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Summary

The main objectives of this research project was to operate, test and characterize an innovatively
designed scintillating fiber optic neutron radiation detector manufactured by Innovative
American Technology with possible application to the Department of Homeland Security
screening for potential radiological and nuclear threats at US borders (Kouzes 2004). One goal
of this project was to make measurements of the neutron ship effect for several materials.

Radiation detectors based on scintillation operate on the principle that energetic particles or
gamma rays produce scintillation light when they interact with an inorganic crystalline material
such as thallium doped sodium iodide [Nal(Tl)] or an organic plastic such as polyvinyl toluene
doped with anthracene (Ci4sHio). The scintillation photons are converted into millions of
electrons by a photomultiplier tube whose output can then be further amplified and counted to
produce a pulse-height spectrum for analysis of the radiation. The neutron detector tested during
the present research is based upon a new design: wavelength shifting plastic fibers surrounded by
scintillation material and neutron absorber that generate optical scintillations that are observed by
phototubes. Spectral analysis is performed with sophisticated computer software to distinguish
neutrons from gamma ray induced signals by comparison of the pulse shape and amplitude.

A particular problem studied was that of cosmic ray neutrons. The details of neutron
backgrounds observed in detectors used for non-proliferation monitoring are not well
understood. An objective of this project was to gain a better understanding of the origins of
neutron backgrounds at the Earth’s surface, and to develop methods for distinguishing
backgrounds from true source-related events.

The detection of cosmic-ray produced neutrons varies with detector elevation, geomagnetic
latitude and materials in the vicinity, e.g., “ship effect” neutrons from large structures. These
material related effects, although documented, are difficult to measure because of the low
cosmic-ray neutron rates at the surface. They are also important in that they can cause nuisance
alarms when screening the transport of massive cargo. Additionally, the relative importance of
spallation neutrons caused by cosmic ray hadrons and muons is not well understood. These
deficiencies are to be addressed by using the cosmic-ray like neutron energy spectrum from the
LANSCE facility at Los Alamos National Laboratory as well as neutrons from “purely” muon
induced spallation in the underground facility at Pacific Northwest National Laboratory (PNNL)
to form a new understanding of spallation neutron spectra from standardized objects and
material.

One significant source of variation in the observed neutron background is caused by the “ship
effect,” which gives an enhanced production of spallation neutrons from dense, large masses
such as a ship and its cargo. The ship effect is particularly striking because of the low neutron
background over water. Although the effect is so named because of where it was first observed,
large steel masses and other materials in commerce have been observed to cause an increase in
the neutron background on land as well [Kouzes 2008a]. Conversely, large concrete structures
and overburden can shield background neutrons, while not generating spallation due to the low
atomic number of these materials. Even though the natural neutron background is small, its
variation can affect the sensitivity of detection systems [Kouzes 2008b].
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The results of this work can be applied to active interrogation techniques and to various non-
proliferation monitoring systems, including those deployed worldwide by DOE. For example,
this work has the potential to reduce the minimum detectable quantity of plutonium whose
detection forms a key element in the SNM detection mission. These methods can be applied to
both the currently used ’He-based neutron detectors and the new generation of alternative
neutron detectors [Kouzes 2009; Van Ginhoven 2009]. Additionally, this work is expected to
assist in the development of new, multiple-channel neutron timing/coincidence instruments, i.e.,
multiplicity counters, designed to work with the alternative technology neutron detectors. The
development of such multiplicity counters and continued development of the measurement
techniques would be a logical follow-on to this work.

The Virginia State University DOE FaST/NSF summer student-faculty team made measurements
with the fiber optic radiation detector at PNNL above ground to characterize the ship effect from
cosmic neutrons, and underground to characterize the muon contribution.

This study found an increase in the ship effect with neutron density, but differences with
previous work require further research.
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ACRONYMS AND ABBREVIATIONS

cps
DOE
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1. Introduction

National security is one of the major issues in the world. New destructive technologies are
constructed every day. One threat is the possibility of radiological or nuclear sources being used
as a terrorist weapon; sources of most concern include: complete weapons of mass destruction
(WMD); improvised nuclear devices (IND); special nuclear material (SNM) for weapons
construction, including plutonium and highly enriched uranium (HEU); and material or
assemblies for radiological dispersal devices (RDD), also known as dirty bombs (Kouzes 2005).
To prevent these illicit materials from entering the United States, radiation portal monitor (RPM)
systems with neutron detectors have been deployed at all US border ports of entry, where these
devices scan all vehicles and cargo to identify any significant threats.

Over the last several years, the Department of Homeland Security (DHS) has monitored
incoming commerce using radiation portal monitors. A problem has arisen whereby a limited
supply of *He has eliminated this material from use for neutron detection for portal monitor
applications. Therefore, alternative neutron detection technologies are being investigated for use
in radiation portal monitor systems (Van Ginhoven 2009). Many different companies have
designed alternative neutron detection technologies. One of the newest was manufactured by
Innovative American Technologies (IAT), which is a fiber optic based neutron scintillation
detector. The main purpose of the research reported here is to measure the ship effect using the
IAT “ten by ten inch” neutron detector.

One background to be dealt with in neutron detection is the “ship effect.” The term “ship effect”
arose in the 1970s when neutron detectors were used to look for the presence of nuclear weapons
on ships at sea (G.W. Phillips 2005). Each day hundred of ships would trigger the alarm of the
neutron detectors and after each search no illicit materials were discovered. It was observed that
an elevated neutron count rate was present near any large ship, and this was attributed to cosmic-
ray-related neutrons produced in the iron of the ships. Ship effect neutrons are produced by the
interaction of cosmic-ray-produced secondary neutrons and, to a much lesser degree, muons with
material through various nuclear interaction mechanisms (Y.F. Wang 2001).

In this report, the sensitivity of the IAT detector is evaluated in several aspects. Some possible
substances in cargo were placed at varying distances from the detector to measure the response.
The same method was repeated with sources to test the instrument’s ability to detect harmful
material that are shielded. Underground testing of the detector was the last evaluation, to extract
data in an environment where there is no penetration of cosmic ray neutrons. The work reported
here was to help determine the efficiency of the plastic fiber neutron detector and characterize
the ship effect from various materials by analyzing count rate and spectral measurement data.

2. Equipment and Detector Calculations

This section describes the detector, materials and facilities used for the measurements. The
detector technology is described and its efficiency is determined. The analysis software and its
operation is presented. The materials tested and the facilities used are described.
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2.1. IAT Scintillating Fiber Optic Neutron Radiation Detector

Organic plastic scintillator

Data analysis circuitr
Photomultiplier tube Y Y

Figure 1. IAT detector system

The IAT neutron detector uses non-scintillating plastic fibers (BC-704 from Saint Gobain) that
are coated with °Li/ZnS(Ag). The fibers are arranged side-by-side and the detector has four
layers of fibers. The active width (coated) of the fiber array is 0.25 m and the active length is
0.25 m. Fibers extend beyond the 0.25 m active length and are bundled at both ends into 0.05-m-
diameter photomultiplier tubes. Figure 1 shows the (black) fiber array covered by the
polyethylene moderator and the photomultiplier tubes.

The °Li/ZnS(Ag) serves as neutron absorber and phosphor. Thermal neutrons interact via the °Li
(n,0)’H reaction, and the resultant charged particles produce light in the zinc sulfide. The plastic
wavelength shifting fibers conduct the light to the photomultiplier tubes.

On one side of the fiber array the polyethylene is 0.25 m x 0.25 m x 0.05 m (10 inch x 10 inch x
2 inch) thick and on the other side it is 0.25 m x 0.25 m x 0.38 m (1.5 inch) thick. Separate tests

were conducted with a neutron source facing each of the polyethylene sides, as well as tests with
the 0.05-m-thick polyethylene removed and thinner sheets substituted.
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2.2. Description of Sources

The neutron source used for these tests was *>>Cf, with a half-life of 2.645 years. The source was
purchased from Isotope Products Laboratory (IPL) and given a PNNL ID of 60208-44. The
source was measured by IPL to be 21.91 £ 1.25 pCi on October 1, 2009.

Source Name Date of | Activity Activity | Neutron Emission
Use (nCi) (ng) Rate
Californium-252 Source 6/22/10 18.2 33.6 77 280
Californium-252 Source (Bare) | 7/6/10 18.0 33.3 76 590

Table 1. Sources

Two configurations of the neutron sources were used in measuring the efficiency of the IAT
detector. On June 22™, the source inside a moderating pig was used at distances ranging from
zero to one meter. The same source was used on July 6™, but it was removed from the pig. This
bare source was attached to the outside of the detector with tape at five different points in the
area of the scintillator, center, top right, top left, bottom right and bottom left (Shown in Figure
2). Then the source was moved back ten inches and the same procedure was repeated.

Bare Source
location

Figure 2. Locations of Source on IAT Detector
2.3. Detector Solid Angle

Understanding the efficiency of the IAT detector is one of the main aspects of this
research. It was necessary to have a precise figure for the detector efficiency in order to relate the
number of pulses counted to the number of neutrons or photons incident on the detector (Knoll
p116). The efficiency that is required is the intrinsic efficiency, which is the probability of
detecting a neutron if it hits the area of the detector. This is in contrast to the absolute efficiency,
which is the probability of detecting a neutron emitted at some specific point in space.
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Detector

Distance

Neutrons @ ——
Detected Neutrons
Undetected Neutrons .

