ABSTRACT

ADDINGTON, JR., DAVID ALLEN. Experimental Investajion of Temperature Effects on
Radiation Portal Monitor Performance. (Under thection of Dr. Man-Sung Yim.)

Radiation portal monitor (RPM) systems are cursedéployed in many countries
around the world. Because deployed RPMs are pliaceatural environments along borders
and other remote locations, they are exposed torared tolerate a wide range of ambient
temperatures. Therefore, understanding the termerdependent behavior in RPM type
detectors is increasingly important. The researelgnted in this thesis seeks to augment the
current understanding of temperature effects opémrmances of RPMs, to determine the
causes of temperature dependent RPM behaviorogmeés$ent solutions to degradations in
RPMs’ performances due to these temperature depeiade

In order to better understand the temperaturerakpee of RPM systems’
performance, a series of experimental investigatisas performed on the systems. For this
research work, climate chambers at Oak Ridge Naitiomboratory (ORNL) were used to
control the ambient temperature of two separate Ripdems. The experiments performed
include efficiency measurements, spectrum analgsid,the monitoring of the average
background count rate during temperature cycles#ypf American National Standards
Institute (ANSI) testing.

The experimental results of this study identifyesal temperature dependencies in
the tested RPMSs’ performances. Specifically, shigly demonstrates that the average
background count rates reported by the RPMs degigndicantly on environmental

temperature. The background gamma count ratesasersignificantly at high temperatures,
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decreasing the RPMs’ detection capability. Theeeech also pinpoints the root cause of this
count rate increase to be a mechanism consistémtigrmionic emission in the
photomultiplier tube (PMT).

In addition, the results of this research indgnttianges in the gain of the gamma
detectors over temperatures ranging from -30°@t&€nd confirm studies in existing
literature which stated that the gain of detecsomslar to those found in RPM systems is
affected by the temperature dependence of thelktionts and the PMTs used by these
detectors. Furthermore, the results demonstratehile temperature dependence of the gain
decreases the RPMs’ low-energy gamma detectiotigifiy—particularly thé’Co
efficiency—at high temperatures.

A model specific to the detectors tested in thseagch is included in this work and
guantifies the change in gain as a function of erafure. While this model is not applicable
to deployed RPM systems in general, it providesfjaation for future tests that explore the
gain change in a larger sample of gamma detectayedier to generalize the model to similar
RPM detectors. By modeling the gain as a funabibtemperature, advanced solutions
which compensate for the gain change can be des@lmpensure that the RPMs maintain
the same sensitivity over the entire range of teatpees.

By demonstrating that high temperature climagssilt in potential RPM
performance vulnerabilities, this research idessitihe need for solutions which limit the
effect that high temperature has on RPM performarides research work was unable to
remedy the temperature dependence of the RPM detgbbwever, it suggests solutions

which minimize the maximum temperature of the detecby providing shade to the RPM
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system or by utilizing active cooling in the systenThese tests also justify future work
exploring the potential for advanced solutions Wwhiompensate for the temperature
dependence of the detectors’ gain. These potesttiations, as well as detailed experimental

results and recommendations for future testingpessented in this research work.
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Chapter 1: Introduction

Radiation portal monitor (RPM) systems have bedized in nuclear security
applications for many years. However, in the lighthe events of September 11, 2001, the
deployment of RPMs to prevent the diversion an@agiof radioactive materials has become
increasingly important (Ely et al., 2006; R. T. kes, Siciliano, Ely, Keller, & McConn,
2008; Wahl, Alderson, & Pibida, 2007). The goaiosletect potential threats that include
not only completed weapons of mass destruction (V¥MHNd special nuclear material
(SNM), but also industrial and medical radioacseeirces which can be used to fashion
improvised nuclear devices (INDs) or radiologicelpaérsal devices (RDDs) (R. T. Kouzes et
al., 2008).

There are a variety of applications for RPM systeansl different systems vary in
size and capability. Some radiation portal mositne deployed to monitor pedestrian
traffic in and out of areas where SNM is presérttese RPM systems are often referred to as
pedestrian RPMs and are typically smaller than RigMems used in commercial
transportation monitoring. The larger RPMs aredusemonitor vehicle traffic ranging from
cars to semi-trailer trucks and are thus referoeaktvehicle RPMs. The monitoring of rail
traffic is performed by an even larger versiontaf RPM: the rail RPM.

In addition to the differences in size of the RPlhgir capabilities also vary. While a
few RPMs use gamma detectors made of thallium-dopesialline sodium iodide (Nal(Tl)),
which allows for spectroscopic identification ohse radionuclides, the most common

commercial RPMs use plastic scintillators suchagynyltoluene, or PVT (Siciliano et al.,

www.manaraa.com



2005). Detectors based on PVT scintillators arertbet common type of gamma detector
utilized in RPM systems because of the relatively tost and excellent light transmission
properties of PVT scintillators. In addition, diasscintillators are easily shaped and
fabricated to provide large detection areas (KrflD0). One final characteristic of the PVT
scintillators which makes them ideal for deploymi@nRPMs is that they are more resistant
to the environmental conditions in which RPMs dterodeployed than other scintillation
materials (Ely et al., 2006). The experimentsussed in this research work will focus only
on RPM systems which utilize these PVT scintillaf@ach of which is coupled to a
photomultiplier tube (PMT), as their gamma detestor

A common design of radiation portal monitors empglowyo large metal columnar
detection systems, often called pillars, whichaseifficient distance apart so that the
monitored traffic can pass between
them. This distance between the two
pillars can range from around 3 feet fo|
the pedestrian model, to 10 or 15 feet
for vehicle portal monitors, and up to

even greater distances for the rail

RPMs. These RPM systems can be
found at ports of entry in many Figure 1.1: An example of deployed RPM
systems. Image taken from
countries around the world, and have <http://rdnsgroup.pnnl.gov/projects.stm>.
become a common feature in seaports and at bamgsicgs. An example of deployed

RPMs is shown in Figure 1.1. The size of the RRIMrg also varies depending on the
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model since the size of the scintillators founddaghe columns directly determines the size
of the detection area of the RPMs. Large detecreas are very important because RPMs
are often used to monitor commercial traffic. ®itlse flow of commerce must not be
unduly hampered, a large detection area is negessansure that sufficient detection
capability can be maintained without each vehiessage requiring a long count time.
Typically the traffic is required to pass at a tekay low speed through the detection area
and is only stopped for further examination if RBM’s alarms are triggered. If an alarm
occurs, the person, vehicle, or train can be pulledf the flow of traffic and examined
using more sophisticated detection equipment terdehe if any threatening material is
present. Thus, the RPM serves as the primarymagenechanism that determines any
need for the more intrusive and extensive secorstasening (R. T. Kouzes et al., 2005).
Because RPMs are not operated in a controlled @mwient, the sensitive electronics
and detectors must be protected from environmeotaditions. Therefore, all the detector
components are placed inside the two metal piidmeh are typically constructed of
aluminum. Rubber gaskets create a moisture tigiitveigen the pillar doors are closed. In
this manner, some protection from the environmeprovided, but as this study will show,
the temperature of the environment can still affeetdetectors’ performance despite the
protection of the sealed columns. For the RPMesgstconsidered in this study, the
components typically found inside the master pill@tude two gamma detectors, a single-
channel analyzer (SCA), and the RPM controllere $kave pillar includes many of the same
components, including the two gamma detectors le@&CA board, but it does not contain a

separate controller. Therefore, the master pdlaontroller supports the slave pillar’s

www.manaraa.com



detectors, summing and analyzing the detectors\tsan both the master and slave pillar.
In addition, many RPM systems, including the peatwstRPM tested in this study, also
utilize helium-3 neutron detectors. However, 8tisgdy focuses only on the gamma
detectors; therefore, no discussion of neutronatiete is included in this research.

The two gamma detectors in each RPM pillar arearegtlar and are both oriented
vertically, one in the bottom half of the pillarcaone in the top half. These gamma detectors
are the focus of this study and will be discussedetail later in this research work. The
SCA board in each pillar supplies the high-voltages to the two gamma detectors located
in the same pillar and also provides amplificatbdand discrimination of the voltage peaks
from the same two detectors. The controller inrttaester pillar serves as the data acquisition
system for all the RPM'’s detectors, analyzes tha,dad provides the communication
system used for reporting the counts and any alarnsh occur. For the gross-count RPMs
examined in this study, an alarm occurs if the toate when the RPM is occupied is greater
than a threshold count rate based on the averaygioaind count rate when the detector is
not occupied. This study is not primarily concermath specific alarm algorithms used in
RPMs but rather on the overall behavior of the gandetectors.

Because RPM systems are deployed in remote locatiamund the world and are
unprotected from their environments, it is critit@lunderstand the effects that
environmental factors can have on the performah&Pd/s. In particular, RPMs are
subjected to conditions including extreme tempeeatariations, as well as rain, humidity,
and other sources of moisture. However, becawesBEMSs’ detectors and sensitive

electronics are encased in sealed metallic piltaes; are well protected from rain and
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humidity. When properly maintained and operathd,gillar’'s seals prevent all moisture
from reaching the sensitive RPM components, lirgitmy performance issues due to
moisture. Therefore, this research will focus @mperature as the primary environmental
factor affecting RPM performance.

The components of these systems must withstandregtrvariations in ambient
temperature without compromise to, or degradatipdetection capability (Siciliano et al.,
2005). Therefore, it is desirable to understana R®Ms respond to the harsh climates to
which they are subjected. A better understandfrije@RPM’s response could help identify
any potential shortcomings in the RPM’s performaahge to temperature, aid in the
prediction of detector vulnerabilities, and providgeommendations for circumventing these
vulnerabilities.

For all of the reasons discussed so far, RPM systeene the focus of the
experiments performed during this study. Furtheenaccess to these RPM systems and the
climate chambers used to test temperature effectiseosystems’ performance was made
possible by collaboration with Oak Ridge Nationabbratory (ORNL). The experiments
performed during this study utilized temperatureley typical of American National
Standards Institute (ANSI) testing and includedrtianitoring of the RPMs’ background
count rates, efficiency measurements, and speutadyses. The measurements that
occurred during the temperature cycles soughtwealeany temperature dependence in the
performance of the RPMs and also to identify spesiystem components responsible for the

temperature dependence. This study will use efudin the experiments involving these
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RPMs to augment the existing understanding of perdmce degradation in radiation
detectors due to temperature.

The purpose of this research work is to provideartamt insight for the deployment
of RPM-type detectors in nuclear security applmasi Specifically, this research work will
demonstrate that the performance of RPM-type detect temperature dependent, search
for operational solutions to the temperature depahbdehavior of the detectors, and identify
the root cause of the temperature dependencefirshhypothesis tested was that the
detectors were temperature dependent, especidiiglatemperature. The second
hypothesis was that the magnitude of the temperaependence could be decreased using
operational solutions. And the third hypothesis tied the PMT was the root cause of the
temperature dependent behavior of the detectors.

In order to show that the detectors’ performanaeigendent on ambient
temperature, a pedestrian RPM system and two gaseteators from a rail RPM system
were exposed to the temperature cycle mentionadqusly. These two systems were tested
during separate rounds of experiments. Duringekeng of the pedestrian RPM system, the
measurements described earlier were performed°&t ib@ervals during the test, and the
differences between the measurements were exarnanegeal the temperature dependence
of the system’s performance. During the testintheftwo rail RPM gamma detectors, less
emphasis was placed on intermediate temperatutesiare was placed on the background
count rate variation over the entire range of terajpee as well as the difference in the

detectors’ behavior at the minimum and maximum terajures.
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A search for an operational solution was performeding the investigation of the
two rail RPM gamma detectors. This search involaging the high-voltage bias of the
detectors and changing the detectors’ supportiectreinics. More details of the experiments
performed during this portion of testing will betlied in a later chapter of this research
work.

