. The reduction in the alpha-particle
component comes from using materials in the back-end-of-the
line (wiring levels) and solder bumps with very low levels of
Uranium and/or Thorium, reducing contamination of alpha-par-
ticle emitting elements, and shielding the alpha-particles where
possible. It is now common that the alpha-particle emissivity of
these materials is in the ultra-low category ( - ).
For reference, an alpha-particle emissivity of -
corresponds to the detection of only on a 300 mm
wafer. This emission rate is smaller than the typical back-
ground counting rate in conventional gas proportional counters.
Recently ultra-low background ionization-mode counters
from XIA have been shown to have backgrounds of around

- [1]. This is due to the active signal rejection de-
scribed in [1], [5]–[8] which is used effectively to reject alpha
particles emanating from areas other than the sample. This
relaxes the need for the use of ultra-low emissivity materials in
the counter construction.
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In [1] we showed that, using an XIA UltraLo-1800 alpha
particle counter, the number of alpha particles detected from a
300 mm diameter silicon wafer sample increased by nearly a
factor of 2 when the alpha particle detector was moved from a
basement location to the top floor in the same building. We have
recently observed similar behavior using a commercially avail-
able gas proportional detector in the same two locations.
Other classes of events besides the alpha particles from the

same sample (mid air and round events) increased as well. We
reported the results of a nuclear physics-based model which was
used to estimate the number of alpha particles produced by neu-
tron-induced reactions in the silicon sample andwithin the small
active volume of gas above the sample. Themodel demonstrated
that in the presence of terrestrial neutrons, a silicon substrate,
with ostensibly zero alpha particle emission, would record an
alpha particle emissivity of - in this ioniza-
tion counter, at sea level in a room with no neutron attenuation.
New alpha particle emissivity data [9] on the same 300 mm di-
ameter silicon wafer sample, using the same brand of ultra-low
background ionization counters has shown an identical neutron
flux-dependence which supports, at least qualitatively, the re-
sults of the model.
Further, in [1], we discussed the origin of the signals induced

on the anode of the XIA UltraLo-1800 alpha-particle counter
including alpha particles from the sample, mid air, “round,”
ceiling and sidewall events. Mid air events were those events
where the signal rise times were smaller than those expected
from an alpha-particle emitted from the sample. These could
arise from alpha particles emitted from radon gas originating in
the counter materials. Round events refer to a class of events
where the parabolic shape signal induced onto the anode, as the
earliest electrons are collected, is too round compared to that
predicted for its pulse amplitude (energy). These events occur
from incident particles that have significantly smaller ioniza-
tion in the Argon counter gas (dE/dx) than that of alpha parti-
cles. Ceiling events were those events with small rise times and
small pulse amplitudes as one would expect from alpha particles
emitted from the anode. Lastly, sidewall events are those which
induce a signals on the guard electrode which is located at the
same plane as, and outside of, the anode. If signals are induced
on either the anode, or the guard electrode, both are recorded
and the anode signal is fit for risetime, amplitude and rounding.
In this work, we examine four topics of interest in ultra-low

emissivity alpha-particle detection. The first three of which
help us understand the source(s) for the remaining, albeit ex-
tremely low, background in the UltraLo-1800 detector. First we
describe a modeling effort where we consider the production of
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protons from within the counter itself, and from the interaction
of incident neutrons with the counter materials or sample sub-
strate (Ar, plastic, and silicon). Second, we describe the energy
loss of alpha particles and cosmic ray particles in the counter
gas to understand their expected signature as they pass through
the counter. Next, to demonstrate the effect of protons (either
terrestrial, or produced from the neutron-induced protons)
we exposed an XIA UltraLo-1800 alpha-particle counter to a
beam of high-energy protons from the Francis H. Burr Proton
Therapy Center at the Massachusetts General Hospital [10]
and showed, as expected, the detector registers the presence
of the high-energy protons. The active signal discrimination
method, employed to suppress the counter background, is
effective at rejecting most of the incident protons. Finally,
given that we now have an ultra-low background detector for
measuring the activity of our samples, we are interested in
modeling the time required to ensure that our samples have
alpha-particle emissivities lower than our specifications. This
is a different problem than determining the time required to
know the emissivity absolutely. To that end, we utilize the
“Consumer-Producer” problem, common in statistical theory,
as applied here to the issue of accepting a production lot of
ultra-low emissivity raw material from a supplier. The model
uses Poisson statistics and examines the confidence intervals
for various measurement times so that the Consumer can have
a certain level of assurance that the incoming material meets or
exceeds the required specifications.