Neutron Source

Figure 3. Efficiency of Detector

The intrinsic efficiency does not include the solid angle subtended by the detector as an implicit
factor (Knoll p117). The equation is:

Intrinsic efficiency (&;) = (number of pulses recorded) / (Number of radiation quanta incident
on detector)

Absolute efficiency (ea) = (number of pulses recorded) / (Number of radiation quanta
emitted by source)

The number of pulses recorded is the net counts or net count rate, which is the measured count
rate minus the background count rate.

Net count rate = Rate of pulses recorded (counts per second) - Background count rate

The number of radiation quanta incident on the detector (net incident rate) can be calculated for
any given source that is used in an experiment by including a correction for geometry. The
neutron sources used have a known mass in nanograms (ng). This can be used to give the number
of neutrons emitted per second by multiplying by 2300 cps/ng.
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2.3.1. Solid Angle Calculation

Solid Angle

Figure 4. Solid Angle

The solid angle is an essential factor needed for a calculation of the efficiency of any detector.
This factor is defined by an integral over the detector surface that faces the source (Knoll p118).
The surface area of a sphere has a solid angle of 41 steradian.

The integral of this surface area of the sphere is computed by using two orthogonal angles, phi
and theta.
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Phi from O-
21
Thetafrom
0-1t

m

Figure 5. Solid Angle Dimensions

As show in Figure 5, Phi describes the rotation angle around the sphere axis in the horizontal
plane and ranges from 0 to 2mw; Theta describes the angle relative to the rotation axis and ranges
from 0 to .

The integral of this sphere is represented by:

2 -
do f Sin8 dé
0
0

2nx2 =4m

As seen in Figure 6, the detector only “sees” fewer than half of the neutrons emitted by the
source due to the geometry.
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Half of source particles
does not intercept with
detector Detector

o
.\
e

Neutron undetected
Neutron detected
Source

Figure 6. Source Emission

All aspects are taken into consideration, and the solid angle calculation is derived and executed
using the program Mathematica.

%* Wolfram Mathematica 7.0 - [cartesian solid angle.nb]

File Edit Insert Format Cell Graphics Evaluation Palettes Window Help

E cartesian solid angle.nb

xmax = 19.25

ymax = 61

z=7.975

H[Integrate[4 z (x"2 +y"2 +2"2)"{(-372), {x, 0, samax}, {y, 0, ymax}]]

19.25
61

7-97s Solid angle equation for point
4.63258 source
Solid angle

Xmax—width of detector
Ymax= height of detector
7= distance of source from detector

Figure 7. Mathematica Program
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Mathematica was used to compute the solid angle with respect to distance, but we did not
implement the computation of angular dependency, so an Excel spread sheet was used to
accomplish that goal for shapes such as a cube and cylinders.

2.3.2. Angular Dependency for Solid Angle Calculation
a. Solid Angle for a Cube

For some measurements, a cubic geometry of material was used. If N; particles are incident upon
an target with Nt nuclei per unit are, the number of detected particles Np is given by the equation
(Cook 1980).

No =NiNt[ [ do/d do
where Q is the solid angle and do/dQ is the differential scattering cross-section expressed by

ND
dG/ dQ = NINT.Q.

The solid angle subtended by a rectangle of width 2w and length 2h at a point P(xp, yp, zp) may
be calculated using an exact analytical solution (Gotoh & Yagi 1971).

Z
A
P(xp,yp,zp)

2w

VaE

Figure 8. Geometry for Cube
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The solid angle subtended by the rectangle at the point P is given by the integral:

dy

Q =hldx] X*+y*+2)"

The analytical solution to this double integral is exactly expressed by a sum of inverse
trigonometric functions:

Q(Xp,yp,zp)

= arctan

+ arctan

+ arctan

+ arctan

(w +xp)(h +yp)

zp[(w + xp)’ + (h + yp)* + zp’] *

(w +xp)(h - yp)

zp[(w + xp)’ + (h - yp)* + zp’] *

(w - xp)(h +yp)

zp[(w - xp)’ + (h + yp)* + zp’] *

(w - xp)(h - yp)

zp[(w - xp)’ + (h - yp)* +zp’]

Using this equation in Excel, the solid angle for the center position of the point P, located
directly 207 cm above the center of the rectangle was calculated as follows:

width of the
rectangle

length of the
rectangle

x-coordinate of
the point

y-coordinate of
the point

z-coordinate of
the point

Solid angle subtended by a rectangle to a point above its center

yp

12.7 width 2w

12.7 length 2h

207 height

254

254

200 thickness 7
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xpl 12.7 w + Xp
ypl 12.7 h+yp
yp2 12.7 h-yp
xp2 12.7 W - Xp
nl 161.29 xpl* ypl
dl 207.7777 (xp172 + ypl1”r2 +zp~2)"0.5
d2 43009.99 d1*zp
tl 0.00375 nl/d2
first factor angl 0.00375 arctan(tl)
n2 161.29 xpl*yp2
d3 207.7777 (xp172 +yp2°2 +zp~2)"0.5
d4 43009.99 d3*zp
t2 0.00375 n2/d4
second factor ang?2 0.00375 arctan(t2)
n3 161.29 xp2*ypl
ds 207.7777 (xp2°2 +ypl172 +zp~2)"0.5
do 43009.99 ds*zZp
t3 0.00375 n3/d6
third factor ang3 0.00375 arctan(t3)
n4 161.29 xp2*yp2
d7 207.7777 (xp2/2 +yp2°2 +zp~2)"0.5
d8 43009.99 d7*zp
t4 0.00375 n4/d8
fourth factor ang4 0.00375 arctan(t4)
solid angle sol 0.015 angl +ang2 +ang3 +ang4
4m/sol 837.8574 4m/sol
sol/4n 0.001194 sol/4n

Table 2. Excel Solid Angle for Rectangle
The result for this geometry at a point from a rectangular detector plane was that the subtended

solid angle was Q = 0.015 steradians. Similar calculations were performed for the various
geometries encountered in the experiments using the IAT rectangular detector.
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b. Solid Angle for a Cylinder

For some measurements, a cylindrical geometry of material was used. The case of a solid angle
subtended by a cylinder was approximated by an analytical solution (Guest 1961).

— | T
|

Figure 9. Geometry for Cylinder

The solid angle subtended at the point P in the base plane from the axis of a right circular
cylinder of unit radius and height H is expressed by the integral:

Q=2H[H*+S% " do
where S =p cose — (1 — p” sin’e)”
The approximate analytical solution for the solid angle is given by:

2H(1 + 1/6p°)

Q=
p[ H: + (p — /4 — 1/5p)*]"?

The solid angle for the case of a cylinder was calculated using the above formula in Excel for a
cylinder of radius r1 and height H1 at a point at a distance x1 from the cylinder axis.
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Radius of the cylinder

Height of the cylinder

Distance between the point
and the cylinder axis

Solid Angle

PNNL-19616

solid angle subtended by a right circular cylinder to a point

H1

x1

sol
W

36

535

100

1
1.486111
0.743056
2777778
1.486111

1.0216
1.518211

0.8575
1.920278
3.687467
2.059028
5.719524
0.265444
0.530887

cm

cm

cm

2H

1+ 1/6x"2
nl*n2

/4 +1/5x
X-a

(x-a)y™2

(H”2 +d1)"0.5
x(d2)

n3/d3

2(sol)

Table 3. Excel Solid Angle for Cylinder

The solid angle subtended by the cylinder for this particular geometry was calculated as
0.2654 steradians. These calculations were performed for the various geometries in the

experiments.

c. Solid Angle for Actual Geometry

Using Mathematic, it is possible to find the effective solid angle of each distributed geometry,
i.e., the average of the solid angle over each point in the volume.

Material Effective Solid Angle (From Mathematica)
Fe 0.822
Brass 0.537
W 1.835
Pb 0.956

Table 4. Effective Solid Angle
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2.4. Detector Efficiency Determination with Source

Tables 5 and 6 show a calculation of the efficiency with respect to X, y, and z. In the tables, z is
the distance between the IAT detector and the source, while x and y are the horizontal and
vertical placement of the source, respectively. These two tables were calculated using the
function generated in the Excel program created specifically for calculating the solid angle of the
source. The intrinsic efficiency is found from the calculated solid angle, the net counts per
second and the source emission rate (76 590 neutrons/s) as follow:

e;=(Neutron Detected/ Neutron Emitted)*(4m/Solid Angle)

The scintillator is set back about 7 cm from the front outside of the detector enclosure.

X Y y/ Background | Source Net Calculated | Intrinsic

Position (cm) | (ecm) | (cm) (cps) (cps) (cps) solid angle | efficiency
center 0 0 7 2 6689.8 6687.8 3.50 0.31
top right 127 127 7 2 2105 2103 1.19 0.29
top left -12.7 | 127 7 2 2212.3 2210.3 1.19 0.30
bottom right 12.7 | -12.7 7 2 1690.2 1688.2 1.19 0.23
bottom left -12.7 | -12.7 7 2 2076 2074 1.19 0.28

Table 5. Detector Efficiency for Source at 0 cm From Detector Enclosure

Table 5 shows the calculations for solving the ¢; (Intrinsic Efficiency) using a point source 7 cm
away from the detector (0 cm from face of detector + 7 cm from center of detector). We
measured the point source at five different locations on the detector (center, top right, top left,
bottom right, and bottom left). There was one discrepancy in the acquired information showing
a huge drop in counts per second (cps) when taken at the bottom right. To get the average €;, we
discarded the ¢ at this location and simply added the rest together and divided by four (number
of locations). The average ¢; the detector gave off in this case came to 0.295 or 29.5%.