The search for an operational solution also sestihge for determining the system
components responsible for the temperature depébeééavior of the RPM detectors. By
varying the high-voltage setting and replacinggbpporting electronics, the source of the
detectors’ temperature dependent behavior wasrdeted to exist in the gamma detectors of
the RPM system. This determination identified T and PVT scintillator as the two
potential root causes of the temperature deperimdravior. An additional experiment,
which separated one of the PMTs from its PVT skkattir, demonstrated that the PMT was
the system component which was most likely the eafishe temperature dependence.

A brief review of existing literature is preseniacchapter 2 of this thesis. The
literature review will highlight the fundamentalsradiation detection using PVT based
detectors in RPM systems and describe the typpalation of RPM systems as it pertains to
the experiments performed for this thesis. In @oldj existing literature relating to the
temperature dependence of both PVT scintillatocsRMTs will be discussed in the review.

Chapter 3 outlines the setup and procedures us@thdhe two rounds of
temperature testing performed for this investigabb RPMs. Details of the systems used
during the experiments will be presented. Theaxgiion of each experiment’s setup

describes all relevant settings and arrangemeiitzedtduring each test. In addition, the
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measurements performed and the procedures followedg each experiment are also
presented in chapter 3.

The results for the experiments performed durmsg investigation are presented in
chapter 4 of this thesis. These results are brakersections based on the type of
measurements performed and the system componeartsreed. Brief discussions are also
included in each section which identify any impattdiscoveries made in the experiments.
Because of the large number of tests performedeiideof the chapter 4 presents a summary
of the results from both rounds of temperaturestest

The final chapter, chapter 6, concludes the thasispresents suggestions for future
work. The conclusions section presents the fimalights on the results and includes

temporary solutions to the vulnerabilities disc@eer
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Chapter 2: Literature Review

In recent years, especially following the eventSeptember 11, 2001, an emphasis
has been placed on increasing the deployment @itraid portal monitors (RPMs) at
international border crossings. These increasptbyments are a result of several initiatives
of the United States under programs such as thareent of Homeland Security and the
National Nuclear Security Administration (NNSA).s Anentioned in the Introduction
chapter of this research work, the purpose of tR#al deployments is not only to detect
completed nuclear weapons but also to monitorltve 6f special nuclear material (SNM)
which could be used to develop nuclear weaponsefisa® industrial and medical sources
which could be used in radiological dispersal desi(RDDs) (Wahl et al., 2007).

Although presently RPMs are increasingly deployedrder to monitor the flow of
commerce across international borders, historicilgse systems have been used for both
safeguard applications near SNM processing andgtdiacilities and for the detection of
radioactive sources in material entering scrap hpeteessing facilities (R. T. Kouzes et al.,
2008). This change in the focus of RPM deploymeniteduces a new set of challenges. For
example, because they are increasingly deployeehnote locations around the world,
RPMs are exposed to more environmental challemgéisding extreme variations in
ambient temperature. Furthermore, the large votuohéraffic associated with monitoring
the flow of commerce and an increased global nu¢leaat demand that the RPM’s
response to environmental changes must be thorpeghimined and understood.

As stated in the Introduction, the RPMs examinethis study utilize PVT

scintillator based gamma detectors, each havingTlageintillator coupled to a PMT. The
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use of PVT scintillators has many advantages wivere discussed in the Introduction.
However, it is well known that both the scintillaend the PMT are essentially temperature
dependent devices (Pausch, Stein, & Teofilov, 200%erefore, before any discussion of
the experiments performed in this study, it is lhera to discuss the existing research
outlining the temperature dependence of both P\fitiators and PMTs. In addition, it is
important to first describe the fundamentals of gemetection based on PVT scintillation.

There are three gamma interaction mechanismgwane important in radiation
measurements: photoelectric absorption, Comptarestcry, and pair production (Knoll,
2000). These mechanisms represent processes lthnduch the gamma ray deposits part or
all of its energy in the scintillator. For detestaitilizing a PVT scintillator and for the
gamma energies of interest in most RPM applicatibawever, the dominant mechanism is
Compton scattering. Because of the energy depeerdirthe PVT cross-sections for
gamma interactions in PVT scintillators, Comptoatsaring is the most likely interaction for
incident gamma energies greater than 20 keV andraes other interaction mechanisms
for incident gamma energies greater than 80 kebfl{&10 et al., 2005). Since Compton
scattering is by far the dominant gamma interactype for the detectors examined in this
study, it is the only mechanism addressed in tisisugsion.

When gamma photons undergo a Compton scatterieattion, the energy of the
incident gamma is distributed between a scatteadthga photon and a recoil electron. It is
the recolil electron which creates pulses of lighthie scintillator as it deposits its energy in
the scintillator. In turn, the light from the stilator is collected by the PMT and converted

to a voltage pulse. The distribution of the endrgiween the scattered gamma photon and
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the recolil electron is dependent on the scatteangie. Glenn Knoll (2000) provided an
equation to determine the energy of the scattenetbp inRadiation Detection and
Measurements that is reproduced in Equation (2.1) (Knoll, 2000)

V= hv

1+ (hv/mc?)(1- cosh )
hv = incident photon energy
hv'= scattered photon energy (2.1)

where:

m,c’ = rest mass energy of electron (0.511 N
@ = photon scattering angle

Since the energy of the incident gamma is disteitetween the scattered gamma and the

recoil electron, the kinetic energy of the rectglotron is given by the following equation:

E_ =hv-hv'= hv{ (hv/m)cz)(l— cosd) } where
e 1+ (hv/mc?)(1- cosh )

E_ = energy of recoil electron

(2.2)

All scattering angles will typically occur in tlietector; however, there are two
particular scattering angles which are of speamdartance: 0° and 180°. The scattering
angle approximately equal to 0° represents a ghgnateraction and results in the minimum
amount of energy (approximately 0 keV) being trargfd to the recoil electron. A scattering
angle of 180° occurs following a head-on collisionvhich the incident gamma ray is
backscattered 180° and the recoil electron trawettse direction of incidence. It is during
this head-on collision that the recoil electromiparted with the maximum energy which
can be transferred during a single Compton scageniteraction. This maximum recoil
electron energy is called the Compton edge andeatetermined from the following

equation presented by Knoll (Knoll, 2000):
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2
E| =hv L%Cz where:
¢ lo=n 1+ 2hv/myc
o = maximum energy of recoil electron (2.3)

hv = incident photon energy
mc® = rest mass energy of electron (0.511 N1

Because all scattering angles can be expected anod®al conditions, PVT
scintillators and other detectors dominated by Ctomgcattering will produce a signal with
energy ranging from zero to the energy of the Compgidge. The resulting range of signal
energies is called the Compton continuum. Duéégobor intrinsic resolution of the PVT
scintillator, the Compton edge in spectra colledtech PVT detectors will be smeared over
a range of energy channels resulting in a downwsbmaed edge rather than a sharp edge (Ely
et al., 2006). The result is a spectrum with a tfined structure than that associated with
higher resolution sodium iodide (Nal(Tl)) detectos comparison of spectra taken using a
PVT scintillation detector and spectra taken usingal(TI) detector is shown in Figure 2.1.
Both images in the figure were originally presertigdiciliano et al. in “Comparison of

PVT and Nal(TI) scintillators for vehicle portal micor” (Siciliano et al., 2005).
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Figure 2.1 Spectra from a PVT detector (i) compared to spdedom a Nal(Tl) detector (ii.
(Siciliano et al., 2005).

It is clear that the PVT based detector systemsadtave the same inhere
spectroscopic capabilities as higher resolutioeaets, such as Nal(Tl) detectors, and
cannot provide any detailed spectroscopic inforomatiHoweverFigure 21 demonstrates
that the PVT detector’s spectroscopic responsenseshat dependent on the energy of
incident gamma rays. Thus, some crude informatmaryding a rough differentiatio
between high- and lownergy surces, can be gleaned from spectra collected fragm
scintillation detectors using a mi-channel analyzer (MCAEly et al., 200€. Experiments
in this study, which will be discussed in the R&sahapter, used sytra collected tc
examine changes in the gain of the detectors asaibn of temperature. The spec
collected for this study serve as supplemental, dregiping to further the understanding

several RPM detectors’ responses to tempera
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In most RPM field applications, including the RPMsted during this study, the
signal from the PVT based detectors is not coltkagng an MCA. Instead, the signal is
passed through a pre-amplifier and amplifier schbafere being examined by a differential
discriminator. If the peak pulse height of theed#dr's amplified signal is between the
lower-level discriminator (LLD) setting and the wgrgevel discriminator (ULD) setting, a
logic pulse is sent to the controller. These Iqmitses represent one gamma interaction
count and are counted by the controller to prodbeecount rates used in alarm algorithms.

While this study does not focus on specific alatfgpathms or counting schemes
employed by RPM systems, a brief overview of thé&/RRyeneral counting method is
necessary to understand how the system calculeegaimma count rates reported by its
controller. The RPMs examined in this study opematone of two modes: background
mode and occupied mode. In normal operation, RRAs!s between the two modes based
on whether or not occupancy is sensed by the aetetiypically these RPM systems have
an occupancy sensor which detects when a vehigedgstrian is passing between the two
pillars and switches the RPM from background madeccupied mode. After the sensors no
longer detect occupancy, the detector reverts ¢dgraund mode. During testing however,
the RPM can be forced into occupied mode by mappatigramming the controller or
bypassing the sensors. In both modes, the RPM sdli@tiogic pulse from the discriminator.
However, the difference between the two modes efatjon is how the logic pulses from the
discriminator are processed.

While in background mode, the RPM controller usesoa&ing average of the logic

pulse counts to calculate the average backgroundtcate. This average background count
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rate is recorded every five seconds and is tygicalborted with units of counts per second
(CPS). However, in occupied mode, the RPM cordrakcords the number of logic pulse
counts every 200 milliseconds. These recordedtsaepresent the number of gamma
interactions detected during 200-millisecond timenvals. A one-second count rate, in
counts per second, is calculated using a movingauie sequential 200-millisecond count
records. Thus, both background and occupied madde used to calculate count rate data.
During normal operation, the RPM uses an alarmrélga to compare the count rate
calculated when the detector is in occupied modbdaverage count rate calculated when
the detector was last in background mode to deterifhia gross count alarm should occur.
However, during this study, the count rates fromtthio different modes will only be used

for measurements requiring a count rate. Backgtonade will be used when the
experiments seek to examine a more average respbtise detector over long time periods,
while occupied mode will be used when the experisisaek to examine a detailed response
of the detector over short time spans.

Several of the experiments performed in this sindiude efficiency measurements
for the gamma detectors. A detector’s absoluieieffcy refers to the ratio of detected
particles or photons to the number of particleplwtons emitted by the source. For charged
particles, it is often easy to arrange the detsedtora configuration that provides 100%
counting efficiency. However, gamma detectorsroéehibit counting efficiencies well
below 100% because uncharged radiation—like thengaphotons which are the primary
concern of this study—can travel very large disesnogetween interactions and is only

detected when interactions occur inside the daetediherefore, it is often convenient to
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describe two efficiency measurements: absolutdrgndsic. The absolute efficiency for
gamma photons can be calculated as follows:

e = # of interactions reported by detec
e # of gammas emitted by source

(2.4)

However, because gammas are emitted in all direttyogamma sources, the
absolute efficiency is dependent on geometric tetdithe detector setup, namely the
distance between the source and the detectone Bdurce is assumed to be isotropic,
meaning that the probability of a photon travelimgny direction is equal to the probability
that it will travel in any other direction, the geetry of the system can be taken into account
by considering the solid angle of the detectorecHrally, the solid angle is used to

determine the number of radiation quanta thatlvélincident on the detector by the

following:
Q
NlnC|dent - 4”_Nem‘tted where:
Ni.ceex = Number of radiation quanta incident the detecto (2.5)
Neivea = Number of radiation quanta emitted etsource
Q = Solid angle of the detector in steradians

The incident number of gamma rays can be useddcalate the intrinsic efficiency
using the following equation:

_ # of interactions reported by detec
# of gammas incident on the detec

(2.6)

int

The intrinsic efficiency &,

int

) is most often used because the geometric depeadéithe

efficiency is milder than in the case of the absokfficiency. All the efficiency
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measurements discussed in this study are intref@encies calculated using Equati
(2.6).