II. PROTON PRODUCTION VIA THE (N,P) REACTION

We have modeled the interaction of terrestrial neutrons in the
materials within the XIA UltraLo-1800 alpha-particle counter.
The modeling setup follows the methodology which we used
to calculate the alpha-particle flux generated from incident neu-
trons on silicon and in the argon gas [1]. In the current work, we
were interested in proton production from the incident neutrons
via (n,p) reactions. The calculations were Monte-Carlo simula-
tions performed with IBM’s SEMM-2 SEU system, [11] using
nucleon-nucleon cross sections and nuclear reactions generated
by the NUSPA code [12].
We used the energy differential flux of terrestrial cosmic neu-

trons at sea level [13] as an input to the calculations. The mod-
eling considered the interaction of the normally incident neu-
trons with the ionization counter volume, consisting of plastic,
the argon gas within the counter and a silicon substrate sample.
Our simulation involves three transport problems: (1) the inci-
dent neutrons interacting with the plastic to produce secondary
protons, (2) the incident neutrons passing through the plastic
without nuclear collisions but interacting with the argon gas
to produce secondary protons, and (3) the incident neutrons
passing through both the plastic and the argon gas without nu-
clear reactions but interacting with the silicon to produce sec-
ondary protons.
In the first transport problem, the reactions of neutrons with

carbon, oxygen and hydrogen are considered. For the cases of
C and O, only inelastic scattering events are of interest (since
elastic collisions would not produce protons) and the code se-
lects those events that produce secondary protons, whereas in
the case of H, elastic scattering events are themajor source of the

Fig. 1. Proton flux vs. incident proton energy for the simulation results of the
(n,p) reaction described in this paper (solid line) and the published terrestrial
proton flux from [15] (dashed line).

secondary protons. The calculation proceeds as follows. A col-
lision point in the plastic region is selected. The reaction types
( , , and ) is determined by a Monte Carlo
procedure which takes into account the nuclear reaction cross
sections of C, O and H and their densities in the plastic. From
the positions, energies and velocities of the secondary protons,
the code performs transport calculations to determine those pro-
tons which reach the interface between the plastic region and the
Ar gas. The final energies of these protons which go into the Ar
gas are computed.
In the second transport problem, the reactions of
are analyzed, using the neutrons that transport through the

plastic region without nuclear collisions. The code determines
the energies of the secondary protons produced in the gas.
In the third transport problem the reactions of
are analyzed, using the neutrons that transport through the

plastic region and Ar gas without nuclear collisions. The code
determines the secondary protons that transport upwards back
into the Ar gas, and computes their energies.
It turns out that more than 99% of the secondary protons were

produced by the interaction of neutrons within the plastic, which
is used to contain the Ar gas in the ionization counter. This is
to be expected, for two reasons. First, the plastic has high hy-
drogen content, and the n-p scattering is an effective way to pro-
duce protons. Second, the protons have long range, (from SRIM
simulations [14], the range of protons in the 10-100 MeV en-
ergy range in plastic is - mm) and hence the plastic is
in general not very effective at stopping them. The solid line in
Fig. 1 shows a spectrum of the protons flux as a function of en-
ergy from the (n,p) reactions, calculated in the three transport
problems as outlined above. The dashed line in Fig. 1 is the ter-
restrial proton spectrum from Ibe [15].
The peak flux in the terrestrial proton spectrum is about 3X

larger than peak flux shown in the (n,p) model calculations.
Further refinements to our model could include considering the
effect of incident neutrons that impinge on the alpha particle
counter at angles other than normal, [16] and would increase
the path length of the neutrons in the counter materials thus in-
creasing the calculated proton flux. In contrast, the terrestrial
proton flux is not expected to be attenuated appreciably, by low
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Fig. 2. The energy loss per path length for alpha particles, protons, pions,
muons and electrons as a function of energy.

density building materials (e.g. concrete) above an alpha par-
ticle counter [17]. The effect of the terrestrial protons on theXIA
UltraLo-1800 alpha-particle counter is on par with that from the
neutron-induced (n,p) reactions of materials within the counter.