Source Net Calculated | Intrinsic

Position X(cm) Y(cm) | Z(cm) | background (cps) (cps) | solid angle | efficiency
center 0 0 324 2 990.7 988.7 0.534315 0.30
top right 12.7 12.7 324 2 710.2 708.2 0.390492 0.29
top left -12.7 12.7 324 2 737.4 735.4 0.390492 0.31
bottom right 12.7 -12.7 324 2 715.7 713.7 0.390492 0.30
bottom left -12.7 -12.7 324 2 680.4 678.4 0.390492 0.285

Table 6. Detector Efficiency for Source at 0 cm from Detector Enclosure
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Table 6 shows the calculations for solving the ¢; (Intrinsic Efficiency) using a point source 32.4
cm away from the detector (25.4 cm [10 inches] from face of detector + 7 cm from center of
detector). The dimension of 10 inches was chosen to match the size of the Pb cube. We
measured the point source at five different locations on the detector (center, top right, top left,
bottom right, and bottom left). Throughout the process of calculating the €1, we found the values
to be close to each other. To get the average €, we added together each E; that we found and
divided the total number by five (number of locations). The average ¢; the detector provided in
this case came to 0.298 or 29.8%.

Source Net Calculated | Intrinsic
Position | X(cm) | Y(ecm) | Z(cm) | background | (cps) (cps) solid angle | efficiency
center 0 0 7 2| 6689.8| 6687.8 3.50 0.31
center 0 0 32.4 2 990.7 988.7 0.53 0.30
center 0 0 107 2 107 105 0.056 0.31
center 0 0 207 2 36 34 0.015 0.37

Table 7. Detector Efficiency for Source at Center from Different Distances

Table 7 shows measured rates and computed solid angle using Excel. Table 8 shows the outcome
when calculating the efficiency using Mathematica instead of Excel.

Background | Source Net Mathematica | Intrinsic
Position | X(cm) | Y(cm) | Z (cm) (cps) (cps) (cps) solid angle | efficiency
center 0 0 7 1.33 6690 | 6688.67 3.50 0.31
center 0 0 32.4 1.33 991 | 989.67 0.53 0.30
center 0 0 107 1.33 107 | 105.67 0.056 0.31
center 0 0 207 1.33 36 34.67 0.015 0.37

Table 8. Detector Efficiency for Source at Center Using Mathematica

The data given from Tables 7 and 8 illustrate that Excel and Mathematica calculation agree for
the solid angle and intrinsic efficiency, thus verifying that the formulas used in each of these
programs are consistent.

Page 14 of 57




PNNL-19616

2.5. Material

Measurements of the Ship Effect are a significant part of this research. Our goal is to use
different materials to measure interactions with cosmic rays using the IAT neutron detector.

Table 9. Materials used in this study

Material Information on Description and
materials Dimension of shape
Lead (Pb) Atomic number: 82 | Shape: cube
Atomic weight: Substance: sealed bricks
207.2

Height: 30.5 cm

Description: soft Width: 30.5 cm

heavy toxic malleable

metallic element Length: 30.5 cm
Density: 11.3 g/cm’
Mass: 320 kg

Brass (Cu+ | Atomic Shape: cylinder

Zn) number(Cu):29 Substance: four large rings,
Atomic weight(Cu): | four small rings and two
63.1 small cylinder
Atomic Height: 53.3 cm
number(Zn): 30 Width: 36 cm
Atomic weight(Zn):
65.38

Average Atomic
number (Brass
70Cu/30Zn)=29.3

Average Atomic
weight (Brass
70Cu/30Zn)= 64.1

Description: an alloy
of copper (~70%) and
zinc (~30%)

Density: 8.74 g/cm’
Mass: 307 kg
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Tungsten(W) | Atomic number: 74 | Shape: cylinder and
Atomic weight: rectangle
183.84 Substance: four half circle

c e thick plates and one

Description: gray to
white metallic rectangle block
element extracted Height: 21.59 cm
from wolframite, Width: 15.24 cm
scheelite, and other
minerals Length: 15.24 cm
Density: 16.2 g/cm’
Mass: 52 kg

Iron (Fe) Atomic number: 26 | Shape: cube

Atomic weight:
55.845

Description: A
silvery-white,
lustrous, and
malleable metallic
element

Density: 6.1 g/cm’
Mass: 91 kg

Substance: large amount of
1 inch nuts

3. Poisson Distribution

The purpose of Poisson distribution is to produce a probability of the number of times a
certain event occurs within a given time period. The Poisson distribution only works under the
circumstances that the user has a known average rate and if the events are independent of one

another.

P(k) =

xte™

k!

X = known average of a distribution

P(x)= probability that there are k occurrences

e = base of natural logarithm

k! = factorial of k, the number of occurrences of an event
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The result of the equation with a k of three would give the user

=3
X

6e*

If X were 0.5, P(x) would be 0.0126.

While radioactive decay follows a Poisson distribution, the ship effect does not since the
multiple neutrons emitted simultaneously in a spallation event are correlated.

4. Facilities

4.1. Description of Building 318

Building 318 is located in the 300 areas of the PNNL facilities. The building was used to
measure different materials in an indoor environment to test the ship effect. Figure 10 shows
measurements being made in the laboratory.

Figure 10. Building 318 Laboratory

Table 10 gives the data for background measured in building 318. Figure 11 shows that the
background follows a Poisson distribution to the level of statistics obtained in the measurement.

Table 10. Indoor Background vs. Poisson

total total total total total total total total total
Event | zeroes | ones twos threes fours fives sixes sevens eights
Total 21756 | 2627 181 12 0 0 0 0 0
% 0.89] 0.11]0.0074 | 0.00049 0 0 0 0 0
Poisson 0.88 ] 0.11 ] 0.0067 | 0.00028 | 8.45E-6 | 2.082E-7 | 4.27E-9 | 7.51E-11 | 1.16E-12
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The sum of the total number of counts was 2810 (24 576 including zeros). The Mean for the
Poisson distribution is 0.123.

Indoor Background

1

0.01

0.0001 \
0.000001
B Numberof Events

1E-08 \
== Poisson
1E-10
1E-12 T T T
4 6 8

Events

Percentage of Events

Figure 11. Indoor Background vs. Poisson

4.2. Description of Building 331G

Building 331G is an outdoor site where the RPM (Radiological Portal Monitors) are located and
tested. This outdoor site was used to eliminate interference from any radiation source.

‘ - r -—%
\\.-
\ = = ~
> o - Q ’\

Figure 12. 331G Testing Area
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Table 11 shows the background data obtained outside at Building 331G. Figure 13 shows that the
background follows a Poisson distribution to the level of statistics obtained in the measurement.

Table 11. Outside Background vs. Poisson

total total total total total total total total total
Event | zeroes | ones twos threes fours | fives sixes sevens eights
Total 68670 | 4865 191 2 0 0 0 0 0
% 0.9310.066 | 0.0026 | 2.71E-5 0 0 0 0 0
Poisson 0.93]0.066 | 0.0024 | 5.61E-5| 1.0E-6 | 1.42E-8 | 1.61E-10 | 1.72E-12 | 1.53E-14

The sum of the total number of counts was 5059 (73 728 including zeros). The Mean for the
Poisson distribution is 0.0712.

4.3. Description 2425 Underground Laboratory

Percentage of Events

1

0.1
0.01
0.001
0.0001

0.00001
0.000001 -

0.0000001
1E-08

Outside Background

Event

B Numberof Events

=4 Poisson

Figure 13. Outside Background vs. Poisson

The Underground Lab is a special facility at PNNL built to provide a very low

background radiation environment. It is built at a depth of 12.2 m (40 feet), which reduces the
cosmic ray background significantly (about a factor of 9 in muon rate). Ship effect

measurements for a 30.5 cm (12 inch) Pb cube were conducted with the IAT detector in

Underground Lab. Figure 14 shows the layout of the underground space.
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Table 12 shows the background data obtained in the underground laboratory. Figure 15 shows

Figure 14. Underground Testing Area

that the background follows a Poisson distribution to the level of statistics obtained in the

measurement.
Table 12. Underground Background vs. Poisson
total total total total total total total total
Event | zeroes | ones twos threes fours total fives | sixes sevens eights
Total 73538 187 3 0 0 0 0 0 0
% 0.9974 | 0.0025 | 4.069E-5 0 0 0 0 0 0
Poisson | 0.9974 | 0.0026 | 3.42E-6 | 2.98E-9 | 1.95E-12 | 1.022E-15 | 1.61E-10 | 1.72E-12 | 1.53E-15

The sum of the total number of counts was 190 (73 728 including zeros). The Mean for the
Poisson distribution is 0.0026.
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Underground Background
01 TN
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Figure 15. Underground Background

5. Data and Analysis

5.1. Pb Data

i. Pb Data From 318

The setup for Pb inside at 318 is seen in Figure 16.