The calculation of the solid angle is performedgsn integral over the detec
surface which faces the source. Because theldistvh of the gamma source used in-
study was unknown, and bece the area of the gamma source was much smallethle
area of the detector, the gamma source was assorbetiave asisotropicpoint source. A

diagram of the setup for which a solid angle catah would be necessary is show

Figure 2.2.
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Figure 2.2 Diagram of setup where a solid angle calculaisomecessar
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Using the assumption that the source behaves @stanpic point source, the solid angle for

Cartesian geometry (because the detectors aregetsa) is determined by the following:

o= J~J~ zdxdy

312
. (Xz + y2 + 22)

where:

Q = the solid angle of the detector

X = the width of the detector (2.7)
y = the length of the detector

z = the distance between the source and the detecto

A = the detector surface the x-y plane facing the soul

Equation (2.7) is used to determine the solid afgi¢he efficiency measurements when the
source is not placed on the detectors face. lescatere the source is placed on the face of
the detector and in the center of the PVT scintitlathe distance between the source and the
detector is approximately zero, and the resultolglsangle is approximatelyn2 Thus, the
efficiency measurements when the source can begla the face of the detector and in the

center of the scintillator were determined by tbkofving:

(2.8)

T2 # of gammas emitted by source

. 1[# of interactions reported by detec}
int
2

In addition to outlining the typical behaviors betPVT based detectors used in the
RPMs tested during this study, it is also informatio discuss the known temperature
dependencies of the PVT scintillators and coupled ® While PVT scintillators do exhibit

some temperature dependent behavior, it is the BigfTexhibits the behavior most
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important to this study and most consistent withrigsults of the experiments presented in
this research work. Therefore, a brief overvieve@htillators will be presented first, and the
remainder of this literature review will focus anportant phenomena that occur in the PMT
with changing temperature.

A study by Yasushi Kawada, Jun Ito, and Qiu-Wei W/&004) examined the pulse-
height and time spectra of after-pulses at varteagoeratures for an NE102A scintillator
and sandwiche®’Co source. The NE102A scintillator is composechaferial similar to the
PVT scintillators used in many RPMs. The studyKlayvada, Ito, and Wang (2004) showed
that as temperature increased, time-dependentpaftees from the plastic scintillator
decreased. The effect of the decrease in thegedépendent after-pulses was a decrease in
the intensity of pulse height as the temperatuse to 50°C (Kawada, Ito, & Wang, 2004).
Once the temperature exceeded 50°C, Kawada, ido\&ang (2004) showed that the
temperature dependence of the PMT resulted indorarcomponent of the spurious pulses
causing the pulse heights to increase (Kawada,e1G04).

The results presented by Kawada, Ito, and Wang4(2@8re consistent with other
studies showing that the light output of the stiattor decreases with increasing temperature.
One such study, presented by Guntram Pausch (28@%d that the amount of light in the
form of photons emitted per unit of energy depasitethe scintillator, called the
scintillation light output, is dependent on the parature of the scintillator (Pausch et al.,
2005). Furthermore, Pausch (2005) cited materedented by William R. Leo (1994)
showing that the light output can vary by 10% t&w@ver the temperature range of -15°C to

55°C for common scintillator materials (Leo, 1994his decrease in light output is
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consistent with results presented by Frank E. Kir{a®57), as well as discussions by
William P. Ball, Rex Booth, and Malcolm MacGreg&a{l, Booth, & Macgregor, 1957;
Kinard, 1957). However, Kinard noted in his stulgt the temperature dependence of the
scintillator could be minimized by adjusting thecdg time of the amplifier, suggesting that
proper electronic design could result in compensair the temperature dependence of the
scintillator.

The decrease in light output from the scintillatan affect the overall gain of the
detector. Since the photons from the scintillai@r collected by the PMT and used to create
voltage pulses, a decrease in the light outputleahto a lower voltage pulse coming out of
the PMT. Therefore, since the pulse height ig@ctlindication of the detector’s gain, the
end result of the decrease in light output fromdtiatillator is a decrease in the gain with
increasing temperature. However, the aforementichedies presented concerning the
temperature dependence of the scintillator alsotgwavily toward the PMT as yet another,
more dominant cause of gain shifts.

The temperature dependence of the PMT is more dected that that of the PVT.
There are two important behaviors of PMTs at haghgerature that are must be addressed in
order to understand the study presented in thEghd& he first is the temperature
dependence of the photomultiplier gain, and therseéds the temperature dependence of
noise in the PMT.

A study on the temperature dependence of the phdtipirer was performed by
Kinard (1957). This study examined the contribaitod specific components associated with

scintillation detectors by varying the ambient temgture of each component individually.
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The results showed that the pulse height §f@s gamma source collected from the
detectors varied with temperature when the PMT exg®sed to a temperature controlled air
bath. Recalling that pulse height is a directeatlon of gain, this result indicated that the
gain of the system is temperature dependent. fgadlyi, when the air bath temperature was
-15°C, the gain was approximately 40% higher thaemthe air bath temperature was 50°C.
Furthermore, this study by Kinard (1957) demonettdhat the temperature dependence of
the gain is associated with the temperature expezik by the dynode structure inside the
PMT rather than the photocathode (Kinard, 1957hakd’s (1957) study was consistent
with a separate study by Singh and Wright (198d) #so stated that for detector
applications such as scintillation counting andcseenetry, the detectors are sensitive to the
temperature dependent gain shifts of their photapli@r (Singh & Wright, 1987). These
studies, along with the study by Ball, Booth, andd@regor (1957), demonstrated that the
pulse height collected from detectors similar t® dimes used in the RPMs examined in this
study, is sensitive to the temperature dependenited®MTs, and this sensitivity is
dependent on the PMT design.

The temperature dependence of the noise creatdte3MT is also known to be a
significant issue in the detectors used in commBMRB. Furthermore, high PMT
temperatures can result in an increase in the &mpliof the noise and can also move that
noise into the signal window; however, controllthg temperature of a PMT with inherently
low dark current can reduce this effect (Fehla®7)9 Dark current, or dark noise, refers to
pulses created in the PMT which are not the redutiteractions within the scintillator.

According to Knoll (2000), thermionic electrons speneously emitted by the photocathode
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are the most significant source of noise in PMTsdlK 2000). The emission of thermionic
electrons results when the thermal kinetic enefghi@normal conduction electrons found in
photocathode material is able to overcome the saf@tential barrier of the photocathode,
and the electron is close enough to the surfadettban escape (Knoll, 2000). In addition,
Knoll (2000) stated that in applications where vieny-energy radiation is measured, pulses
due to actual signal events may be indistinguishbim pulses due to thermionic emissions
(Knoll, 2000). Since RPMs are often optimized|tow-energy gamma detection, it can
reasonably be assumed that the dark pulses fromitthv@ic emissions could have significant
impact on the detector’s performance at high teatpees.

The amount of noise created by thermionic emissiotise PMT should, in theory,
increase exponentially with increasing photocathiedeperature (Knoll, 2000). Richard’'s
equation for thermionic emissions, as presentedarHamamatsu PMT handbook (2006),
can typically be used to account for the noise @ased with thermionic emissions and is
given by the following equation:

ipe = AT5’4e(_a%T) where:

ipc = dark current due to thermionic em@ss

A = constant

T = temperature (Kelvin) (2.9)
e = electron charge

¢ = work function
K = Boltzmann constant

Based on the information presented in the exidtiatature, it is expected that the

RPMs discussed in this research work will exhitiibrsg temperature dependency.
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Specifically, the detectors which consist of a Pa€intillator and coupled PMT are expected
to experience shifts in the gain as the temperatuaages and an increase in the system
noise at high temperatures. The remainder ofrédssarch work will focus on an
experimental investigation of the effect that thempomena discussed above have on the
performance of a pedestrian RPM system as welhammma detectors taken from a

deployed rail RPM system.
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Chapter 3: Experimental Setup and Procedures

While all the experiments performed focused ongda@ma detectors of common

RPMs, there were variations in the experiment tetior this reason, it is important to

discuss each test’s setup and procedures separ&eWeral of the system components

during both rounds of temperature testing are #meeshowever, and will be discussed in

section 3.1. A few of the test procedures were ated during both rounds of testing and

are discussed in section 3.2. The same gammaesowerre used during each testing period.

The creation date and strengths of both’fB® and™*’Cs sources are shown in Table 3.1.

Table 3.1: Source activity for the gamma sourcesl wkiring both testing periods.

Isotope Creation Date Initial Activity Half-Life
57 93 uCi
Co 05/01/2005 (3.44 E+06 Bq) 271.79 days
137, 7 uCi
Cs 12/20/1995 (2.59 E+05 Ba) 30.07 years

3.1 Common System Components

Each gamma detector examined during the experinpeesented in this research

consisted of a photomultiplier tube (PMT) and cedjpbolyvinyltoluene (PVT) organic

plastic scintillator. The detectors used during élxperiments were identical models from
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the same manufacturer. The gamma detectors warected to the manufacturer’s specific
single-channel analyzer (SCA) via one BNC cable@melMHV cable. As discussed in the
Literature Review chapter of this research work,gamma interaction in the PVT
scintillator produced light pulses which were colésl by the PMT and transformed into
voltage pulses of particular amplitudes dependmg¢he energy deposited in the scintillator
by the gamma ray.

The manufacturer's SCA provided the high-voltag¥)ias to each detector's PMT
via the MHV cable, as well as amplification andadisiination of voltage pulses coming
from the detectors. This HV bias could be adjusteshually and controlled the shape and
height of the voltage pulse coming out of the PMifiry operation. The voltage pulse from
the PMT was fed into a fixed gain first stage afigi(pre-amp) located on the SCA'’s rabbit
board. After the first stage amplifier, the pwsas again amplified by a fixed gain second
stage amplifier attenuated in order to providedbeect shape. At this stage, the pulse shape
and amplitude is set, and the pulse is processedeb$CA’s differential discriminator. If the
peak pulse amplitude is between the lower-levardignator (LLD) voltage and upper-level
discriminator (ULD) voltage, then a logic pulsesent from the SCA to the manufacturer-
specific RPM controller.

The RPM'’s controller acts as a counter and recthrelgamma count rate from each
detector in counts per second format. For thests,tthe controller was operated in one of
two modes: “background” or “occupied”. When opedain background mode, the controller
averaged the counts over five-second intervalsoamput the data as a five-second average

count rate in counts per second (CPS). When gggkmatoccupied mode, the controller
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instead used 206mllisecond intervals and reported the data asQ-millisecond sum of th
gamma interactions detected five times per secéndumulative summation of fiv
consecutive 200-millisecainsums yields the count rate in counts per secémdddition tc
reporting the count rates, the controller alsovedldor fixed increment adjustments of
LLD and ULD voltages.

A simplified detector setup is shownFigure 3.1and includes an alternate setuyj
which aTukan 8k MCA witt 1024-channelesolution served as the MCA for spectr
collection.The Tukan MCA could be connected by BNC cableuiti-in test points insid
the SCA which allowed for spectral analysisthe voltage peak after the first or second s

amplifier for each individual detecto

Pre-Amn C 1
Pre-Amr Controller

Jetectors .

(1% Stage)

High-Voltage

bias supply S ‘A 'lectl‘OniCS

Figure 3.1 Simplified signal chain for the gamma detect®sdiduring these experimel
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3.2Common Procedures

3.2.1Calibration Procedure

For both the first and second set of temperatwsts téhe gamma detectors had to be
calibrated before any testing was performed. bhitawh, a significant portion of the second
round of experiments focused on changes to thbragilbn. Therefore, it is important to
discuss the procedure for calibrating the gammeati@ts. For this discussion, only the
manufacturer's recommended alignment will be diseds Variations to this alignment in
the second round of testing will be discussed atige 3.4.