III. ENERGY LOSS IN COUNTER GAS

In order to further understand the interaction of cosmic ray
particles in the UltraLo-1800 alpha particle counter, we eval-
uated the energy loss per path length in the argon counter gas
using SRIM [14] for protons and alpha particles, SEMM2 [11]
for pions and muons and [18] for electrons. These results are
shown in Fig. 2. For incident energies above about 1 MeV, alpha
particles have an energy loss of about 10X greater than that for
protons of the same energy. Interestingly, both protons and alpha
particles have similar energy loss in argon at MeV. Pions
andmuons have nearly identical energy loss in the argon counter
gas, and both are about 5X lower than that for protons. Finally,
electrons (or beta particles) have very low energy loss in the
argon, except at very high energy.
For reference, the flux of muons at sea level is orders of mag-

nitude larger than the proton flux at high energy, but on par at
low incident energies [17], [19]. Since the energy loss per path
length (Fig. 2) in argon gas is so much lower for muons com-
pared to protons, and their flux is similar, at low energy, their
contribution to signal formation in the alpha particle detector
should be small, and only occur at the lowest of energies.
All alpha particles emanating from the sample are necessarily

stopped in the counter gas, by design, since the anode to cathode
spacing is larger than the alpha particle range in argon so the
pulse height of the anode signal represents the energy of the
alpha particles emitted from the sample. On the other hand, the
energy loss per path length for particles with energies MeV
is much smaller for the other particles of interest (protons, pions,
muons and electrons), so their pulse height would simply rep-
resent their energy loss as they traverse (but don’t stop in) the
counter gas.
As an example of the range of energy deposited into the alpha

particle detector by protons, we calculated the energy loss for
protons with energy MeV in 15 cm and 42.5 cm of
argon gas using TRIM [14]. The 15 cm and 42.5 cm distances

Fig. 3. The total energy loss for protons traversing 15 cm of argon (solid line)
and 42.5 cm of argon (dashed line).

correspond to the anode-cathode spacing and the length of the
anode or cathode. The results are useful for determining the en-
ergy protons could deliver from vertically-oriented cosmic rays
or from horizontally-incident (from an external source) proton
beam. The results are shown in Fig. 3. The data shown by the
solid line (dashed line) correspond to the energy loss in 15 cm
(42.5 cm) of argon gas respectively. The peaks in the curves
indicate the maximum incident energy where the protons are
stopped in the gas.
Perhaps it is counter intuitive that the higher incident energy

protons deposit less energy in the gas, since they do not stop in
the gas, unlike the alpha particles emitted from samples. This
example shows that the most energy that protons could deposit
in the gas is a fewMeV and occurs for the lowest incident proton
energies.

IV. PROTON IRRADIATION OF XIA ULTRALO-1800
IONIZATION DETECTOR

An XIA UltraLo-1800 alpha-particle counter was transported
to the Francis H. Burr Proton Therapy Center at the Massachu-
setts General Hospital and placed in two orientations (normal
and tilted 25 ) with respect to the external proton beam. Two
experiments were carried out with the goal to see how many
events of each class would be detected as a function of proton
energy and flux.
As discussed in the introduction, and in more detail in [1],

pulse shapes resulting from charge collection in the UltraLo-
1800 have four distinct regions: the baseline of the signal which
occurs before the ionization track is formed; a linear rise which
occurs while all charges in the ion track are drifting towards the
anode; a parabolic curve which starts when the first charges in
the ion track are incident upon the anode, and ends when the last
charges are collected from the track; and a decay region which
occurs when charge collection has completed. The duration of
the parabolic portion of the signal directly relates to the vertical
projection of the charge track on the anode. Ionization tracks
normal to the anode plane will be maximally parabolic, while
ionization tracks parallel to the anode plane will have zero par-
abolic time.
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The counter was tilted with respect to the external proton
beam axis to increase the vertical projection of ionization tracks
on the anode, and thus the likelihood of observing “round”
events due to the passage of the protons incident upon the side
of the detector.
In the normal operation of the ionization detector, terrestrial

protons are generally incident from the vertical direction,
whereas neutron induced protons can occur in any direction.
Both of these protons sources will result in the detection of
“round” events.
The initial 229 MeV proton beam from the cyclotron was de-

graded by using a combination of Pb or Pb and Lucite absorbers
both to spread out and homogenize the beam and to lower the
beam energy incident upon the front of the alpha-particle de-
tector. The alpha particle detector was placed as far back from
the degraders as possible. We estimate that the beam size was
about m in area. We have shown through TRIM [14] sim-
ulations of protons incident upon the alpha particle detector,
that MeV is required to get through the outer detector
housing (steel and aluminum), and plastic into the active de-
tector volume. The energy spread of the proton beam (FWHM)
increased due to the use of the degraders- with larger energy
spread occurring at the lowest beam energy.
Tests were performed at incident (nominal) beam energies