Figure 16. Building 318 Lab Pb Setup

A lead cube was assembled with the dimension of 30.5 cm x 30.5 cm (12”x12”). Table 13
provides the data measured for Pb in Building 318. One background measurement was used for
all other measurements, which is a limitation to the results.
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Det Sum | Standard | Standard | Excel
Distance | Detl Det2 Sum Net Deviation | Deviation | Solid
(cm) (cps) (cps) (cps) | Background cps Value as % Angle
1.95 1.46 3.41 2.11 1.3 0.068 5% 3.5
10 1.92 1.48 3.39 2.11 1.28 0.068 5% 1.5
20 1.84 1.42 3.26 2.11 1.15 0.067 6% .73
30 1.88 1.42 3.3 2.11 1.19 0.067 6% 42
40 1.87 1.4 3.27 2.11 1.16 0.067 6% .27
50 1.81 1.34 3.16 2.11 1.05 0.066 6% .24
60 1.85 1.42 3.27 2.11 1.16 0.067 6% 14
70 1.9 1.39 3.29 2.11 1.18 0.067 6% A1
80 1.91 1.36 3.27 2.11 1.16 0.067 6% .083
90 1.85 1.34 3.19 2.11 1.08 0.066 6% .067
100 1.86 1.34 3.2 2.11 1.09 0.067 6% .055
150 1.77 1.26 3.03 2.11 0.92 0.065 7% .026
200 1.58 1.13 2.72 2.11 0.61 0.063 10% .016

The IAT detector measured the Pb cube in pulse height at distances ranging from zero to two
meters. The table above shows the computed information measured by the detector. The excel
equation for solid angle of a rectangle was used to calculation the solid angle for each Pb

geometry.
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CPS and Solid Angle vs Distance
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Figure 17. Building 318 Lab Plot of Pb cps Versus Distance

The plotted line of cps versus distance in Figure 17 (blue) illustrates that as distance
decreases the detector counted fewer neutrons from the lead cube. The excel solid angle is also
shown. It would have been expected that the data curve would follow the solid angle curve, but
they deviate greatly. This seems to indicate that the data are contaminated by background in the
building that may be changing with time and do not represent a good measurement of the neutron
emission rate from spallation events in the lead.

Table 14. Lead Building 318 Poisson versus Multiplicity Measurement

total total | total total total total total total total
Event zeros | ones | twos threes fours fives sixes sevens eights
Total 20719 | 3390 383 47 10 2 1 0 0
% 0.84 0.14 0.016 0.0019 | 0.000407 | 8.15E-05 | 4.07E-05 0 0
Poisson 0.84 0.15 0.013 | 0.00078 | 3.45E-05 | 1.22E-06 | 3.61E-08 9.15E-10 | 2.03E-11

Table 14 shows the results from the multiplicity measurement of the Pb in Building 318. The
detector was positioned against the lead cube. The measurement time was 40 minutes. The first
row gives the number of events seen with the indicated multiplicity in a times window of 100
seconds (0.1 s per channel). The row labeled Percentage was derived from each individual event
total divided by sum of all the combined events (example: sum = 24 552; to get percentage for
total zeroes, divide total zeroes by sum 20 719 / 24 552 = 0.84). The row labeled Poisson is the
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Excel Poisson function result. The Mean used in the function was derived by multiplying each
number of events by the event total, after adding them all up, divide by the total number of
counts (example: (0%20 719 + 1*3 390 + 2*383 + ... + 7*0 + 8*0) / 24 552); this number (0.18)
is the mean for the Poisson probability.

Lead Indoor
1
0.1
wv
£ 0.01
[}
2 0.001 =
S 0.0001 0O
gn \ | B Numberof Events
g 0.00001 .
S 0.000001 \\ —¥Poisson
[}
& 0.0000001 N
1E-08
1E'09 T T T 1
0 . Evénts 6 8

Figure 18. Building 318 Lab Plot of Poisson versus Pb Multiplicity

Figure 18 and Table 14 show the probability of an event occurring. It shows the Poisson
Probability Distribution versus the results given from the multiplicity data. The probability is
shown in terms of percentage.

ii. Data from 331G for Pb

The setup for Pb Outside at 331G is seen in Figure 41.

Figure 19. Building 331G Pb Setup
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Table 15. Building 331G Pb Measurements

Standard
Distance | Detl Det2 Sum Standard | Deviation
(cm) (cps) (cps) (cps) Net (cps) | Deviation | Percent Solid Angle
0 1.38 1.02 2.4 0.98 0.056 6% 3.5
10 1.1 0.93 2.03 0.61 0.054 9% 1.5
20 0.93 0.77 1.7 0.28 0.051 18% .73
30 0.82 0.91 1.73 0.31 0.051 17% 42
40 0.84 0.72 1.56 0.14 0.050 36% 27
50 0.72 0.75 1.47 0.05 0.049 98% .24
60 0.73 0.74 1.47 0.05 0.049 98% 14
70 0.85 0.8 1.65 0.23 0.051 22% A1
80 0.78 0.71 1.49 0.07 0.049 70% .083
90 0.76 0.73 1.49 0.07 0.049 70% .067
100 0.65 0.75 1.4 -0.02 0.048 -242% .055
150 0.69 0.7 1.39 -0.03 0.048 -161% .026
200 0.72 0.68 1.4 -0.02 0.048 -242% .016

The IAT detector measured the Pb cube in pulse height mode at distances ranging from zero to
two meters. Table 15 shows the information measured by the detector at the 331G outdoor
facility. The values beyond 50 cm are all consistent with no signal with the given standard
deviation. The excel equation for the solid angle of a rectangle was used to calculation the solid
angle.
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Outdoor CPS and Solid Angle vs Distance
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Figure 20. Building 331G Pb data for cps and Solid Angle versus Distance

The plot in Figure 20 illustrates that distance versus cps decreases and levels out in this
outdoor environment. The plotted line of cps versus distance (blue) is similar to the indoor plot
where there is a trend to fewer counts at larger distance, but not a good correlation with the solid

angle.
Table 16. Building 331G Pb Multiplicity Results
total total | total total total total total total total
Event zeroes | ones | twos threes fours fives sixes sevens eights
Total 77648 | 7439 729 83 22 8 1 1 0
% 0.90 | 0.086 | 0.0085 | 0.00097 | 0.000256 | 9.31E-05 | 1.16E-05 1.16E-05 0
Poisson 0.90 | 0.097 | 0.0052 | 0.00019 5.1E-06 1.1E-07 | 1.99E-09 3.07E-11 | 4.14E-13

The sum of the total number of counts was 8283 (85 931 including zeros). The Mean for the
Poisson distribution is 0.108.
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Figure 21. Building 331G Plot of Poisson and Multiplicity Data

Figure 21 and Table 16 show the Poisson distribution and the measurement results given from
the multichannel data. The probability is given in terms of percentage. The outdoor
measurement of event numbers were similar to the indoor measurement, but the outdoor data had
a slightly higher event rate.
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iii. Data for Pb from Underground 2425

The setup for Pb underground is seen in Figure 22.

Figure 22. Underground Experimental Setup

Table 17. Summary of Total Events for Each Facilities

Total

Back- | total total | total | total total | total | total | total total | 2s- time | rate
Faculties grnd | zeroes | ones | twos | threes | fours | fives | sixes | sevens | eights | 8s (min) | (cps)
Indoor
(318) 2.11 | 20719 | 3390 | 383 47 10 2 1 0 0| 443 20 | 0.369
Outside
(331G) 1.42 | 77648 | 7439 | 729 83 22 8 1 1 0 844 70 0.201
Undergrnd
(2425) .06 | 73469 | 251 6 1 1 0 0 0 0 8 60 | 0.0022

Table 17 demonstrates how the multiplicity events ranging from zero to eight varies in different
environments. Time played a factor of how many counts exceeding four that were captured.
According to Table 17, the count rate was highest inside Building 318. The rate of events
underground was only 4% of that above ground. The events underground are presumably from
neutrons coming from the walls of the facility. The rate of events of multiplicity 4 and above was
0.0108 cps (13/1200), 0.0076 cps (32/4200), and 0.0003 cps (1/3600) for the indoor, outdoor and
underground measurement, respectively. The ratio of the underground to outdoor measurement
for events with multiplicity of two to eight in 0.1 second time bins is only 1%. This, combined
with a measurement of the muon rate reduction of about nine from above ground (measured by
Juniata College students in the summer of 2009) to underground in this facility puts a limit on
the muon production of ship effect neutrons of about <10%. It is believed that the muons only
produce a few percent at most of the ship effect neutrons. Further measurements will be required
to obtain a better limit on this rate
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Table 18. Underground Measurements Poisson Versus Multichannel

total total total total total total total | total total
Event | zeroes | ones twos threes fours fives sixes | sevens | eights
Total 73469 251 6 1 1 0 0 0 0
% 0.9965 | 0.00340 | 8.14E-5 | 1.36E-5 1.36E-5 0 0 0 0
Poisson | 0.9963 | 0.00364 | 6.68E-6 | 8.16E-9 | 7.47E-12 | 5.47E-15 0 0 0

The sum of the total number of counts was 259 (73 728 including zeros). The Mean for the
Poisson distribution is 0.0037.
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Figure 23. Underground Poisson Distribution and Multiplicity Data
Figure 23 and Table 18 show the probability of an event occurring. They show the Poisson
distribution and the measurement results given from the multichannel data. The probability is

given in terms of percentage.