For each factory recommended (nominal) calibratibe,HV setting was adjusted to
ensure that the peak pulse amplitude after thediege of amplification was 0.75+0.05 V
with a**'Cs source placed on the face of each detector.pililse was measured using a
standard oscilloscope connected by BNC cable tedh&e built-in test points for the first
stage which were used by the MCA during testinchiléthe recommended calibration does
not state a specific value for the HV in order tg@e the proper pulse height, a numeric
value of the HV can be measured by disconnectiagHV cable supplying the high-
voltage bias to the PMT and measuring the voltaigje avgeneric high-voltage probe and
multi-meter. The typical high-voltage setting whi@sulted in the desired 0.75 V peak pulse
amplitude during both sets of testing was 1070+10 V

Once the high voltage was set, the second stagkfi@mpas adjusted so that the
second stage peak pulse amplitud&*@@s provided the 2.0 V pulse height which ensured

that the proper energy-to-voltage ratio of 480 ke\2.0 V was maintained. This energy
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ratio guarantees that the sensitivity of the detsas focused in the low-gamma-energy
region associated with highly-enriched uranium (HEU the second stage peak pulse
amplitude of*’Cs is properly set to 2.0 V, the LLD and ULD defawdltages of 0.069 V

and 0.435 V correspond roughly to an energy windpanning from 22 keV to 144 keV.
The second stage amplification is independentdchaletector; therefore each detector’s
channel must be calibrated individually. The secstage amplifier is a fixed gain amplifier,
but the level of pulse attenuation can be adjustadually on the SCA'’s rabbit board to
ensure that the peak pulse amplitud&®@®s after the second stage is equal to 2.0 V. This
peak pulse amplitude is measured using a genasilbossope connected by a BNC cable to
the built-in test points for the second stage, Wlaie found on the SCA rabbit board for each
detector’s channel. No numerical values can be uneddor the second stage amplifier;
therefore, all adjustments are made by “eyeballthg’pulse shape as measured by the
oscilloscope. Unfortunately, this alignment prasedallowed for a great deal of variation in
the second stage alignment.

Because of the inherent variations in the calibratthe®’Co efficiency of each
detector must be measured to ensure that the atiginpnovides adequate sensitivity to this
low-energy gamma sourc¥Co) which is used as an ANSI surrogate for HEUesSEh
efficiency measurements are performed using thataates reported by the RPM’s
controller assuming a 100% live time. The methardchlculating the efficiency is discussed
in the Literature Review, while the specific eféocy calculations will be discussed in the

set-up of each round of testing.
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3.2.2 Recording the Count Rate and Spectra

During both rounds of testing, the count rate reggbfrom the RPM’s controller was
recorded and analyzed. The count rate data frenRBM'’s controller was recorded by a
generic laptop computer using a simple Perl scriffte RPM’s controller is designed for this
type of data streaming and has a LAN port thatnalor communication between the
controller and the recording computer. While tH&MRwas operated in background mode,
the count rate from the controller was directlyoreled by the Perl script since the reported
count rate was a five-second average in countsgmmd every five seconds and also
included a time stamp. However, when the RPM wessated in occupied mode, the count
rate was more difficult to extract from the conliedks data. When operated in occupied
mode, the controller reported a sum of the numbgamma interactions detected over 200-
millisecond intervals. This sum was reported fivees per second, and each sum included a
time stamp. Another Perl script was used to cdrthese 200-millisecond sums into count
rates by summing five consecutive 200-millisecoadnts. These calculated count rates
were then assigned the time stamp corresponditigetbve counts which were summed. In
this manner, the count rate reported by the RPIMddroller was stored in data files by the
laptop running the Perl scripts.

When necessary, another Perl script was used taga/¢he count rates from the
controller. By automating the averaging procdss,average count rate over any period of
time could be calculated. Furthermore, the averageld be processed in batches and

output to single file, condensing the informatioon several files containing the raw count
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rates into a single file containing the averagaahtoates along with a time stamp
corresponding to the average of the time stampth&original counts.

The collection and analysis of the spectra was @ssistent during both testing
periods. The same Tukan MCA was used to collett spectrum, which could be saved as
data files. Each data file contained the numbexoomts occurring in each of the 1024
channels of the MCA. Analysis of the spectra waigsgymed by importing the data files into

Excel, allowing for calculation using the spectra @he recreation of each spectrum’s curve.

3.2.3Efficiency Calculations

The efficiency calculation was also consistentmgiall experiments performed. For
each measurement, data from two measurements wdsdieone measurement with the
gamma source present and one measurement witruntes@resent. For each of these
measurements the controller was placed in occupmde, meaning that the number of
gammas detected (gamma counts) was reported e@@mliseconds. The sum of the
counts from the measurement recorded when a gammumeeswas present represented the
total number of gamma interactions detected andlabyre included gamma interactions that
were due not only to the source but also to natekground radiation. The sum of the
counts from the measurement with no sources presprésented the gamma interactions
detected due only to background gamma radiatidre difference between these two sums
represented the number of gamma interactions aetedtich are attributable to the gamma
source. Furthermore, the expected number gammations due to the gamma source can

be determined from the activity of the source,tteasurement time, and the solid angle of
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the detector, which can be calculated using Equndf07) presented in the Literature
Review. The efficiency can then be counted usiggaton (2.6) presented in the literature

review.

3.3 First Round of Testing

3.3.1First Round Set-up

A pedestrian RPM was used for testing which cost#iie same major components as
the larger vehicle and rail RPMs designed by timeesmanufacturer, with the exception of
the size of the PVT scintillators. Originally thisund of testing was to be performed on a
vehicle RPM, however, because of the size of tleentter, a pedestrian RPM was tested
instead. The motivation for the test stemmed feonincreased interest in deploying RPM
systems from the same manufacturer in very hotatesy  For this reason and because
commercial off-the-shelf (COTS) heaters are oftevigled by the manufacturer when
deployed in cold climates, a focus was placed erhigh-temperature response of the
detectors. Since the purpose of this experimesttagéest the response of RPMs to
temperatures exceeding the RPMs rated maximum©@,30e entire pedestrian RPM was
placed inside the temperature chamber. Therefdirthe system components (detectors,
power supply, amplifiers, controllers, etc.) warside sealed self-contained weather resistant
metallic pillars during the test. There were twWwahmse pillars, connected via metal conduit,
which were mounted to a quarter-inch steel platevbeels.

A Tenney Model 27STR environmental chamber was psedde a controlled

temperature environment. The interior dimensionthefchamber were approximately 9’ x
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8’ x 6" and allowed for the pedestrian monitor ®flaced in a normal upright configuration.
Thermocouples and voltage probe cables, alongseiileral BNC cables connected to the
RPM'’s SCA unit, were passed through a wall penietmah the side of the chamber to a

measurement station outside the chamber. A pictutflee RPM placed inside the chamber

is included in Figure 3.2.
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Figure 3.2: Pedestrian RPM placed inside the TeEm¥ironmental Chamber.

Because this study focuses on the gamma detedttire RPM, only the components
essential to the performance of the gamma detegiitiise discussed. Each pillar of the
pedestrian RPM contained two gamma detectors eawisting of a polyvinyltoluene (PVT)
organic plastic scintillator coupled to a photonpliér tube (PMT). The gamma detectors
are connected to the manufacturer’s unique siniggaxgel analyzer (SCA) unit, of which

there is one in each pillar. The outputs of th&SChoth pillars are sent to a common
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controller which is located in the pillar on thé& e Figure 3.2. This left pillar is called the
master pillar, and its detectors are named detedtand 2, with detector 1 being in the
bottom half of the pillar and detector 2 beinghe top half of the pillar. Similarly, the

bottom and top detectors in the right, or slavibapare called detectors 3 and 4 respectively.
The details of the interactions and functionalityiee SCA, controller, and gamma detectors

are discussed in section 3.1 of this work.

3.3.2First Round Experimental Procedure

After the RPM was placed inside the chamber arahaidl to stabilize, the four
gamma detectors were aligned using the factoryi#speg@rocedures outlined previously in
section 3.2.1. Following the calibration, the gamsensitivities for’Co were measured and
are presented in Table 3.2. According to exper@RiKL, the efficiencies shown are

acceptable and indicative that the RPM was propsiijprated.
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Table 3.2: Gamma detector efficiencies d&@llowing initial set-up and calibration for

the first round of testing.

>'Co Source Activity

3.44 E+06 Bq Creation Date:
(93 MicroCuries) 5/1/2005

2.96 E+04 Bq Test Date:
(0.8 MicroCuries) 6/8/2010

Pre-Test Gamma Detector Efficiency Calculations

Detector| Net Gamma CPS (counts per secoﬂ1d) Detetfiorency
1 3313 22.4%
2 3265 22.0%
3 3165 21.4%
4 3063 20.7%

Once the initial set-up and calibration was congalethe temperature profile to be

used during this round of tests was programmedthr@dr enney environmental chamber, and

the chamber temperature was set to cycle througpeagmtures ranging from -30°C to 60°C.

The temperature inside the chamber was controetjua dedicated computer connected to

the Tenney system. The approximate temperatufédeoused was as follows:

Vi.

Hold at room temperature (22) for 2 hours
Lower by 10C/hr to -20C and hold for 4 hours
Lower by 10C/hr to -30C and hold for 24 hours
Raise by 18C/hr to -20C and hold for 4 hours
Raise by 10C/hr to @C and hold for 4 hours

Raise by 18C/hr to 20C and hold for 4 hours
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vii. Raise by 1€C/hr to 30C and hold for 24 hours
viii. Raise by 18C/hr to 40C and hold for 24 hours
ix. Raise by 18C/hr to 50C and hold for 24 hours
X. Raise by 18C/hr to 60C and hold for 24 hours

xi. Lower by 10C/hr to room temperature (22) and hold for 2 hours

The programmed temperature profile was adjustatiatoeach temperature hold ended
during normal ORNL operating hours so that measargsicould be taken after each hold;
therefore the hold times listed above represenirtilnum amount of time that the program
held at each temperature. It should be notedttieathumidity of the chamber was not
controlled during these tests; however, becaus&Bid remained sealed during the tests, no
moisture reached the inside of the columns. Theeeho electrical components were
affected by moisture created during the condensinpsphere which formed as the
temperature moved from extremely low temperatupk ba warmer temperatures.

The temperature rate of change (10°C/hr) was satéordance with ANSI N42.35,
Section 7.1 American national standard for evaluation and performance of radiation
detection portal monitors for use in homeland security 2004). This standard outlines a
typical testing method used to characterize RPNksys. However, this method was
modified for this set of experiments to includeesded hold times at each 10°C increment in
order to ensure that the excessive mass of the &RMhe ambient temperature inside the
chamber reached thermal equilibrium. In additiemperature data from the slave pillar of

the RPM was collected during the test using theouples and probes to ensure that the
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components reached the desired temperature bythefeeach temperature hold. The long
holds, especially the 24-hour holds, are inconststgth the normal operating environment
of these RPMs, but it was hoped that a conservappeoach would enable the detector’s
response to be more thoroughly examined for tentyperaependent behavior.

Background gamma count rates were recorded in #rear discussed previously
during the temperature cycle. These count rates veported by the RPM controller and
were continuously collected. The RPM was placeacicupied mode so that the data was
collected at 200-millisecond intervals for each gaardetector. This information was later
averaged using the Perl script discussed previously

The responses of detectors 1 and 2 to gamma samecesneasured at the end of
each temperature hold. Using tH€o and**’Cs sources listed in Table 3.1, the efficiency
was measured by placing each source individuallgheroutside of the aluminum door of the
master pillar. For each measurement, the soursgl@aed at the location corresponding to
the center each individual detector. A three mimagasurement time was used to collect the
200-millisecond counts reported from the RPM’s coligr while operating in occupied
mode. The three minute count time was used be¢hasource was approximately 14 cm
from the face of the scintillators which createdom-ideal solid-angle and also because some
gamma rays were attenuated by the aluminum dobesd two factors decreased the
expected number of gamma interactions, and thexefctated a relatively long count time
to ensure Poisson counting statistics.