(at the front of the proton flux monitor) of 166.8, 102.7, and
69MeV. The beam flux from the cyclotron had to be reduced by
over 9 orders of magnitude from the nominal setup used for SEU
exposures to p/cm -sec since the ionization detector was
designed to operate at a trigger rate of few sec. In the first
experiment, a 3” diameter X 3” thick NaI detector was used
as a proton flux monitor since the conventional Faraday cup
normally used for dosimetry could not record these low proton
fluxes. This detector allowed us to lower the proton flux and
perform preliminary experiments on the alpha particle detector
with the external proton beam. Since the proton beam current
is not completely stable at such a low flux, it was necessary to
design a new large area flux monitor where the flux could be
integrated.
In the second experiment, we used a large-area (9” X 14”),

thick (0.8”) plastic scintillator viewed edge-on by two 2” di-
ameter photomultiplier tubes (PMT) as a proton flux monitor.
The area of this plastic scintillator was roughly the same as
the cross sectional area of the alpha-particle detector (anode-
cathode spacing X anode width). The plastic scintillator was
wrapped in an enhanced specular reflective foil1, then in a light-
tight plastic. The PMT’s were coupled to the edge of the plastic
scintillator with a silicone rubber pad.2 The preamplified sig-
nals from the each PMT base were individually amplified then
summed to increase the light collection efficiency. A pulse-
height discriminator was used to separate the pulses induced by
the incident protons from the cosmic ray background and the
residual radiation in the proton experimental room. Finally the
pulses whose amplitude exceeded the discriminator threshold
were counted and used to normalize the events detected in the
alpha particle detector.

13M Vikuiti Enhanced Specular Reflector
2Eljen EJ560

Fig. 4. Photograph of the XIA detector tilted 25 with respect to the proton
beam. The plastic scintillator, used to measure the proton flux, is shown in front
of the UltraLo-1800 alpha-particle detector. The red laser spot indicates the
position of the proton beam.

Fig. 4 shows the Ultra-Lo 1800 ionization detector, in the
tilted configuration as well as the proton flux monitor at the
Francis H. Burr Proton Therapy Center at the Massachusetts
General Hospital. The proton fluxmonitor was placed in front of
the XIAUltra-Lo 1800 alpha particle counter. The front panel of
the alpha particle counter was temporarily removed and a laser
used to align both proton flux detector and the height and posi-
tion of the ionization portion of the alpha particle counter with
respect to the proton beam. The laser spot is shown shining on
the proton flux detector, in Fig. 4. Both PMTs were aligned with
respect to the edge of the plastic scintillator with a cardboard
tube as shown in the figure. We used ultra-high purity argon gas
from a high-pressure cylinder, rather than the usual boil off from
a liquid argon dewar.
Data for each run were recorded for 30 minutes, with the

beam turned on after the first 5 minutes so that we could ob-
serve the transition in detected events. The number of proton
events, detected by the proton fluxmonitor were simultaneously
recorded and used to normalize the events detected by the alpha
particle detector as discussed later. Runs were made with the
counter tilted, as shown in Fig. 4, to accentuate the number of
round events, as discussed earlier, and untilted. Additionally,
we operated the counter in the “wafer” and “full” modes for
both the tilted and untilted configurations at 169 MeV. In the
“wafer” mode, the anode and cathode are 300 mm in diameter
( cm ), and in the “full” mode the anode and cathode are

cm cm ( cm ). The guard electrode accommo-
dates either mode- so that events inducing charge outside of the
anode, onto the guard electrode, are summarily rejected (and la-
beled “sidewall”).
Fig. 5 shows a representative scatter plot of the anode signal

rise time plotted as a function of the pulse height for the
169 MeV run with the alpha particle detector tilted, in the “full”
mode. The events registered by the detector were classified
based on their risetime, pulse amplitude, and roundness, as
discussed earlier. The black dots represent alpha particles, the
blue dots represent mid air events, the purple dots represent
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Fig. 5. Scatter plot of the anode signal rise time as a function of the anode
pulse height for events detected in 30 minutes (25 minutes under proton
irradiation) with the 169 MeV incident proton beam. The black dots represent
alpha particles, the blue dots, the mid air events, the purple dots represent
ceiling events, and the red dots, the round events.

Fig. 6. Chart showing the number of alpha, mid air, round and sidewall events
for the tilted configuration, in the “wafer” mode, shown in black, and the “full
mode, shown in red, for an incident beam energy of 169 MeV. All data have
been normalized to the proton flux.

ceiling events and the red dots represent the round events.
For reference, a 30 min run was performed in the absence of
protons, in the same detector configuration. One alpha, two mid
air, zero round events and zero ceiling events were detected
during that time period. Clearly the alpha particle detector
registered a substantial number of proton-induced events, well
in excess of the “background.” Even though the alpha particle
detector recorded the presence of the proton-induced events,
the percentage of events identified as “alphas” compared to
all events induced on the anode (alphas, mid air, ceiling and
round) was a few percent.
Shown in Fig. 6 is a chart of the number of alpha particles,

mid air, round, ceiling and sidewall events per detected proton
for the detector in the tilted configuration, with 169 MeV inci-
dent protons. The data shown in black were taken in the “wafer”
mode and the data shown in red were taken in the “full” mode.
The data show more events of all types except the sidewall
events for the “full” mode compared to the “wafer” mode. Both
effects are to be expected since the anode area is larger, by 2.5X
in the “full” mode compared to the “wafer” mode- whereas the