5.2. Brass

The setup for brass at 331G is shown in Figure 24.
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Figure 24. Building 331G Brass Setup

Table 19. Pulse Height Brass

counts
Detl Det2 Sum Distance | per Standard Solid
(cps) (cps) (cps) (cm) second | deviation | % error Angle
0.88 0.82 1.7 0 0.27 0.051 19% 0.430
0.83 77 1.6 10 17 0.050 30% 0.085
0.78 0.75 1.53 20 0.1 0.050 50% 0.034
0.76 0.74 1.5 30 0.07 0.049 71% 0.018
0.74 0.74 1.48 40 0.05 0.049 98% 0.011
0.81 0.76 1.57 50 0.14 0.050 36% 0.008
0.83 0.77 1.6 60 0.17 0.050 30% 0.005
0.81 0.72 1.53 70 0.10 0.050 50% 0.004
0.76 0.68 1.44 80 0.01 0.049 489% 0.003
0.76 0.61 1.37 90 -0.06 0.048 -81% 0.002
0.73 0.76 1.49 100 0.06 0.049 82% 0.002

Table 19 illustrates the efficiency of the detector when it comes to measuring a brass cylinder
versus distance. As the results show, some measurements came out to be below the initial
background. The solid angle was computed using the excel cylinder calculations.
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Figure 25. Brass CPS Versus Distance

Figure 25 illustrates that cps (blue) data versus distance fluctuate in the outdoor 331G
environment. The solid angle versus distance plot (red) compares the excel calculation to 1/r*
distribution. The curve of the solid angle decreases and levels out as distance increases, in
exception to the slope

Table 20 shows the Poisson versus multichannel data.

Table 20. Building 331G Poisson Versus Multiplicity Events for Brass

total total | total total total total total total total
Event zeroes | ones | twos threes fours fives sixes sevens | eights
Total 67796 | 5546 293 18 1 1 1 0 0
% 0.92 | 0.075 | 0.0040 | 0.00024 | 1.36E-05 | 1.36E-05| 1.36E-05 0 0
Poisson 0.92 | 0.077 | 0.0033 | 9.14E-05 | 1.92E-06 | 3.24E-08 | 4.55E-10 | 5.5E-12 | 5.8E-14

The sum of the total number of counts was 5860 (73 656 including zeros). The Mean for the
Poisson distribution is 0.084.
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Figure 26. 331G Brass Poisson Versus Multichannel

Figure 26 and Table 20 indicate the probability of an event occurring. They show the Poisson
Probability distribution and the measurement results given from the multichannel data.

5.3. Tungsten

The setup for tungsten at 331G is shown in Figure 27.

—,
-

\.j > 3

Figure 27. Building 331G Tungsten Setup
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Table 21 shows the multiplicity events for Tungsten.

Table 21. Building 331G Poisson Versus Multichannel Events for Tungsten

total total total total total total total total total
Event zeroes | ones twos threes fours fives sixes sevens eights
Total 68157 | 5161 306 23 6 2 0 1 0
% 0.93 | 0.070 | 0.0042 | 0.00031 | 8.15E-05 | 2.72E-05 0| 1.36E-05 0
Poisson 0.92 | 0.074 | 0.0029 | 7.84E-05 | 1.57E-06 2.5E-08 | 3.33E-10 3.8E-12 | 3.79E-14

The sum of the total number of counts was 5499 (73 656 including zeros). The Mean for the
Poisson distribution is 0.0799.
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Figure 28. 331G Tungsten Poisson Versus Multichannel

Figure 28 and Table 21 show the probability of an event occurring. They show the Poisson
distribution and the measurement results given from the multichannel data. The probability is
given in terms of percentage. The tungsten shows the ship effect occurs.
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5.4. Steel

Figure 29 shows the setup for steel. The steel was in the form of nuts, so it had a low average
density.

Figure 29. Building 331G Steel Setup

Table 22 shows the multiplicity events for Steel.

Table 22. Building 331G Poisson Versus Multichannel Events for Steel

total total total total total total total total total
Event | zeroes | ones twos threes fours fives sixes sevens eights
Total 68375 | 5062 215 4 0 0 0 0 0
% 0.93 | 0.069 | 0.0029 | 5.43E-05 0 0 0 0 0
Poisson 0.93 | 0.069 | 0.0026 | 6.45E-05 | 1.21E-06 | 1.8E-08 | 2.24E-10 | 2.4E-12 | 2.24E-14

The sum of the total number of counts for steel was 5281 (73 656 including zeros). The Mean
for the Poisson distribution is 0.0747.
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Figure 30. Building 331G Steel Poisson Versus Multichannel Data

Figure 30 and Table 22 give the probability of an event occurring. They show the Poisson
distribution versus the actual results given from the multichannel data. The probability is given
in terms of percentage. In this case of steel, the data matched that of the Poisson distribution.

6. Discussion

This research consists of using different materials that varied in neutron density to investigate the
ship effect. Cosmic ray induced neutrons from any large mass of material do not fit a Poisson
distribution due to deviations in the high neutron multiplicity caused by ship effect bursts. The
four materials were evaluated to produce results to compared with neutron density.

6.1. Pb Results

The data produce by the Pb cube with the IAT neutron detector confirmed that Pb interaction
with cosmic rays created the second highest multiplicity compared to the other three materials.
The Pb cube was examined at three different locations with various backgrounds. Table 9 can be
used to compare Pb with the other material result in Tables 14, 15, 16. Figure 31 shows an image
where seven neutrons in 33 us were detected by the IAT during an indoor lab measurement.

Page 35 of 57



0Scope
File
10492 “
9992
9492 ‘ |

8993

Il
7994 [
7494 | | \

6994

5995

PNNL-19616

EEX
=

- D5

10
Time usec

Display legend

[] Display point values

Sanpledegiter [512 (S sotsoqure | [ Contouons scaire | X [10200

Trigger On: Identified pulse | Thieshold:

30,6800
Detector: | Det! v/ X max:
Maintsin X range: [[]
Use smoothed data []

20

22 24 26 28 30

SensoScopeAcquireResponse - Detectorld: 1, Status: 0, Time: 3:22:10 PM

Figure 31. Seven Neutrons From Pb Captured With the OScope Software

6.2. Brass Results

The stack of brass rings gave the second highest neutron count rate in the IAT detector
when compared to Pb, steel, and tungsten. When measured by the multiplicity with events
having four or more counts per time interval, the brass was the second lowest material with only
three counts exceeding four events per interval. There were times where, as we moved the
detector farther away from the brass material, the acquired counts per second were lower than
that of the initially measured background. Since brass is the next to lowest neutron density
material of the four, the results met the expectations of the research.

The density of brass corresponded with its multiplicity count rate compared to the other
three materials. Brass emitted more neutrons, as shown in Figure 32, but overall emitted fewer

counts over a multiplicity rate of four.
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Figure 32. Neutron Production Rate Versus Materials at 0 cm

6.3. Steel Results

Data measured with the IAT detector showed that steel had the least effect of the materials. Steel
emitted the least number of neutrons and gave off no multiplicity events of four or more for the
measurement time and amount of material used. Steel, having the least physical density of the
materials tested, was expected to give the smallest results, as it did. Steel data produced a curve
that matched the Poisson distribution, which basically showed that there was no ship effect for
this material.

6.4. Tungsten Results

Tungsten had the highest neutron density of the three materials used. Experimental results
indicate that it produced the greatest neutron multiplicity counts compared to the other materials.
Tungsten proved to follow the pattern of “the higher the neutron density, the higher the
multiplicity”. All four materials corresponded with a fit trend line, but deviated from an earlier
experiment.

In October 2007, a similar investigation was produced PNNL researchers (Kouzes et al. 2008).
In that study, seven different materials were evaluated consisting of Pb, tile, kitty litter, fertilizer,
iron, salt, and sand. Their research concluded that the data support the hypothesis that the greater
the neutron density of a bulk material, the more likely it is to undergo spallation events from
cosmic ray showers, and thus produce ship effect neutron spikes. Less dense materials have
correspondingly fewer neutron-producing interactions. This is consistent with the hypothesis that
spallation is of less importance for these low neutron density materials, and that their neutron
shielding effects outweigh any ship effect impacts. Results from that paper are shown in Figure
33.
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Figure 33. Plot of Neutron Density Versus 4-Fold Multiplicity (Kouzes et al. 2008)

Our research sustain the previous hypothesis of the greater the neutron density of a bulk material
compared to the volume of material used, the more likely it is to undergo spallation events from
cosmic ray showers, and thus produce ship effect neutron spikes.

neutron Effectiv 4-8-fold 4-fold 4-8-fold
Materi | density volume | e Solid | 4-fold multiplicit | mult/ESA/Vol | mult/ESA/Vol
al x10% m3 Angle | multiplicity |y ume ume
Fe 1.9 0.0151 0.37 0 0 0
Brass 2.75 0.0351 0.31 91.90332 275.71
Pb 4.11 0.0283 0.9 22 32 863.7613 1256.38
w 5.84 0.0032 1.4 6 9 1339.286 2008.929

Table 23. Summary of Multiplicity Results

In Table 19 neutron density for tungsten is the highest of all the other materials, with Pb, brass
and steel following in that order. The number of spallation events was expressed as the 4-fold
multiplicity and 4 to 8-fold multiplicity. The spallation neutrons were normalized by volume to
account for the difference in the quantity of the material samples. The volume specific
multiplicity was compared to the neutron density and it was found to increase as a quadratic
function, as depicted in Figure 34. The increase in ship effect multiplicity with increasing
neutron density is in agreement in general with the previous study, but not in detail when
comparing Figures 33 and 34. The reasons for this difference will need to be explored.