In addition to streaming the count rates from tetedtors and performing efficiency

calculations, spectra were collected for each detersing the Tukan MCA for the ambient
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background and the two gamma sources during a sabsamperature intervals including:
-30°C, 30C, 40C, 50C, 6CC, and 22C. The source was again placed on the aluminum
door, and therefore the MCA utilized a 300 secovel ¢ount time for each spectrum to

ensure sufficient counts were collected.

3.4 Second Round of Testing

3.4.1Second Round Set-up

For this round of testing, two PVT scintillatorsdaheir coupled PMTs were taken
from a currently deployed rail RPM system and sagpfm ORNL for investigation. Data
collected from these detectors while they were @gga displayed background count rate
oscillations, and thus ORNL was asked to examiaethThese scintillators are the same
type of PVT organic scintillators used in the peédas RPM but are much larger. Because
only the detectors were shipped, spare RPM elacspspecifically the manufacturer’s
unique SCA and RPM controller which had previoustgn used at ORNL for various
experiments and scientific studies, were used duhase experiments. While not the
specific units, the SCA and controller were the sanodels used for the first round of
temperature tests since there is no variationarRRM electronics used in the pedestrian,
vehicle, and rail RPM from this manufacturer.

The gamma detectors were placed horizontally oadamoc stand. The detector on
the bottom of the stand was connected to chanoktlle SCA, while the top detector was

connected to channel 2 of the SCA. For these, tbslectronics and gamma detectors
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were not shielded from the environmental conditiopshe RPM columns but were operated
as a “skeleton” RPM system.

The temperature tests for this round were conduotadRussell’s model RD-125-
605-605-AC environmental chamber at ORNL. Theriatadimensions of the chamber are
5 x 5" x 5, which allowed for the horizontal cagltiration of the gamma detectors placed on
the stand. A penetration in the chamber’s wall used to pass BNC and MHV cables from
the detectors to the SCA for the experiments coredinith the electronics outside the
chamber. The same penetration was used to passalbk#ction cables from the RPM
controller to a generic laptop outside the chanfityeexperiments where the electronics were
also placed in the chamber.

For this setup, any components placed outsideltamber were maintained at room
temperature regardless of the chamber’s interngbégature. All components inside the
chamber experienced the ambient temperature detednbly the chamber’s temperature
profile. Since the RPM components were expose¢ldeg@mbient temperature, no thermal
couples were used other than those utilized byRilesell’s climate control system. No
condensing environments were created during thgserienents, meaning that the detectors

were not exposed to moisture build up during thetesy

3.4.2Second Round Experimental Procedure
Before discussing the procedures of the seconddrotitesting, it is important to
mention that many different types of experimentsengerformed during this round of

testing over a two-week period, and the testingdale was designed to maximize the
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number of experiments and hypotheses which coutddied. Therefore, the experiments
were not performed in a manner conducive to chiamiodl explanation. Instead, the
procedure—and later the results—will be discusseinon-chronological order that best
outlines the important discoveries made in eacleexent.

At the beginning of the testing, the two detecteesch having a PVT scintillator
and coupled PMT—uwere placed inside the environnheht@mber. All other electronics
were left outside of the chamber, and both deteat@re calibrated at 22°C using the
factory-specified procedure. TR&o efficiencies for both detectors after the initia

calibration are shown in Table 3.3.
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Table 3.3: Gamma detector efficiencies d&2llowing initial set-up and calibration for
the second round of testing.

>’Co Source Activity

3.44 E+06 Bq Creation Date:
(93 MicroCuries) 5/1/2005
1.48 E+04 Bq Test Date:
(0.4 MicroCuries) 3/9/2011
Pre-Test Gamma Detector Efficiency Calculations
Detector Net Gamma CPS Detector Efficiency
1 2201 29.8%
2 2056 27.8%

Following the initial calibration, the environmehthamber was programmed to
cycle through temperatures ranging from 22°C taC50Rlo temperatures lower than room
temperature (22°C) were examined because resaoitstfie first round of testing showed
relatively insignificant degradation in the low-tparature performance of the gamma
detectors and commercial off-the-shelf (COTS) hseadee available for deployments in cold
climates. The initial temperature cycle, and eadissquent cycle, was based on the
following schedule:

i.  Hold at room temperature (22°C) for 2 hours

ii. Raise by 10°C/hr to +30°C and hold for 1 hour
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li.  Raise by 10°C/hr to +40°C and hold for 1 hour
iv. Raise by 10°C/hr to +50°C and hold for 2 hours
v. Lower by 10°C/hr to +40°C and hold for 1 hour

vi.  Lower by 10°C/hr to +30°C and hold for 1 hour

vii.  Lower by 10°C/hr to +22°C and hold indefinitely
As in the previous round of testing the temperasuiae of change was specified by ANSI
42.35 section 7.1American national standard for evaluation and performance of radiation
detection portal monitors for use in homeland security 2004). For this round of testing, the
temperature holds were not initially set for mdrart 2 hours because the PVT scintillators
and PMTs were exposed to the ambient chamber tatoperand were not inside a sealed
column. In addition, during a subset of the expents for this round, the end of this profile
was modified to include a ramp to 50°C followedéablgold at 50°C. This change enabled
measurements to be retaken while the temperatwsédalding at 50°C.

The fifth temperature cycle, which occurred oveveekend, used a modified
schedule that allowed for slower cycles and lorgeds at each 10°C interval. The modified
schedule started with a slow cycle through the earf22°C to 50°C, returning to 22°C
before increasing back to 50°C with five-hour hatlgach 10°C interval. For the slow
cycling part of the schedule, the chamber tempegatiowly increased from 22°C to 50°C at
an average rate of 1°C per hour, and then decrdmsxdto 22°C at the same average rate.
The end of this schedule returned to the 10°C par hate of increase but included five-hour
holds at each 10°C interval rather than 2 hourd$olthe purpose of this test was to examine

the detectors’ responses to temperature in moeal éeid to determine whether or not the
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count rate was still increasing at the end of W@ hour hold at 50°C that had been
employed in the first four temperature cycles.

Following the fifth temperature cycle, all subsequcycles used a modified form of
the initial schedule that included a five-hour hatdb0°C instead of a two-hour hold.
However, the holds at all other temperature interaad the rate of temperature change were
left unaltered from the original cycle.

The gamma background count rate reported from 8 Bontroller was recorded
during each temperature cycle in order to expogdemperature dependence in the
detectors’ reported background measurements. hesetexperiments, the RPM controller
was left in background mode, meaning that the coatetwas reported as a five-second

average by the controller.

3.4.2.1Exploration of Potential Solutions to the Count Ra¢ Oscillations

Following the initial temperature test which exgldmwhether or not the background
count rate oscillations observed in the field weraperature dependent, the next set of
experiments performed in the second round sougimdcan alternative detector calibration
that lessened the magnitude of the oscillatiortse Aypothesis that the magnitude of the
count rate oscillations was dependent on the hajtage (HV) setting for the detectors was
based on circumstantial evidence, the expert opiafdhe technical staff of ORNL, and
existing literature (Hamamatsu, 2006). Thereftre,initial temperature cycle was repeated
five times while changing the PMT HV setting wittethope that an operational value of the

HV could be discovered which would result in a @ase in the magnitude of the count rate
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oscillations. Recall that cycle five did not ex@a@n alternative HV setting; therefore, these
alternative HV settings were explored in cycles,tthoee, four, six, and seven. The specific
settings for these cycles are shown in Table 3g5gnted later in this section.

All of the alternative HV settings that were testeete between 870 V and 1300 V.
For every alternative voltage setting other tha®0lg, the second stage amplifier was
adjusted to ensure a 2.0 V second stage pulsetteigfi’Cs on the face of the detector,
which provides the desired energy-to-voltage ratigiscussed in the Calibration Procedure
section. However, because the 1300 V high-volssgeng resulted in a 3.0 V first stage
peak pulse height, the second stage amplifier etasosthat the second stage pulse height
was 3.0 V instead of 2.0 V. This corresponds tisytamplification of the first stage pulse
height. To compensate for the 50% increase in t¢itage height, the LLD and ULD
voltages were also increased by 50% in order totai@i the low-energy sensitivity range to
gamma rays.

Once the range of HV settings was explored ancettimg was found which
decreased the magnitude of the count rate osoitisitia second hypothesis was tested which
focused on variations in the manufacturer’'s SCAishypothesis sought to demonstrate that
the background count rate oscillations observeterfirst seven cycles were not unique to
the specific SCA unit used during those tests. r@foee, a recently purchased SCA unit
replaced the unit used during the initial cycle afsb the cycles exploring the alternative
HV settings.

In addition, the decision was made to place thenI$€A” inside the temperature

chamber. By placing the new SCA inside the chanthereffect that the temperature of the
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SCA had on the count rate oscillations was examasedell during this experiment. Ideally,
this test would have been executed as two sepstegis: First, examine the effect of
replacing the SCA while leaving it outside the clha&m and then examine the effect of
placing the new SCA inside the chamber. HoweVesé two steps were condensed into one
experiment due to time constraints during testing.

During both the search for an alternative HV sgtand the cycle utilizing the new
SCA, the background count rates from the RPM’sradliet were recorded. In addition,
before each cycle began, a sensitivity measurefoeRiCo was performed on each detector
at 22°C, and for a subset of the cycles, the measemt was repeated at 50°C.

The relevant settings for each cycle performedh@lwith the resulting’Co
efficiencies calculated are presented in Table &4dch calibration was performed in a
manner similar to the factory recommended calibratiplacing the samé&'Cs source on
the center face of each detector and measurinfyshstage pulse height with an
oscilloscope. The value of the pulse height wasedesed by 0.25 V for the second cycle
and was increased by 0.25 V for the third cyclée Tourth cycle’s calibration decreased the
HV setting of the second cycle by 100 V. The fififtle was a return to the nominal
calibration, while the sixth and seventh cyclesensst to specific HV settings. All the
remaining calibrations were performed using the imahprocedure of setting the first stage
peak pulse amplitude to 0.75 V.

In addition to the settings discussed, the eightiperature cycle is also mentioned in
Table 3.4. Before the eight cycle, the system’swhs increased to 1500 V (the maximum

rated voltage of the PMTs), and the system waddedtt overnight at room temperature
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(22°C). No calibration was performed on the detesstand no data was collected during this
time. Anecdotal evidence suggested that incregbmd¢iV to the PMT’'s maximum rated
high voltage would have a “cleaning” effect on B T’s photocathode. The hypothesis for
this test predicted that after the overnight saak@ 1500 V, if the detectors were
recalibrated to the nominal alignment and subjetdetie cycling temperatures again, the
count rate oscillations might decrease or disappear

Therefore, after soaking at 1500 V overnight, tegedtors were recalibrated to
factory recommended settings, and the temperatasecycled from 22°C to 50°C using the
same temperature schedule as the initial cycle bHtkground count rate was recorded
during this cycle in order to observe any effeet 1500 V soak had on the count rate
oscillations. Once the chamber temperature reas&d, the detectors were allowed to soak
for 3 hours. Following the three hour soak, thet of the cycle was aborted because it was

clear that the count rate had still increased axkttamber temperature increased.
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Table 3.4: Relevant settings for each temperatyeke performed in the second round of testing.