Fig. 7. Energy spectra for the alpha particles and round events for the tilted
configuration, shown in black and red, respectively, for 169 MeV beam energy.
All data have been normalized to the proton flux. The right hand scale goes with
the alpha data- units are events/ 0.2 MeV/ detected proton.

guard electrode is similarly larger in the “wafer” mode com-
pared to the “full” mode. What is surprising is that the ratio of
the number of events in the “full” to “wafer” modes is signifi-
cantly greater than the expected ratio of 2.5X.
Of the 81 alpha particles detected in the “full” configuration,

shown in Fig. 6, about 1/3 had energies less than 3 MeV. The
signal amplitude for low energy alpha particles is small, which
adds to the uncertainty in the determination of the “roundness”
and thus the determination as to whether these events are labeled
as alpha particles or round events.
The energy of the alpha particles and round events for

the “full” configuration depicted in Fig. 6 were binned into
0.2 MeV-wide bins, and normalized to the number of proton
events, as described earlier. Histograms of these data are shown
in Fig. 7- where the alpha particle data are shown in black (right
hand scale) and the round events in red (left hand scale).
As expected from the discussion in Section III, the average

energy in the round events is MeV since the protons can
not deposit appreciable energy into the counter gas, independent
of their incident energy. In contract, the energy of the alpha par-
ticles extends to MeV.Most likely these high energy events
are truly alpha-particles generated from the (p, ) reaction in the
argon gas as discussed in [1].
Lastly we show the normalized number of events of all types,

for the tilted counter, in “full” mode, as a function of incident
proton energy. The data shown in black, red and blue represent
incident proton energies of 167, 102.7 and 69MeV, respectively.
The most striking feature of the data shown in Fig. 8 is the

large reduction of events of all classes at the lowest incident
proton energy. This is most likely due to the energy loss of the
incident protons through both the proton flux monitor, and then
through the alpha particle detector housing. Using TRIM [14]
we have determined that the energy loss of the protons with
nominal energy of 69 MeV through the proton flux detector is

MeV- which means that these protons do not have enough
energy to penetrate the active alpha particle detection volume.
On the other hand, there is a large spread in the beam energy, so
that the few protons with larger energy than the nominal can get
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Fig. 8. Chart showing the number of alpha, mid air, round and sidewall events
for the tilted configuration, in the “full” mode, for different incident proton
energies: black: 167 MeV, red: 102.7 MeV, and blue: 69 MeV. Once again, all
data have been normalized to the proton flux.

through both the proton flux detector and the alpha particle de-
tector housing. The increase in the number of non-alpha particle
events (mid air, round, ceiling, sidewall) at 102.7 vs 167MeV is
probably due to the increased ionization for the incident protons
in the argon counter gas at the lower incident energy. Lastly, al-
though the normalized number of alpha particles is nearly iden-
tical at the largest two proton energies, the number of high en-
ergy alpha particles is greatly reduced at 102.7 MeV compared
to 167 MeV, as one might expect. The ratio of the number of
alpha particles with energy MeV compared to all alpha par-
ticles detected, was 15% compared to 36% for the 102.7 MeV
experiment, vs. the 167 MeV experiment, respectively.

V. CONSUMER-PRODUCER PROBLEM

With the ultra low background of the current generation of
alpha particle detectors, it is now possible tomake accuratemea-
surements of ultra-low emissivity ( - ) materials
quickly [20]. Rather than determining what the ultimate emis-
sivity of a sample is, we are interested in making a quick de-
cision as to whether the alpha particle emissivity of the sample
meets an emissivity specification.
This section describes a Poisson-based statistical model that

can be used by the “Consumer,” in order to ensure that mate-
rials provided by the supplier, or “Producer,” meet the desired
alpha-particle emissivity specification [21]. If a given lot of de-
sired material is to be accepted, the Consumer conducts his own
test of the alpha-particle emissivity. First, he measures the cur-
rent background in his counter for time . Then he selects
at random a single sample from the lot and measures the re-
sulting combined (i.e., background plus sample) alpha-particle
emissivity for time interval . Based on the difference of the
alpha-particle emissivity observed during the intervals and
, the Consumer estimates the alpha-particle emissivity that

is due to the sample. The objective of this test is to ensure, with
a high level of confidence, that the alpha-particle emissivity of
the sample does not exceed some pre-specified emissivity value,