Page 38 of 57




PNNL-19616

4-fold/Volume/ESA

2500
<
(%2}
w2000
(]
g
T>3 1500 -
< ¢ 4-8-fold
£ 1000 -
:‘_E- m 4-fold
5 500 —— Linear (4-8-fold)
=

0
0 2 4 6 8
Neutron Density x10-%

Figure 34. Plot of Multiplicity Versus Neutron Density

7. Conclusions

The main objectives of this research project was to operate, test and characterize an innovatively
designed scintillating fiber optic neutron radiation detector manufactured by Innovative
American Technology with possible application to the Department of Homeland Security
screening for potential radiological and nuclear threats at US borders. One goal of this project
was to make measurements of the neutron ship effect for several materials.

The Virginia State University DOE FaST/NSF summer student-faculty team made measurements
with the fiber optic radiation detector at PNNL above ground to characterize the ship effect from
cosmic neutrons, and underground to characterize the muon contribution.

The neutron detector tested during the present research is based upon a new design: wavelength
shifting plastic fibers surrounded by scintillation material and neutron absorber that generate
optical scintillations that are collected along the path of the fibers. Spectral analysis is performed
with sophisticated computer software to distinguish neutrons from gamma ray induced signals by
comparison of the pulse shape and amplitude.

One significant source of variation in the observed neutron background is caused by the ship
effect, which gives an enhanced production of spallation neutrons from dense, large masses such
as a ship and its cargo.

Measurements of the ship effect above and below ground indicate that less than 10% of the ship
effect can be attributed to muons, verifying the assumption that the ship effect arises dominantly
from cosmic ray neutron interactions.
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This study found an increase in the ship effect with neutron density, but differences with
previous work require further research.

The results of this work can be applied to active interrogation techniques and to various non-
proliferation monitoring systems, including those deployed worldwide by DOE. For example,
this work has the potential to significantly reduce the minimum detectable quantity of plutonium
whose detection forms a key element in the SNM detection mission. These methods can be
applied to both the currently used *He-based neutron detectors and the new generation of
alternative neutron detectors.

8. Future Research

Future work will perform similar experimentation to compare results and improve some flaws of
this research. One area of improvement is to use materials of the same size and shape, to
eliminate the error introduced by correcting for the geometry of the material. The time intervals
used for multiplicity event measurements need to be increased to obtain better statistics. These
problems will be evaluated to design improved measurements.
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11. APPENDIX: Description of Data Analysis Software

The IAT detector uses different software components to process data. The IAT Sensor Data
Capture (SDC) software displays and saves the measured neutron data. To extract this data, two
programs are used: ROOT (from CERN) and PeakEasy (from LANL). To analyze this data
further, Excel is utilized.

11.1. Description of the IAT Sensor Data Capture Software
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Sensor Data Capture is IAT software that analyzes data using the command interface and data
capture processes. SDC connects to the detector via Ethernet and displays gross counts and
spectral images, in the different formats of multichannel, pulse height and width. All collected
data can be saved in the IAT proprietary format of .xsp, or as standard N42.42 files (ANSI
2006). Figures 35-37 show each format has its own purpose of collecting data.

Multichannel spectrum illustrates data in line plots of one hundred seconds intervals. These plots
indicate the number of multiple neutron events detected. This information can then be saved into
folders where it can be accessed at another time by user.
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Figure 35. Multichannel View
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Figure 36. Pulse Height View

The Pulse-height mode shows the number of counts of an electrical pulse if its amplitude falls
within specified limits in the form of a histogram spectrum capturing the peaks from the neutron
and gamma rays reflected from the source.

Figure 37. Pulse Width

The Pulse Width mode shows the time interval between the first and last instants at which the
instantaneous amplitude reaches a stated fraction of the peak pulse amplitude.

11.2. Operation of the IAT Application SDC

a. Pulse height Mode
1. To start the program click on the SDC icon on the computer desktop

2. Once SDC is open, select file at the top left corner of the page. Then select open remote
site from the drop down menu (Figure 38). Pick IAT SEM 02.
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Figure 38. SDC Select Site View

3. Chose detector spectrum the user wants to view by clicking on the box next to the
detector name (Det 1, Det 2).

Name | Counts __»_JW
] Detector 1 Dffline

[] Detector 2 0

] Detector 3 0

] Detector 4 0

Figure 39. Detector Selection Menu

4. To change setting to analysis the counts per second in different modes of pulse height
Select tools and pick Detector properties from menu.
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Detector Properties

File  Site properties
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[Qel]
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Oscope.triggerThreshold 2048
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PulseDSP.channelCount 1024
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PulseDSP.enablePulse\width True
PulseDSP.imageViewtMode Pulse Height —
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PulseDSP.lowerLevelMinRise 256
PulseDSP.maxPulse\Width 1023
PulseDSP.MCSChannelCount 1024
PulseDSP.MCSDwellTime 01
PulseDSP.minPulse\idth 40
PulseDSP.pulseWidthType Min Max time v |

Received set property responses

Figure 40. Detector Properties View

& Detector Properties

5. Click down arrow and select detector 1, and then click the get button to the right.

EEX

File  Site properties
Channel: | Detl v [ Get ]
SIU Board
De
All l GenDet2
21
Oscope.tiggertode |dentified pulse |
Oscope.triggerT hreshold 2048
Oscope.useSmoothedD ata False
E PulseDSP
PulseDSP.channelCount 1024
PulseDSP.delaywindow 4
PulseDSP.enablePulse\idth True
PulseDSP.imageViewkode Pulse Height —
PulseDSP.lowerlevelDiscriminator 256
PulseDSP.lowerlevelMinRise 256
PulseDSP.maxPulse\idth 1023
PulseDSP.MCSChannelCount 1024
PulseDSP.MCSDwellTime 0.1
PulseDSP.minPulseWidth 40
PulseDSP.pulseWidthT ype Min Max time v |

PulseDSP.imageYiewMode

Received set property responses
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Figure 41. Select Detector View

6. Then scroll down to “PulseDSP.imageViewMode” and click on the down arrow and
select a choice.

7. Then go back to the top of the pane and select “set bulk,” this put both detectors in the
mode user wants.

8. To set time interval, click on tools, and select Spectral data capture utility (f4) and insert
amount of time. For total capture and save interval both must match. Click start to begin
data taking.

Spectral data capture utility Q|§|®

Additional sites  Properties

Hours Minutes Seconds
Total capture: | 1 | 0 0
Save interval: |1 0 | [o

File 1, Elapsedtime: B minutes, 3 seconds

Figure 42. Data Capture Utility

b. Pulse Width Mode
1. Repeat steps above, into step seven and select pulse width instead of pulse height.
¢. Multichannel Mode
1. Repeat steps above, from step seven and select multichannel instead of pulse height.

2. Instep eight, it’s different for the time intervals. In multichannel after every one
hundred seconds it saves in a bin. So set the save interval to 100 seconds and insert
any amount of time for the total capture.

3. After start you will have to create and select a data folder for the many files produced.

11.3. Description of ROOT Software
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The ROOT program provided an easier and more effective way than of transferring saved
data from the IAT neutron detector to excel. This program is run through the command prompt
and the user has to be precise when loading data or changing directories. Any wrong word or
lack of a character would simply result in an error. The most effective way to use this program is
to save information in dated folders with the same format (i.e., 6-20-2010, 6-21-2010, etc) all
inside of one common folder and directly onto the desktop. Each individual measurement should
go into a specific folder to separate the different measurements and distances. This way makes it
easier for the user to change directories. With the folder open on the side of the screen as a
reference, verify that there is accurate information when changing directories. Make sure to
include the “convert.C” file in each specific folder when working with the ROOT program (this
routine is used by ROOT in the analysis). The next subsection gives an example set of
instructions of how to successfully run the program.

11.4. Application of ROOT software
1. While on desktop click on START which should be located on bottom left of screen.
2. Place mouse over All Programs.
3. Scroll up to Accessories.
4. Now click on command prompt and a black box will appear on the screen.

5. To change directory type the letters “cd “ then followed by the place of the directory
whether my documents or desktop (example: cd desktop).

A ..