Electronic Alignment Data for Each Cycle *’Co Efficiency for Each Cycle
(HV setting, 1st and 2nd stage peaks, LLD and ULDalues —
All Units are Volts) 22°C 50°C
1st Stage | 2nd Stage
Temperature Cycle | HV: Voltage Voltage LLD | ULD | Bottom Top Bottom Top
Peak Peak
Original 1083 0.75 2.00 0.060 0.435 29.8% 27.8
Second 970 0.50 2.00 0.069 0435 29.1% 28.9% No Data
Third 1101 1.00 2.00 0.069 0.43b 28.5% 27.9%
Fourth 870 0.20 2.00 0.060 0.435 28.5% 25.0%% 26.5%23.1%
Fifth 1070 0.75 2.00 0.069 0435 30.3% 28.6%0 25.2% 26.2%
Sixth 1300 3.00 3.00 0.099 0.6525 32.9% 30.0P% 30.6%27.4%
Seventh 900 0.25 2.00 0.069 0435 29.1% 27.4% 27.2924.6%
Soak overnight with HV=1500 V to both detectors
Eighth 1060 0.75 2.00 0.06p 0.43b 30.2% 28.0p6 27.5%25.1%
Placed SCA and Controller Inside Chamber
New SCA Inside 1060 0.75 2.00 0.069 0.435 28.1% 4%8. No Data
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3.4.2.2Exploration of the Root Cause of the Count Rate Odtations

The next step in the testing procedure was a deesaftom the typical experiments
already performed. The system was recalibratédedactory recommend alignment, after
which no further adjustments were made to the HYngeor to the second stage amplifier.
While leaving the system powered, the top detectmresponding to channel 2 of the SCA,
was disconnected, and the PVT scintillator was rsd¢ed from its coupled PMT. The cut-off
PMT was then placed in a light-tight covering aadannected to channel 2. The bottom
detector was left alone. By not powering the systdf the system should have maintained
the factory recommended alignment during this pdoce.

After the cut-off PMT was reconnected, the systems allowed to re-stabilize. After
the system was stable, the intact gamma detectbthancut-off PMT were examined during
an additional temperature cycle based on the imtizile discussed previously. The count
rates, as reported by the RPM’s controller for hbthintact detector and the cut-off PMT,
were recorded in order to examine any similarinethe temperature response of the intact
detector and the PMT sans scintillator. In additi& spectrum was collected every 30
minutes from the second stage output for the URDIT.

Using the intact detector, one final experimens warformed in order to rule out that
the RPM'’s electronics had any impact on the tentpegasensitivity of the RPM detectors.
In order to rule out that a poor design of the nfiacturer’s standard SCA amplifier chain
exacerbated the temperature sensitivity of the RieMctors, the detector was disconnected

from the SCA completely. The detector was themeoted to an ORTEC 113 Preamp &
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ORTEC 672 Spectroscopy Amplifier, both of which Bleclear Instrumentation Module
(NIM) standard equipment. The signal from the eéhtdetector's PMT was sent directly to
the pre-amp. In addition, a high-voltage bias@ ¥ was supplied to the PMT by the NIM
standard equipment, completely bypassing the sigrmah shown in Figure 3.1. During a
temperature cycle similar to that of the initiatlgy the detector’s background spectrum—
after both stages of NIM amplification—was collet®very 30 minutes by the Tukan MCA
utilizing a 100-second live time acquisition. Uritmately, the standard post-calibration
*'Co efficiency measurements were not performed usiisgNIM equipment. Therefore, it
is difficult to conclude with certainty that thistsip allowed the detectors to operate in a
manner consistent with their behavior during thHeeoexperiments performed during these

temperature tests.
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Chapter 4: Results

4.1 First Round of Testing

The first round of testing performed at Oak Ridgsidhal Laboratory (ORNL)
focused on identifying the changes in a pedesiRiaM’s behavior at temperatures between -
30°C and 60°C. An emphasis was placed on the measats performed at temperatures
above 22°C because—according to experts at ORNL-~wgial-off-the-shelf (COTS)
heaters are often provided by the vendor when teyestems are deployed in locations where
low temperatures are common. For this round aingsthe entire RPM was placed inside
the temperature chamber, meaning that no defioitelasions can be drawn from the results
as to which system components are responsibl&éoteimperature dependent behaviors
exhibited during the testing. These results irbe@amine the entire system’s general
behavior over the temperature range. A compaii$dine results of this test to the existing
literature did, however, provide the foundation tiee hypotheses tested during the second
round of temperature tests. The results of thersgeset of temperature tests will be
discussed in a later section of this research work.

Before results pertaining to the RPM system’s pantoce are presented, it is
necessary to show that the controlled chamber teahpe actually affected the temperature
that the RPM system components experienced. MkehHe larger vehicle and train RPMs,
the components of the pedestrian RPM are shielded the environment by a sealed

weather-tight metal enclosure. Therefore, the eraipre inside the metal columns was not
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directly controlled during the temperature cycle Wwas indirectly controlled due to heat
transfer mechanisms such as conduction and coowechn order to demonstrate that at the
time of each measurement the temperature insideolbenn was approximately equal to the
chamber temperature, it is necessary to examineldrogvit takes the internal temperature to
come within 1°C of thermal equilibrium with the chber temperature.

Figure 4.1 shows an example of the internal temperahange in one of the RPM
columns as the environmental chamber temperateppstl from 22°C to 30°C. From the
figure, it can be seen that the temperature otlf@nber stabilized at approximately 29°C
after the first two hours. However, the tempeminside the RPM column does not
approach equilibrium as quickly. Note that at ztgre the RPM column’s internal
temperature is not equal to the chamber temperahisedifference is because the chamber
had been at very-low temperatures before zeroitinttee figure, and the system had not
reached thermal equilibrium before the temperdbegan changing.

As seen in the figure the difference between thermal column temperature and the
chamber temperature increases as the chamber tomeebegins to rise and does not begin
to decrease again until the chamber temperatuiedagstabilize at 30°C. The internal
temperature is within 1°C of equilibrium with thieaanber temperature until approximately
five hours after the ramp begins. Rememberingttltatemperature ramps occurred over
one-hour periods, this means that at the end ofialiour soak, the internal temperature is
within 1°C of the chamber temperature. Therefemgce each measurement occurred at the
end of either a 4-hour soak or a 24-hour soalgntle assumed that the temperature inside

the weather-tight columns—and thus the ambient &zatpre enveloping the system
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components—can be approximated to be equal tohmlser’'s temperature at the time of

each measurement.
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Figure 4.1: The temperature of the environmentahdber during a ramp from 22°C to 30°C,
and the difference between this temperature anthtémal temperature of the RPM'’s slave
column. Figure is from previous report (Addingt&aird, & Chiaro, ).

4.1.1Temperature Dependence of Gamma Background Count Ra

The average background gamma count rates in cpentsecond (CPS) during the

temperature cycle are shown in Figure 4.2 belowe dverage rates shown in the figure

were calculated by averaging the count rate recbbgehe controller every 200
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milliseconds over successive five-minute periodgerdge count rates are shown for all four
gamma detectors in the RPM and are referencecetlethvertical axis. In addition, a step-
like curve showing the ambient chamber temperatureng the cycle is included and
referenced to the right axis. These two curvegiare-synced, meaning that at each five
minute increment, the temperature correspondirtgeaount rates can be determined from
the step-like curve in the figure. It is clearrfrehe figure that while the background count
rates do not vary significantly for low temperatrtney do vary at high temperatures,
sometimes very significantly. In three of the fol@tectors monitored, the backgrounds
increased dramatically as the temperature wasaserefrom 58C to 60°C. In addition, the
data for detector 3 fluctuates a great deal duanh soak in spite of the fact that each data
point represents a five-minute average. Dramatictdlations in the recorded background
data, such as those seen here, could lead to masggcin false alarms when deployed in
operational environments.

There are two anomalies worth noting in the daésg@nted in Figure 4.2 below that
are not a true reflection of the RPM'’s behavioringithe test. The most noticeable is that the
average counts for detector 4 drop to zero cowgntsgeond in the final temperature soak at
22°C. This drop is because that particular detegtw taken off-line in order to monitor the
high-voltage bias for that detector's PMT as thragerature cycled from the 60°C to 22°C.
The purpose of monitoring the high voltage wasedtednine if the dramatic increase in the
count rate was due to variance in the high-volt@gector bias as the temperature changed.
However, it will be shown in section 4.1.3 thatrhevas no significant change in the

recorded voltage during the cooling off from 60822°C. The second anomaly is that there
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is a visible gap in the data from the detectorsnduthe temperature hold at -30°C. This gap
corresponds to an overnight temperature hold dwimigh the detector unexpectedly
switched out of occupancy mode and began recotshicgground scans, resulting in an

inconsistency in how the count rate was reported.
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Figure 4.2: Average background gamma count ratésegpedestrian RPM during the temperature cycle.
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The average background count rates at each temapefat detectors 1 and 2 are also
shown in Table 4.1 below. Detectors 1 and 2 weoseh for closer examination because
they were both located in the same RPM column, mgahat not only did they experience
the same ambient temperature inside the columrthbytalso faced the same direction.
Because the detectors faced the same directican ibe reasonably assumed that the
background radiation for both detectors shoulddresistent. Furthermore, because these
detectors were in the same RPM column, they shthredame high-voltage supply and SCA
board, thus eliminating any effect that differentethe RPM’s electronics may have had on
the count rates. Coincidentally, detectors 1 aats@ represented the detectors with the

smallest and largest increase in count rates régphcas the temperature reached 60°C.
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Table 4.1:Average background levels for the least- and messitive detectors as a function of temperature.

Chamber Temperature Detector 1 Detector 2
°C) Average Background Average Background
(CPS) (CPS)
22 (start) 16010 190+10
-20 160+10 180+10
-30 16010 180+10
-20 160+10 170+10
0 150+10 170+10
20 150+10 180+10
30 160+10 220+10
40 180+10 290+20
50 200410 430+20
60 240+20 660+30
22 160+10 200+10

The statistical significance of the data presemdegure 4.1 and Table 4.1 was
tested using a two-way ANOVA test and showed wighltonfidence that the individual
detector’s count rates were dependent on bothetextbr characteristics and the temperature
of the chamber. Thus, the results show that tihengm count rate of the RPM is temperature

dependent.
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4.1.2Temperature Dependence of’Co and**'Cs Efficiencies

In addition to recording the background count rakeisng the temperature cycle, the
RPM’s sensitivity to specific gamma sources wasrerad at each 10°C interval. This
examination included the measurement of'fli® efficiency for detectors 1 and 2 at the end
of each temperature soak. The numerical valuéise3fCo efficiencies for detectors 1 and 2
as a function of temperature are shown in TableAdd®Table 4.3 respectively. The table
values for both detectors are summarized and pieg@mFigure 4.3. In each table, the first
column represents the chamber temperature, thedeobumn represents the average
background count rate with no source in range efdigtector, and the third column
represents the count rate with the source placeteodoor of the pillar in a location
corresponding to the center of each individual detés scintillator. The last two columns in
each table represent two efficiencies calculate@éach detector: the first is the calculation
of the efficiency using the count rate data coddawith the source on the door of the pillar,
while the second is calculated using a correctamtolr to determine the expected equivalent
efficiency if the source had been placed on the td#dhe scintillator. The correction factor
accounts for solid angle differences and attennaifdhe gamma rays by the aluminum

door.
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Table 4.2: Detector 1 Efficiency f6fCo as a function of temperature.

Detector 1
Chamber Average Average Signal w/ Source Estimated Efficiency Equivalent On-Contact
Temperature Background (includes background) (Solid Angle Corrected) Efficiency
°C) (CPS) (CPS) (%) (%)
22 (start) 160+10 1090+30 19 22.3
-20 160+10 1340140 23.9 27.2
-30 160+10 1370140 24.5 27.8
-20 160+10 1330140 23.7 27.1
0 150£10 1190430 21 24.3
20 150+10 1130+30 19.6 23
30 160£10 1020430 17.4 20.7
40 170+10 950430 15.7 19
50 200+10 910£30 14.5 17.8
60 240120 830130 12.1 154
22 160£10 1070430 18.5 21.8
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Table 4.3: Detector 2 Efficiency fofCo as a function of temperature.