. If the test leads to the conclusion that , then the sample,
and the whole lot, is accepted; otherwise, the lot is rejected.
The Consumer also needs to provide some protection to the

Producer, as excessive rejection of good lots will lead to high
losses to the Producer (and higher costs for accepted lots). The
Consumer specifies a given threshold level for which
the probability of lot acceptance is reasonably high, say 90%.
If the Producer manages to keep the emissivity of the sample
below , he/she is rewarded with a high probability of product
acceptance. In order to achieve the dual objective of protecting
both himself and the Producer, the Consumer needs tomake sure
that both measurement times, and , are sufficiently long.
The Consumer also needs to use a statistically powerful model
based on the expected sample and background count rates.
Of key importance is statistical modeling of the sample emis-

sivity. It is one of the fundamental laws of physics that the
process of emitting radioactive particles (like alpha-particles)
follows Poisson statistics. In the following discussion, we use
the following notation:

–detector background
–alpha-particle emissivity of the sample
–length of time used to measure the detector back-

ground
–length of time used to measure the sample
–number of -particles counted during the background

measurement
–number of -particles counted during the sample mea-
surement

In any alpha particle detector, the efficiency of detection is
less than 1. Since the Poisson process of alpha-particle emission
from a sample with emissivity and detected with a detector of
efficiency p is still a Poisson process with intensity , all the
methods in this paper are directly applicable to detectors of lim-
ited efficiency after re-scaling of the emissivity by p. Therefore,
in what follows, we will assume, without loss of generality, that

.
In the following, we assume that the sample’s area is
cm , so that the emissivity from the sample (in units of
- ) is equivalent to the alpha particle emission rate

(in units of ).
The model parameters are ( , ); here is a nuisance param-

eter. Since we are interested in the estimation of , of special
interest are the confidence bounds for , as they can be used for
quality assurance purposes.
Since the observables ( , ) satisfy

(1)

one could use the Likelihood methodology to carry out estima-
tion. In particular, the log-likelihood ln( ), i.e., the logarithm of
the probability of seeing the pair ( , ) is:

(2)
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where C is a constant that depends on data only (i.e., it does
not depend of the parameters ). The Maximum Likelihood
(MLE) estimates for ( ) are obtained by maximizing (2):

(3)

Note that (3) are obtained by treating the likelihood function as
a random variable in ( ), for any given ( ). When the test
is complete, we will obtain the realizations , , and
by substituting ( , ) for ( , ) in (3) we will obtain estimates
for ( , ) corresponding to a particular experiment.
Based on (2), we can also obtain the confidence bounds for
by using the profile likelihood method [21]–[23]. In what fol-

lows, we will focus on the upper confidence
bound for only and denote it by . To illustrate the use of
this bound, let us assume that the Consumer receives a sample
and needs to decide whether this sample’s emissivity is accept-
able. The testing can be implemented in terms of the following
policy based on the alpha particle emissivity specification and

(typically, ):

A. Consumer’s Strategy

(4)

The motivation for this strategy is that the Consumer has
an alpha particle specification , and needs to be at least

confident that this specification has not been
violated. Clearly, if , then the probability of rejection is
( ). In what follows, we will denote the rejection probability
by . We will also focus on the above strategy only; other
possibilities are discussed in [21]. This strategy can also be im-
plemented in terms of a simplified bound computation based on
Gaussian approximation:

B. Gaussian Approximation

When the counts ( ) are large ( ), one could obtain
confidence bounds of reasonable quality via normal approxima-
tion to distribution of given by (3). In particular, since

(5)

the Gaussian approximation to the upper
confidence bound can be obtained as follows:

(6)

where is the estimate (3) and is the ( )–quantile of
the Gaussian distribution (eg for , ).
While the Gaussian approximation leads to confidence

bounds that are “reasonable” when the counts ( ) are large,

the current practice involves background levels as low as
- , and the sample alpha particle emissivity

of interest is in the range of - . Under such
conditions, the Gaussian approximation becomes increasingly
inaccurate, leading to distortion of risks that generally works
against the Consumer. The reason for that is that consumer’s
protection is mostly governed by the upper confidence bounds
for . Because the sampling distribution of is right-skewed,
the Gaussian approximation produces upper bounds for
that have less than nominal coverage, resulting in higher than
anticipated risk of accepting substandard product [21].
In practice, however, the Consumer cannot act in a unilat-

eral fashion based on strategy (4), because he needs to provide
a certain level of protection for the Producer. Thus, the Con-
sumer needs a good understanding of what levels of alpha par-
ticle emissivity can be considered acceptable. Accordingly,
the consumer could pick an acceptable value and
declare the following policy:

C. Consumer’s Policy

(Step 1) Measure the background in an alpha particle counter
for length . Denote by Y the number of alpha particles de-
tected. The corresponding MLE of b is then .
(Step 2) Calculate the necessary test time to measure the

sample, to satisfy:

(7)

where is a sufficiently small value that represents the Pro-
ducer’s risk (note that this equation can only be solved if is
sufficiently high).
(Step 3) Measure the alpha particle emissivity of the sample

for length . Denote by X the observed number of alpha parti-
cles detected.
(Step 4) Compute the upper confidence

bound (based on , , X, ) and reject the sample if
. Otherwise, accept the sample.

The above policy is implemented by selecting a sufficiently
high and using the Monte Carlo method (i.e., simulation)
for solving (7). Typically, one can obtain a multitude of testing
plans based on selecting various values of above a certain
threshold. One drawback of the above policy is that the total test
time ( ) cannot be known in advance, because the value
is established only after observing the background emissivity

for time . In [21] some alternative policies are discussed. In
what follows, we will focus on a particular policy that estab-
lishes ( ) simultaneously by assuming that the background
emissivity is known and equal to some “historically prevailing”
value . The pair ( ) is established by using the Con-
sumer’s Policy described above, with the only difference that
for every selected , the corresponding value of should sat-
isfy the equation

(7a)

Unlike (7), the equation (7a) is not solved for every simulated
case, but rather by a direct search: for every candidate value of
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Fig. 9. The decision-making scheme related to the Consumer’s strategy and
policy described in sections A-C.

the sample counts are re-simulated, acceptance/rejection cri-
terion is computed for every simulated case, and the difference
between the LHS and RHS of (7a) is examined; this process
continues until is found for which the absolute value of this
difference is smaller than some pre-specified small value . At
this point we consider (7a) solved. Note that the resulting value
also solves the following problem: find the smallest value

for which the following inequality holds:

(7b)

We also note that is only used to help establish the testing
times ( ). The subsequent implementation of the policy
is entirely data-driven. The value of is suitable for
many practical applications. The examples shown in the fol-
lowing section represent pairs ( ) satisfying (7a) and ob-
tained via the simulation process described above. For every
such pair ( ) we compute the acceptance probability for
various values of based on 50,000 simulated Poisson-dis-
tributed counts of particles.
In Fig. 9, we describe the decision-making scheme related to

the Consumer’s strategy and the policy described above. In this
figure, the X axis corresponds to the sample emissivity and
the Y axis gives the upper confidence bound
for .
The plot is subdivided into six zones corresponding to the test

outcomes:
: The producer succeeded to maintain the sample emis-

sivity below and the sample was accepted by the con-
sumer.
: The producer succeeded to maintain the sample emis-

sivity below and the sample was rejected (the producer
was punished undeservingly).
: The producer did not succeed to maintain the sample

emissivity below but managed to stay within the speci-
fication and the sample was accepted by the consumer.
: The producer did not succeed to maintain the sample

emissivity below but managed to stay within the speci-
fication and the sample was rejected by the consumer.

Fig. 10. Chart showing the sample counting time, as a function of
the background counting time, for the three cases: case 1,

- (black), case 2, - (red), and
case 3, - (blue). The closed circles correspond to

- and the open circles correspond to - .

: The producer did not succeed to stay within the spec-
ification and got away with it.
: The producer did not succeed to stay within the spec-

ification and sample was rejected by the consumer.

D. Examples

In the following examples, we show the results of the model
under two different background conditions, -
and - . In all cases, the Consumer wishes
to have a rejection probability of 95% for the lot if

- and the Consumer guarantees an acceptance prob-
ability of 90% for the following cases:

(case 1)

(case 2)

(case 3)

The results are shown in Fig. 10, where the sample counting
time, is plotted as a function of the background counting time
. The solid data points correspond to - and

the open data points correspond to - .
As the data in Fig. 10 shows, the test times needed to achieve

the targeted acceptance properties are considerably shorter
when the counter background is low (solid vs open circles).
All three cases show that for both background conditions
there can be more than one solution. All things being equal,
one might chose, for example, the solution with the shorter
sample measurement time, , or the one with the shorter total
measurement time, . Lastly, when (case 1),
the measurement time for the sample (and background) can be
exceptionally short and still ensure that the sample’s emissivity
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is less than the alpha particle specification while still protecting
the Consumer and Producer’s interests. This is in contrast to
the time required to determine the sample’s true emissivity
which is necessarily much longer. Note, however, that plans
with very short total measurement time are not always
advisable, see the Appendix.