Figure 43. Starting ROOT Software
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6. Now change directory to common folder (example: cd IAT 10x10)

Folsers

Settings|ergreer DesitoplIAT |

e
(2] 30 en heght lesd TXT
130 om lead hewght 42
A0 om heght Inad TXT
*)40cm ket hesgpe o2

L horton: 2] 50 on heght lead, AT
@ Pt the fln 10 the Wb 5150 o Il bt o2
) t-nalth ) 60 om hepst iead TXT
60 on lead heght.né2

e i EXT

#]70 on laad height M2

Other Places 00 on height lead TXT

%0 on lesd i
0 crn bt b, 11

Mcrosoft Cftice Po..,

™ 61110 % Seroor Dats Castire T Pedhany dractioro. T Doxument! (Compot, Command Proost

Figure 44. Changing Directory in ROOT

7. Change directory to dated folder once common folder is loaded (example: cd 6-20-2010)

Q¥ s Fekbors

\Documents and

cd 10T 10x18
IAT 18x18cd —
Fie Folder
e Fckder
Fin ol
& Move this fokd - Vo Fakdne
0} Copr ths ek i
) Fublh ths foldar to the 0 e Folder
Webs 261710 cxtside Fin Fokder
61010 outside Pl Folder
Fin Fokon
e Folder
R
Fho Folder
Other Maces ]
> Fée Folder
(3 oo o Nezrie
£ My Doxumerts
3 Shwed Documants
§ My Computer
& My testvrk Places

IAT 18x8\6-2 . N File and Folder Tasks

W) Rerue i (ke

Srawe te fokime

89 JAT 10210 = Secnor Dot Caplure £ PesEacy drnctione.r
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Figure 45. Opening Common Folder in ROOT

8. Next change directory to specific folder (example: cd 10 cm)

T s Fekbors

Addr s iLocuments and SettingslengreeriDeshtepi AT

1 Nome &
30 om channel
10 e charned

i 2) Mabhe e fok Qioand
KEopNIAT 181 8N6-23-1 : 320 om charred
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£ Share s folder 340 o charred

IAT 18x File and Felder Tasks

@ Publsh ths fokder to the
et

Other Places

2300 m charrd
Qu 2% om charned
£ My Documents £ 100 o chanewd

10 11:48 4%
3 Sharnd Documerts 0 cm brass heght part 2.n42 10 1:24 $M
My Comter 0 in brass heste.ra S/24/2010 10:54 AM
S et P 0 om brass hewghe. TXT Teut Document 10 10:59 AM
S5 My Nk Piaces 10 c o0 beass.naz tzrle
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W2 P
NA2Fle
A2 Fir
N2 Tl
Test Docummet
Ne2Fle

20 b

= Secwor Data Capture D PesEasy dractons.r £ Occummtt [Compa.

Figure 46. Opening Specific Folder in ROOT

9. Now save the directory in the folder (example: dir /B *.n42 > n42.list)

Fée and Folder Tasks 0 on charrsd

2 Makhe & v Fokder S0 on el
£220 e channel
Q@ ‘h.n ) thes Tokder to the £330 an channed
32 Share e fokder (240 e charnel
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Other Places 70 am channel
380 cm channel
2% e charenl
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10 om brass height part 2.
5)0 cm bess heught 2
) 0 m brass heighe. 11 ! Test Document
#]0 om ro beass M2 N2 Fle

142 Fe

2 e (24/2010 1:52FM
M2 Fle 62412010 154 PM
42 Fle

N2l

M2 Fle
10 cm beiass aghe, 1T 1 e
20 e beadd haighe A2 12 Fle

20) 1o b wee bk VT Tors P omams , b
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AR

W 2310t
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Figure 47. Creating n42.list Folder in ROOT program

10. Go back to open desktop folder. New saved information should be in the specific folder
and it should read “n42.list”. Double click on this.
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Figure 48. Opening n42.list Folder from ROOT program

11. While in n42.list, click on edit and scroll to replace. An empty box will appear, type
“n42” besides the box that reads “Find what” and click replace all (do not put anything
inside of the box next to “Replace with”). Remember to save information when done.
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Go back to the command prompt.

2 g

ot pter At P d

3| D

L3 CADocuments snd SettigelangemenDedtoplIAT 10x1016-23-10 brase)0 e chanvel
Name + Type

Tie and 1 older Tas [ FER NAZ e
) 16.m2 W2l
5)17.emz 2P
3] 10m2 (O
5192 M2 Fle
‘ Pubiich thes file to the Web NAZFle
) Emalihs fie A2 Fie
X Dot thes fie i
NA2 Fle

2 e sf2epm10 11

N4z e ) '
NA2 File
A2 Fle
N2 Fle

NAZFle “aafano 11

N2 Fle 24020101
N4
A2 Fle
A2 Fle
NAZFe
M2 Fle
Az
LST He

) Fenme this fie

Details

= Senuir Data Captre T Prsbiany drecturs, 0 pocusents [Compat,.,

Figure 49. Saving n42.list in ROOT program

12. Once back on command prompt, create a media directory (example: mkdir media)

s

BEIEI % 0 cm channel

fle Edt Vew Favartes Took Meb

Ot - O 3| Dwor vt

£ C:ADocuments snd Settigelangrsen De2oplIAT 1UxLUE-23-10 brase|0 e chanoal
See Type
Tile sod T older Tasks O NA2Fle
) Reriame this fokder SAD; NI
8 cn channe Gy Move thes fokder o
6
(Y Copr the fokdee 2 P
@ Fubish the fokdar b the 2 ok
wed 608 4
) Share this folser 2082 SK N2 2010 13
£ Eend th fokir'c s 58 €24/2010 11
san mz 242010 13:37 a0
6 0
6B E24[2010 11:40 AM
o 624/2010 11:42 M
SKB N2 2412010 1143 AM
o 5 A
6 €24/2010 13:47 M
0 S Doxieeets 2 sen ez 292010 11:98 M
§ My Conurer s 2 66D Ne2 5% AM
3 Hy et SKE N2 52 aM
o
68
1

< Seruar Deta Capture 10 pesbtasy drecxir,., | T Documet [Conpsi.,

Page 51 of 57



PNNL-19616

Figure 50. Creating Media Directory in ROOT

13. Now run the program and it will automatically appear in excel (example: root convert.c)

2at o

gy )

ROOT session

5 - seach Foders | [T37]

uments and Settngsiengreer|Deshtop| AT 10x1016-23-10 brasshd cm chaneed

= Senuor Data Casture T Pesiasy drecnonsr.. | B Documents [Conouti,.

Figure 51. Running ROOT program into Excel

The resulting Excel file (summary.csv) will be located in the media folder. It contains a line for
each n42 data file with the multichannel data.

After the specific folder is converted, the user can always go up one directory by typing “cd ..”
so it is easier to go to another folder. After moving up one directory, go back and start from step
8 and repeat. If there is any need to escape or exit the directory in ROOT, type the line “.q” to
end the program. Remember to push Enter after every line is typed.
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11.5. Description of PeakEasy

The PeakEasy program is the second step when capturing the image of the spectrum.
This step can convert the SDC (sensor data capture) file to a text file which can be easily opened
when using Excel.

11.6. Application of PeakEasy

1. Open PEAKEASY SOFTWARE folder from desktop

& PEAKEASY SOFTWARE

) search [ Folders | [iT3]-

address | ) C:\Documents and Setti jneer( i SOFTWARE v l Go
0 Name - Type Date Modified
File and Folder Tasks |)Example Spectra File Folder 6/10j2010 9:43 AM
9 Viake a e okder (CPeakEasylib File Folder 6/10/2010 9:43 AM
S D5 _Store 4KB DS_STORE File 6/10/2010 9:37 AM
] 5;‘:"”5"' this folder to the Getting Started 1tf 4KB Rich Text Format 6{10/2010 9:37 AM
PEAKEA: I = . Installation.rtf 4KB Rich Text Format 6/10/2010 9:37 AM
E2? Share this folder
PeakEasy 2.15.exe 4KB  Application 6/10/2010 9:37 AM
PeakEasy directions.rtf 4KB  Rich Text Format 6/10/2010 9:37 AM
Otiies Miices 1), _PeakEasy password is PRB.... 4KB  Microsoft Office Wo... 6{10/20109:37 AM
DS_Store 7KB DS_STORE File 7/26/2007 10:29 AM
(&} Desktop 1) Getting Started.tf 26KB  Rich Text Format 5/17/2007 12:55 P11
() My Documents S 1nstallation.rtf 17KE  Rich Text Format 5/17/2007 12:53 PM
&) Shared Documents Flreaktasy 2.15.6xe 3,980KB  Applcation 5/17/2007 1:00 PM
(L1Peakiasy 2.21 Beta.zip 966 KB Compressed (zippe...  7/26/2007 10:07 AM
) My Computer
[Fpeaktasy 2.22.222 1,248K8  Z2ZFile 9/7/2007 6:29 PM
N3 My Network laces #peakeasy directions.rtf 18KB Rich Text Format 6/7/2007 5:30 PM

"7 PeakEasy Government Uise Ac... 3,141KB  Adobe Acrobat Doc...  6/11/2007 8:23 AM
] 27K8  Adobe Acrobat Doc...  6/7/2007 5:01 PM
19KB  Microsoft Office Wo...  7/26{2007 3:15 PM

Figure 52. Opening PeakEasy Folder from Desktop
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Open Application reading PeakEasy 2.15.exe