Detector 2

Chamber Average Average Signal w/ Source Estimated Efficiency Equivalent On-Contact
Temperature Background (includes background) (Solid Angle Corrected) Efficiency
°C) (CPS) (CPS) (%) (%)
22 (start) 19010 1090430 18.1 22
-20 170+10 1280+40 22.3 26.2
-30 180+10 1290140 22.5 26.4
-20 170+10 1240140 21.6 25.5
0 170£10 1180+30 20.4 24.2
20 180+10 1110430 18.8 22.7
30 220%10 1030130 16.5 20.4
40 290+20 1050+30 15.2 19.1
50 430120 1110430 13.9 17.7
60 660%30 1250140 12 15.9
22 200£10 1070+30 17.5 21.4
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Figure 4.3”'Co efficiency as a function of temperature for dtes 1 and 2.

It is clear from Figure 4.3 that the measut&b efficiency for both detectors
decreases with temperature with an almost linesdtr A regression analysis was performed
on the’’Co efficiency, revealing that a second order tesstatistically significant.

However, a linear regression is more suitablerfethe-field calculations, and a linear
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regression analysis revealed a significant fit waithadjusted Rvalue of 0.9449. Therefore,
a linear fit to the data was chosen, and the regudtiquation for estimating the efficiency of

this RPM system over the temperature range of -30€D°C is presented in Equation (4.1).

n(%)=(20.53& 0.21p-( 0.124 B<10°) *T

where:
n = Efficiency n %
T = Tempertare in Celsius

4.1)

In addition to°’Co, the sensitivity of the gamma detectors was eksmnined for a
137Cs source during a subset of the temperature hdltls.measured efficiencies f6fCs
shown in Table 4.4 and Table 4.5 are much lower tha®'Co efficiencies presented early
in Table 4.2 and Table 4.3. The lower efficieneypécause the count rates used to calculate
the efficiencies were taken from the RPM’s defaldictronics. These electronics,
specifically the SCA used to determine the ranggamima energies counted, are calibrated
in order to maximize sensitivity t8Co. Thus, the higher enerd}/Cs gammas created pulse
heights which were out of the SCA’s discriminatedion, resulting in a lower ratio of the

number of detected gammas to the number of expgeteanas.
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Table 4.4: Detector 1 estimated solid angle coedetection efficiency fdf'Cs as a

function of temperature.

Detector 1
Chamber Average Average Signal w/ Source| Estimated Efficiency
Temperature | Background (includes background) | (Solid Angle Corrected)
(°C) (CPS) (CPS) (%)
-30 160+10 1370140 5.7%
20 150+10 1130+30 6.1%
30 160+10 1020130 6.3%
40 170+10 950430 6.5%
50 200%10 910430 6.8%
60 240120 830430 7.1%
22 160+10 1070+30 6.3%

Table 4.5: Detector 2 estimated solid angle coedetection efficiency fof'Cs as a

function of temperature.

Detector 2
Chamber Average Average Signal w/ Source| Estimated Efficiency
Temperature | Background (includes background) | (Solid Angle Corrected)

(°C) (CPS) (CPS) (%)

-30 180£10 1290440 5.4%

20 180£10 1110430 5.6%

30 220+10 1030£30 5.7%

40 290%20 1050£30 5.9%

50 430120 1110430 6.3%

60 660%30 1250+40 6.4%

22 200+10 1070430 6.0%
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Table 4.4 and Table 4.5 also reveal that'#i@s detection efficiency for both
detectors increases as temperature increasestr@indsis the opposite of the trend seen in
the previous examination of tRé&Co detection efficiency for both detectors. Thplaration
of the different effect that temperature has orrfée and**’Cs efficiency will be discussed
in sections 0 and 4.1.1. The table values ofif@s efficiency for both detectors is
summarized and presented in Figure 4.4 below. cddbiat compared to the curve
representing th&’Co efficiency in Figure 4.3 above, the curve repngisig the™>'Cs
efficiency is relatively flat. This suggests thia¢ detectors’ sensitivity to higher energy
gamma rays is not as temperature dependent asrnbgigty to low energy gammas like
*'Co. In addition, the trend of increasiti{Cs efficiency with increasing temperature is clear

in Figure 4.4 and contrasts with the opposite tre@h in Figure 4.3 f6fCs efficiency.
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Figure 4.42'Cs efficiency as a function of temperature for detes 1 and 2.

4.1.3Temperature Dependence of the Compton Edge Position

In addition to measurements utilizing the coung fadbm the RPM'’s built-in
electronics, spectra were acquired at selectedasnpes using a Tukan-8K multi-channel
analyzer (MCA). Spectra for the background and¥@s were acquired for detectors 1 and
2. The spectra were collected from the output efs¢tcond stage amplifier with the Tukan

MCA set for a 300-s live acquisition time. The riéisig background-subtracted spectra, or
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net spectra, are shown for detector 1 in FigureaAdfor detector 2 in Figure 4.6. By
examining the net spectra, the response of thetet® the gamma source can be
distinguished better than it can be from gross tsaechich include the counts from both the
gamma source and natural background radiatioa.dften useful in PVT scintillator based
detectors such as these to discuss the locatitred®ompton edge of tHé&'Cs signal. The
meaning of the Compton edge is discussed in thezdtiire Review of this work, and while it
is difficult to pinpoint the exact location of tlompton edge in the spectra shown in Figure
4.5 and Figure 4.6, it can be approximated asdbation to the right of the “hump” of each
spectrum at two-thirds of the maximum height of ‘themp.” It is clear from the figure that
the position of the Compton edge moves with the@ebntinuum as it shifts with
temperature.

Figure 4.5 and Figure 4.6 show that, while theeestight differences between the
behaviors of the two detectors, a trend in the @lVeesponse to temperature is consistent for
both detectors. Using the spectra collected aC2& a reference, it is clear that the spectra
compress as the temperature increases above 2#fiihygsthe entire Compton continuum of
each detector to the left. Furthermore, the spaxitected at -30°C show that at low
temperatures, the Compton continuum is smearedakesader channel range than that of

the spectra collected at 22°C.
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Table 4.6 and Figure 4.7 below quantify the changeosition of the Compton edge

as a function of temperature. The table and figuie clarity to the discussion of the

spectra’s temperature dependent shifts shown mr€ig.5 and Figure 4.6, and reiterate that

the Compton edge shifts left with increasing terapee and shifts right with decreasing

temperature. Since the position of the Comptoreasign indication of the gain of the

system, these shifts imply that the gain decreasdtie temperature increased, and increased

as the temperature decreased.

Table 4.6: Tukan MCA channel position of the Conmpéadige of thé®'Cs Spectra as a

function of temperature.

Temperature |, 22 30 40 50 60
(°C)
Detector 1 238 193 185 176 166 153
Detector 2 230 188 187 177 N/A| 152
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Figure 4.7: Compton edge bfCs as a function of temperature.

This behavior in the peak shift has been obsemguievious studies outlined in the
Literature Review of this work (Ball et al., 19%inard, 1957; Singh & Wright, 1987).
These studies demonstrated that the pulse heigbttsal from a detector very similar to the
one used in this RPM, decreased with increasingéeature, and suggested that, while the

PVT scintillator plays some role, the PMT is maksely responsible for this behavior.
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It is worth noting in Figure 4.7 that even thoufkge two detectors represented the
two extremes in temperature sensitivity of the lgaclund count rate, the changes in the
Compton edges as a function of temperature, arglttreigains, were very similar. In fact,
both detectors appear to have a linearly decredaseng with increasing temperature. A
two-way ANOVA test confirmed that the Compton eggasition was temperature dependent
with a P-value of less than 0.0001, but the pasitim not significantly vary between
detectors, yielding a P-value of 0.3551 for thatiehship between the individual detector
and the Compton edge position. This indicatesdtiar RPM systems which use the same
type of PVT based detectors would likely exhib& game behavior.

Furthermore, a regression analysis of the Compdige elata confirmed that the
position of the Compton edge, and thus the systeails, does vary linearly with
temperature. The calculated regression equatidrahadjusted Rvalue of 0.9894 and is
shown in Equation (4.2) below.

CE=(216% 4.2 (& 2.6)T

where:

CE = Compton Edge Channel Numt
T = Temperature in Celsius

(4.2)

While only valid for this particular RPM system atie specific Tukan MCA used, the
regression analysis for this data suggests a mdthatetermining the magnitude of the
temperature dependent gain shifts in detectordasina the coupled PVT scintillator and
PMT type detectors used in this system. By praoxgdi model for the temperature
dependence of the gain, the possibility existsafbranced electronics which compensate for

these shifts through changes in high-voltage biasezriminator voltages. If the appropriate
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adjustments could be made as the temperature yérisdeasonable to assume that an
improvement in the stability of the efficienciesutd be attained.

As alluded to in section 4.1.2, the temperatureeddpnce of the gain explains the
temperature dependence of the efficiencies, paatigtthat of>’Co. Since the gain of the
system determines the energy-to-voltage calibraifdhe detector, any change in the gain
means that for fixed upper-level discriminator (ULihd lower-level discriminator (LLD)
voltages the energy window of the discriminatochanged. As the energy window moves,
the range of gamma energies to which the detestmoist sensitive changes as well.

An example of this relationship between sensitiaityl gain can be shown using the
137Cs Compton edge channel values presented in TahleRecalling that the alignment
procedure at the beginning of testing set the Comptige of*'Cs to 2.0 V, and that the
energy of the Compton edge'BfCs is 480 keV, the voltage per channel and eneegy p
channel for the MCA can be determined. Using tre¥rage channel value of 191 for the
Compton edge of 'Cs at 22°C and equating this channel position@dv2and 480 keV, the
channel-to-voltage conversion ratio is determireedde 10.5 mV per channel, while the
channel-to-energy ratio is determined to be 2.54 per channel. Based on this, the LLD of
0.063 V corresponds to channel 6 in the MCA speatichapproximately 15 keV of gamma
energy deposited in the scintillator. Similarlye tdLD of 0.455 V corresponds to channel 43
and approximately 108 keV. By repeating this clalton for each temperature interval, the
gamma energy range to which the detector is mositsee was calculated. The results are

show in Table 4.7.
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Table 4.7: Temperature dependence of the energpereorresponding to the SCA
discriminator region.

Temperature | Compton Edge Position LLD Energy ULD Energy
({®)] (Average Channel) (keV) (keV)
-30 234 12.308 88.205
22 191 15.118 108.346
30 186 15.484 110.968
40 177 16.317 116.941
50 166 17.349 124.337
60 153 18.885 135.344

Because of the design of the RPM, the count rgterted from the RPM'’s
electronics represents only the counts resultiojmfgamma interactions within the
scintillator which deposit energy amounts withie #nergy range of the SCA'’s
discriminator. Therefore, because the efficienarese calculated using the RPM’s reported
count rate, as the energy moved, the calculatédezities changed. For the higher-energy
137Cs gamma rays, the efficiency of the detectorsemsed as the energy window moved to
higher energies with increasing temperature, beiefficiency of the detectors decreased for
the low-energy’Co gamma rays as the temperature increased. fioe #hat this change

had on thé’Co efficiency is discussed in more detail in secdol.1.
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4.1.1Temperature Dependence ot'Co Spectra

In the same manner which the 137Cs spectra welectad, 57Co spectra were
collected at each temperature interval as welle 3dme resolution issues exist in these
spectra that exist for the 137Cs spectra, namelyttte spectra represent the Compton
continuum where the Compton edge is smeared orarge of channels. The Compton edge
of 57Co is approximately equal to 40 keV; therefoine Compton continuum is located in
lower-energy channels. The 57Co spectra in thieaenels of interest are shown in Figure
4.8 and Figure 4.9.

The magnitude of the spectra reveals that therenwta significant difference for
either detector in the number3€o gamma rays detected at each temperature. Recall
that the counts recorded by the MCA are not limiigdhe SCA'’s discriminator, this
consistency in the magnitude of the spectra ruléshe possibility that the difference in the
*'Co efficiencies measured at different temperatisreslated to a physical difference in the
number of gamma rays which interact in the scattlt. Furthermore, the vertical scale of
the two are the same, which is consistent withréiselts discussed previously for Table 4.2
and Table 4.3 which showed there was very littfeetence in the efficiencies of the
individual detectors when both were at the same&zature.