VI. CONCLUSION

We have presented the initial results of our model showing
that the terrestrial neutrons can produce a measureable proton
flux within the structure of the XIA UltraLo-1800 alpha-par-
ticle counter. The overwhelming majority of these protons come
from interactions of the neutrons with the plastic material which
makes up the detection volume. The peak proton flux from these
neutron-induced reactions on par with the terrestrial proton flux
which shows that this reaction might contribute to the alpha par-
ticle counter’s background.
As expected, modeling of the LET of terrestrial particles in

argon counter gas showed that protons had about 10X lower
LET compared to alpha particles and about 5X greater LET
than either pions of muons. The LET for electrons (or beta par-
ticles) was several orders of magnitude lower than alpha parti-
cles. Additionally, we showed that the protons could only lose
a few MeV at most in the counter gas. This implies that above

MeV, there is probably very little contribution from cosmic
ray particles.
Early results from a beam of high-energy protons shows that

while the detector registers their presence, due to the active
signal rejection, nearly all ( ) of the protons are rejected
and only a few aremisidentified as alpha particles. As discussed,
these might originate from ( ) reactions in the counter. Pre-
sumably the model used to fit all of the signals that the de-
tector records can be modified to reject an even larger fraction of
events that appear to come from either terrestrial protons or neu-
tron-induced protons particularly as more data become avail-
able.
Lastly we discussed a statistical model that we have devel-

oped which can be used to determine both background and
sample measurement times, based on the expected background
and sample counting rate given an emissivity specification.
This model can be used to help in the decision of whether a
specific lot of incoming material should be accepted or rejected
based on statistics rather than qualitative factors. The analysis
considered protecting the Consumer’s interest, while rewarding
the Producer who commits to high quality standards with high
acceptance rates.

APPENDIX

In this Appendix we describe the performance (in terms of
) of several plans and show that plans with minimal

total test time ( ) are not always advisable. Let us con-
sider the case khr-cm , khr-cm ,

khr-cm . Operating characteristics of several plans are
shown in Table A.I and are plotted in Fig. A.1. Of special in-
terest is the plan that corresponds to minimal total test time and
in this case the plan hrs hrs appears
suitable: it protects both the Producer and Consumer, and the

TABLE A.I
ACCEPTANCE PROBABILITIES FOR THREE PLANS CORRESPONDING TO
THE CASE khr-cm . THE THRESHOLD VALUE IS khr-cm ,

AND THE ACCEPTABLE VALUE IS khr-cm . THE LAST
COLUMN CORRESPONDS TO ACCEPTANCE PROBABILITY OF THE TEST

hrs hrs CONDITIONAL ON THE NUMBER OF OBSERVED
PARTICLES DURING BACKGROUND TEST TIME hrs EQUAL TO

.

Fig. A.1. The acceptance probability curves ( ) as a function of the
sample emissivity for the plans described in Table A.I

total test time is hrs hrs hrs is quite short com-
pared to other plans considered in the table, namely,
hrs hrs and hrs hrs . Let

us refer to these plans as P1, P2 and P3, respectively. As can
be seen from Table A.I and Fig. A.1, these three plans not only
guarantee the nominal Consumer and Producer protection, but
also have comparable curves. The plans P2 and P3 are
illustrated in Fig. 10 (Case 1). The good performance of the
plan P1 relies heavily on the fact that the probability of ob-
serving one or more alpha particles in the very short period of
time hrs is only - , i.e.,
in most cases one will observe zero alpha particles during the
background measurement period, leading to under-estimation
of the background emissivity with probability .
With this in mind, one will need only hrs to “resolve”
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between khr-cm and khr-cm .
However, what happens if one actually observes an alpha par-
ticle within hrs? To analyze such a case, we perform
a simulation study of the plan P1 conditional on . The
results, plan , are shown in the last column of Table A.I.
One can see that the Consumer will end up accepting lots with
emissivity levels as high as khr-cm with probability
31.4%. This is the result of gross over-estimation of the back-
ground radiation in this case: in fact, its estimate is

khr-cm . With such a high estimate of b, even the excess
radiation as high as khr-cm is not reliably detectable
within hours. Plans P2 and P3 are much less risky
in this respect–however, this comes at the expense of investing
a much longer time in measuring the background. So, practical
considerations will lead one to adopt a plan with relatively high
, such as P2 or P3. Note that the planwith effectively

assumes that the background radiation is known and equal to
khr-cm . Under such assumption, one could reduce

to 3.4 hrs–however, plans with a very high are clearly
impractical, except under special circumstances [21].
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