Official Use Only
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Figure 53. Running PeakEasy Software
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File and Folder Tasks IC)Example Spectra File Folder 6/10/2010 9:43 AM
Step #2: Calbrate Spectrum ) Roramothis o (CPeskEasyLb File Folder 6/10/2010 9:43 AM
o g 4KB DS_STORE Fie 6/10/2010 9:37 AM
CatixationLies _show_| B Movethisfie 4KB RichTextFormst  6/10/20109:37 AM
o DY Copy this file 4KB RichTextFormat  6/10/20109:37 Al
@ Pubiish this file to the Web 4KB  Application 6/10/2010 9:37 AM
) E-maithis e PeakEasy drections.ttf 4KB RichTextFormat  6/10/20109:37 AM
e e ¢ Dol tis i PeakEasy passwordis PRE.... 4KB Microsoft Office Wo... 6/10/2010 9:37 AM
DS _Store 7KB DS_STORE Fie 742612007 10:29 A
oo Oifset S Adit 51 Getting Started rtf 2KB RichTextFormat /172007 12:55 PM
eio 0 Chrinel N [ Pk 2 | E)nstalation.rtf 17KB RichTextFormat  5/17/2007 12:53 PM
0 L Fpeaktasy 2.15.exe 3,980K8 Application 5/17/2007 1:00 PM
Deskop [E1Peakeasy 2.21 Beta.zp 966 KB Compressed (zippe...  7/26/2007 10:07 AM
Peakas G i2Lbete; ;
Messages | W T = Sl {2} My Documents [Hreakeasy 2.22.222 1,248K8 222File 54712007 6:23 PH
P - Disp icant Energy Lines ) shered Documents H)peaeasy drections 18KB RichTextFormat  6/7/2007 5:30 PM
sk S ee § Gt oo Lo o P ereierool i
o . : i :
B 3 My Network Places #\peakEasy password is PRB.doc 19KB  Microsoft Office Wo... 7/26/2007 3:15 PM
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Click on File and then on Open File/Load Spectra to get to the captured SDC files

Official Use Only Loaded File Parameters
e Dat ETor pectrur pectrum Librat pachback Help
= ————— — Desciption [All Gamma Detectars Summed> Source = ltems
|z B8 == [Ty & ORGP [Tog Lik| | Eney) NA el of Rurt|(This spectrum i not included in comparison plot)
~Step #1: Load SpectumFile——— 42 IEEEEE————————————————.~ Insllulne’nt ;ldyﬁ gtllku'? Make: IAT Modek Sensor Interface Urit
nfo: |Ide
Ocm lead height nd2
Date: Spectum Date: | 20100611 Live Time (s} 1198.38 HEE
| 20100611 = . Spectrum Time: | 15:34422Z  ClockTime (s} 113398 ”
Lookin: [ 61710 Bl = pectum Time: lockTime (53] @l
Total Spectra Displayed Spex = = — - - Number of Char 1024 Total Counts:| 2335
3 I | A [C21AT SEM 02 [#)40cm lead height.n4z %] 200 cm height lead. TXT
: (Eamedia 2] 50 cm height lead. TXT  [%]200cm lead height.n42 Neutions: | NA CrtRate(cps| 1.9
e MyRecent  |[] o.cm height lead.TXT  [#]50 cm lead height.n42
[_iCabration Locked Documents ||2) o lead height.nd2 () 60 cm height lead.TXT NA = Not Avaiable Close d
#1042 |3)60 cmlead height.n42  [£] convert.C 43 M
Step #2: Calibrate Spectrum ) 10 cm height lead.TXT ] 70 cm height lead. TXT %] na2.list O TUZOTE:43 AM
o [#]10cm lead height.n42  [2]70 cmlead height.n42 & ]Presentationt.ppt 4KB DS_STORE File 6/10/2010 9:37 AWM
Calixabon ] wos ~ [£] 20 cm height lead. 7T [£] 80 cm height lead.TXT tf 4KB Rich Text Format 6/10/2010 9:37 AM
[Backgowd | J 2)20 cm lead height.n42 [£]80 cm lead height.né2 4KB Rich Text Format 6/10/2010 9:37 AW
B e [Z] 204 cm height lead. TXT (%] 90 cm height lead. TXT xe 4KkB  Application 6/10/2010 9:37 AM
. 5] 30 cm height lead TT  [2)90 cm lead.n42 ons.rf 4KB Rich Text Format 6/10/2010 9:37 AM
Set Calibration Parameters ’ [#)30 cm lead height.n42 (=) 100 cm height lead. TXT ord is PRB.... 4KB  Microsoft Office Wo...  6/10/2010 9:37 AM
Using File Calibration or Default E’ (2] 40 cm height lead.TXT  |2] 100cm lead height.n42 7KB DS_STORE File 7(26/2007 10:29 AM
My Computer e 26K8  Rich Text Format 5/17/2007 12:55 PM
Zero Offset keV/Chanr] J 17KB  Rich Text Format 5/17/2007 12:53 PM
0.00 2933 I - ; = 0 . 3,980K8  Application 5/17/2007 1:00 PM
.9 e pene | El —-E'-J .20 966 KB Compressed (zippe...  7/26/2007 10:07 AM
Messages My Network ~ Files of type: |4 Files () ] Cancel 1,248K8 222 File 9/7/2007 6:29 PM
Places d Second § — 5.t 18KB  Rich Text Format 617/2007 5:30 PM
™ Open as readon ad Second Spectrum
YJ?E?“.?;:EZ? II%B?meal " i Anll=mn 3,141KB  Adobe Acrobat Doc...  6/11/2007 8:23 AM
ny File ¥
=~ x None = 27KB Adobe Acrobat Doc...  6/7/2007 5:01 PM
= Hotsaly coumng ioiops | | 19KB  Microsoft Office Wo...  7/26/2007 3:15 PM
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Figure 54. Opening File onto PeakEasy Software
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4. Open desired file from SDC
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Figure 55. Viewing Spectrum onto PeakEasy
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5. Click back on File and save as a Text File

Parameters

Other Sources and Reactions Clear Last Clear All
Clear Second Spectum

" All Sources and Isotopes

i et a LA I 5 peetors bt Raarhbark W Fieg
== ———— e o — —— Desciption 4] Gamma Detectors Summed> Source = Items
H_QLEJQLEL B [T 0] o/ [Tog L] | Evewy|  NA Live (120005 Dead[ el of Rurt|(This spectrum i not included in comparison plot)
~Step #1: Load Spectium e Pr——————————————————————————— Instuent [Typ: Other Miake: AT Hodst Sererrheface Ui
rfo: |Ider
Qom lead heightnd2
Dae i Ay Spectum Date: [ 201006711 Live Time (s} 119998 - [olx|
| aoo0e11 | - . Spectum Time: | 15344222 ClockTime (s}]  1139.38 -
Savein: [ () 62310 brass o - mekE peciu Time: ockTime (st it
Total Spectra Displayed Spe r Nurnber of Chan 1024 Total Counts:| 2335
T 5 I S| |20 cm channel (%] 20 cm brass height. TXT
! 12210 em channel 2] 30 cm brass height. TXT Neutions: | NA CrtRate(epst| 19
I il My Recent ()20 cm channel 2] 40 cm brass height. TXT B! Go
e Documents |30 cm channel 5] 50 cm brass height.TT N = Not Avsiable cose | B
T 12240 cm channel (%) 60 cm brass height. TXT 143 AM
Step #2: Calibrate Spectrum — ;@50 cm channel (2] 70 cm brass height. TXT Se— rorzoTed:43 AM
o Desklop |60 cm channel =) 100 sec 0 cm brass. TT 4KB DS_STORE File 6/10/2010 9:37 AM
Cahailie | —) . |70 cm channel i 4KB RichTextFormst  6/10/20109:37 AM
Backgiound ) [ED80 cm chanrel 4KB Rich Text Format 6/10/2010 9:37 AM
My Domements |20 cm channel xe 4Ke  Applcation 6/10/2010 9:37 AM
. 2100 cm channel ons.tf 4KB RichTextFormat  6/10{20109:37 AM
Set Calibration Parameters 0 cm brass height. TXT ord is PRG.... 4KB Microsoft Office Wo... 6/10{2010 9:37 AM
Using File Calbration or Defaul ] ) 10 cm brass height. T¢T 7KB DS_STORE File 712612007 10:29 A
My Computer ‘ 26K RichTextFormat  5/17/2007 12:55PM
Zero Offset keV/Chan] ‘ 17KE RichTextFormat  5/17/2007 12153 P
oo [ 2] - B = e [F—— 3,980K8  Application 5/17/2007 1:00 PH
; e pene | El a.zip 966KB Compressed (dippe...  7/26/2007 10:07 AM
T MyNetwork ~ Saveastype: |Text Fomat (-TXT) =] Cancel 1,248K8 222File 9f7(2007 6:29 P11
T Places 2d Second Spectum—— 5.t 18KE RichTextFormat  6/7/2007 5:30 PM
INFO> Detector. ICD1 Fomat S et Use fc... 3,141KB Adobe Acrobat Doc...  6/11/2007 8:23 AM
= " e = 't Use Lice... 27KB  Adobe Acrobat Doc...  6/7/2007 5:01 PM
2 RV Jssr i ! | dis PRB.doc 19KB  Microsoft Office Wo... 7/26/2007 3:15 PM
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Figure 56. Saving Spectra as Text File on PeakEasy

Now name the file accordingly and save into an easy to reach folder.

It is optional to hold down the buttons Ctrl, Alt and Prnt Scrn to capture the image appearing on
the screen so that it can be copied and pasted into a PowerPoint or word document. This would
be good if the user was to place each picture into PowerPoint and label it accordingly so that
he/she can have a reference for some later time.
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