Also, it is clear from the spectra in Figure 4ri&igure 4.9 that th¥Co spectra
exhibit temperature dependence similar to't#@s spectra: As the temperature increases, the
Compton continuum is compressed to fewer low-enel@nnels. Again, because the
discriminator region remains fixed by the voltageh® LLD and ULD, only the counts

which fall between channels 6 and 43 of the spaxiiiacted by the MCA are counted by the
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system. ltis clear that as tH€o spectrum is shifted to the right at low tempaes, more

of the spectrum falls in the MCA window betweenmheals 6 and 43 which correspond to
the voltage range used by the RPM’s discrimina@dq3 V to 0.455 V). Conversely, as the
spectrum is shifted to the left, fewer counts ifallhis MCA window. This accounts for the

change in thé’Co efficiency discussed in section 4.1.2.
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Figure 4.8: Net’Co spectrum as function of temperature for detettor
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More detail on the impact that the shifts in t@o spectra have on the efficiency is
gained by comparing the count rate recorded byR#PK!I's electronics during the efficiency
calculations to an estimated count rate calculbjeithtegrating the spectra over the channels
which represent the SCA'’s discriminator region (utels 6-43). By integrating thHéCo
spectra in Figure 4.8 and Figure 4.9, and corrgdtin an average of 4% SCA dead time, an
estimated count rate can be determined which shoatdh the count rate reported by the

RPM'’s electronics. The results of this calculatame shown in Table 4.8.
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Table 4.8: Comparison of the net count rate’f6o source as recorded by the RPM electronics andleslated from the MCA

spectra.
Detector 1
Net°’'Co Count Rate from RPN Estimated Net Count Rate from .
Temperature : 57 Percent Difference
(°C) Electronics Co Net Spectra (%)
(CPS) (CPS)
-30 1210+30 1170+30 3.49%
22 910+30 910+30 0.47%
30 860+30 900430 4.81%
40 780+30 800+30 3.30%
50 720+30 750+30 4.79%
60 600+20 570+20 4.04%
Detector 2
Net°’'Co Count Rate from RPN Estimated Net Count Rate from .
Temperature : 57 Percent Difference
(°C) Electronics Co Net Spectra (%)
(CPS) (CPS)
-30 1120430 1090430 1.98%
22 870+30 87030 0.10%
30 820+30 810+30 1.48%
40 750+30 740+30 1.89%
50 690+30 71030 3.66%
60 600+20 580+20 2.18%
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The results in Table 4.8 show that the count rateutated from integrating the
spectra over a fixed channel window correspondimipé RPM'’s default discriminator
window match the count rate reported by the RPNhiwita few percent. All but a few of the
differences are within one standard deviation efd¢bunt rate, and all are within two
standard deviations. Given that gamma radiatiteraictions are expected to follow a
Poisson distribution, the difference between tHeutated count rate and the recorded count

rate is within the expected error associated watimigna radiation counting.

The results of integrating the spectra reiterase the temperature dependence of the
detectors™®'Cs and’’Co efficiencies is clearly a result of the temperatdependent gain
shifts associated with these types of detectotsthErmore, because the energy deposited in
the scintillator by’’Co is in the low-energy range (up to approximatihkeV), this makes
the detector’s sensitivity tfCo and other low-energy sources such as highlyleedi
uranium (HEU) even more susceptible to changekdrsénsitive energy window of the

RPM that are shown in Table 4.7.

4.1.2Temperature Dependence of Background Spectra

In addition to spectra collected with gamma soupiased in the detection area of
each of the RPM'’s detectors, a background specivagitaken for detector 1 and 2 at each
temperature interval as well. These backgroundtspéor detector 1 are shown in Figure
4.10 and for detector 2 are shown in Figure 4 Mate that in the figures, only the first 100
channels of the spectra are shown because evag\ibiyond this range is dominated by

system noise when the count rate remains low—#eisase with background count rates.
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Both detectors show an increase in low-energy brackgl counts as the temperature
increases. Furthermore, the increase for det@aogreater than for detector 1 for the
spectra collected at 50°C and 60°C, as can beisdha difference in the vertical axis scale
between the two figures corresponding to each tatec

Both the increase in spectrum counts and the egtreature of the increase for
detector 2 in Figure 4.11 are consistent withitlceease in the background count rate
reported by the RPM and discussed in section 4 Hutthermore, the very-low-energy
channels where the most dramatic increases artetbsaggest that the increases are due to
dark current noise being produced by the PMT. s Hypothesis was tested in the second

round of temperature tests and will be discussesgation 4.2.5 below.
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Figure 4.10: Background spectrum at each temper&bundetector 1.
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4.1.3Temperature Dependence of the Discriminator Voltage and the High-Voltage
Bias

Many of the results discussed in the previous sestare based on the assumption
that the discriminator window remained fixed durthg temperature cycle. In order to
prove that this was the case, the voltages at aewtical check points inside the system’s
SCA were monitored during the tests. Specificdhy, voltages which determine the SCA

discriminator region were monitored and are shawhable 4.9 below.

Table 4.9: The lower- and upper- level discrimimatoltages as a function of temperature.

TeCrESen:gﬁjrre Gamma LLD Gamma ULD
o (Volts) (Volts)
(°C)
Pre-Test 22 0.063 0.458
-20 0.061 0.459
-30 0.061 0.459
-20 0.062 0.459
) 0 0.062 0.459
Tostng 20 0.063 0.459
30 0.063 0.458
40 0.063 0.458
50 0.063 0.458
60 0.063 0.458
Post-Test 22 0.063 0.458

Clearly, the results in Table 4.9 demonstrate tifiate was no significant drift in the

reference voltages for the LLD and ULD, so it canalssumed that there was no drift in the

84

www.manaraa.com



discriminator region as defined in volts. Since disxriminator examines the voltage of the
pulse amplitude coming out of the second stage ifierpthe same range of pulse voltages is
counted by the discriminator. However, the gaiftskliscussed in section 0 result in shifts
in the range of gamma energies necessary to pralpakse voltage which falls between the
LLD and ULD voltages. Thus, even if there is narpe the LLD and ULD voltages, there
can still be a change in the gamma-energy windawesponding to the discriminator region.
In addition to monitoring the discriminator refecenvoltages, the high-voltage bias
for detectors 4's PMT was also periodically meadwaethe end of the cycle as the chamber
temperature cooled from 60°C to 22°C. Since tigh+voltage bias is a factor in determining
the gain of the detectors, it is necessary to pmithiany change in the high voltage which
occurs as the temperature changes. The voltagenaaored overnight as the chamber
cooled using a DVR, and examined the next mornpanwarrival. The results are
summarized in Table 4.10. While there was a sdedltease of approximately 0.3% in the
high-voltage setting, which according to common PMference manuals could shift the
gain by a small amount, the decrease is not seffidio be the dominant cause of the gain

shifts discussed in the previous sections of tlaskvjHamamatsu, 2006).
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Table 4.10: High-voltage bias for detector 4’s P&#Ta function of temperature.

Chamber PMT
Date Time Temperature Voltage
) V)
11:37 AM 60 1072.4
12:23 PM 60 1072.5
1:30 PM 53 1072.6
2:00 PM 51.5 1072.9
2:25 PM 50.6 1072.9
6/17/2010 2:55 PM 49.6 1073
3:22 PM 48.5 1073.1
3:36 PM 48.2 1073.2
4:01 PM 47.3 1073.4
VOLTAGE AFTER 4:05 PM RECORDED ON
VIDEO (DVR)
6/18/2010 voltage reached stability at approximately 10:30PM
8:10 AM 22 1075.5
10:41 AM 22 1075.5

4.2 Second Round of Testing

The second round of testing performed at ORNL wgended to explore the

temperature dependence of the gamma radiationtdetdound in RPM systems similar to

the pedestrian RPM system tested in the first raafridsting. Specifically, the experiments

performed during the second round of testing la&xplain the temperature dependence of

the gamma detectors’ count rates. This temperatependence was identified in the first

round of testing and discussed in section 4.1thisfresearch work. In addition, a similar

phenomenon was observed in data taken from a degli@yi RPM, providing additional

motivation to re-examine the temperature dependehgamma detectors.
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The data collected from the deployed rail RPM réacascillations in the gamma
background count rates in all four detectors, dwshng a 24-hour oscillatory period. The
maximum count rate for each detector occurred daitie late afternoon hours, while the
minimum count rate for each detector occurred dailyne early morning hours. Given that
the warmest and coolest times of the day are giyedraing the afternoon and early
morning respectively, these oscillations appeamtbistent with the results discussed in
section 4.1.1 of this work. Those results demanstt that an increase in temperature caused
an increase in the gamma background count ratehdfmore, recall from the Experimental
Setup and Procedures chapter of this thesis,ibatil RPM uses the same electronics and
the same detector design as the pedestrian RP&titiestound one of the temperature
testing. All the results in this section are freemperature testing performed on the actual
gamma detectors from the deployed rail RPM systeahproduced the oscillating

background count rate data.

4.2.1Re-examination of the Temperature Dependence of tteamma Background
Count Rate

The first hypothesis for this set of experiments weat the count rate oscillations
observed in field data for these specific gammaatets were due to the temperature
dependence of the background count rate identifi¢kle first round of temperature tests.
Furthermore, it was hypothesized that the temperatapendence of the background count
rate could be reproduced when only the PVT scaittils and their coupled PMTs were

placed inside the cycling temperature and all odhectronics were maintained at the
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laboratory’s room temperature (approximately 22°The resulting background count rates
for both detectors during the initial temperatuyele between 22°C and 50°C are shown in
Figure 4.12 below. The average count rates ifighuee are referenced to the left vertical
axis and represent the average gamma counts perds@CPS) as recorded by the RPM's
default controller, averaged over successive omaitaiperiods. In addition, the figure also
contains a plot of the chamber temperature in Gglduring the cycle that is referenced to
the right vertical axis.

Clearly the background count rates in Figure 4 4% significantly with temperature.
Consistent with the behavior observed in the fiosind of testing, as the temperature
increases the background count rates for both gadategtors also increase. Slight increases
in the count rates at temperatures below 40°C atiegable, but it is during the hold at 40°C
that the background count rate experiences a ggnifincrease, followed by an exaggerated
increase while the temperature rises and hold®&.3~urthermore, as the chamber
temperature cycles down from 50°C to 22°C, the gemknd count rates also decrease to

their pre-cycle values.
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Figure 4.12: Average background count rate dutiegnitial temperature cycle.
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One additional observation from Figure 4.12 abev&that at the end of the
temperature hold at 50°C, the count rates havéermeted off but are still increasing. This
suggests that the gamma detectors did not reaomahequilibrium even after 2 hours at
50°C and that the values of the background couatwauld have continued to increase if the
temperature had not begun to decrease. Therdferéfth temperature cycle, which
occurred over a weekend, utilized a much slowelecytIsing the nominal calibration
procedure again, the temperature was first cycdeg slowly from 22°C to 50°C and back to
22°C. The temperature then ramped back up to 50fiCfive hour holds at each 10°C
interval. The results from the first part of tiigcle are shown in Figure 4.13, while the
results for the ramp back to 50°C are shown in fegul4.

Figure 4.14 clearly demonstrates that the coustadaes not reach an equilibrium
value during the two hour temperature hold at 5&tch was used not only in the initial
cycle, but also in the other cycles completed keefifth cycle. In fact, it is clear from the
figure that the count rate does not begin to lefelintil well into the five hour hold at each
temperature interval. The results from this expent prompted the decision to extend the
temperature hold at 50°C from two hours to fiveisaduring the cycles following this

experiment.
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Figure 4.13: Average background count rate of #teators during the fifth temperature cycle (fivatf).
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Figure 4.14: Average background count rate of #iteators during the fifth temperature cycle (secoaid).
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The results presented in Figure 4.13 provide ailget picture of the effect that
increasing temperature has on the count rate.n@&gasing the temperature very slowly—at
an average rate of 1°C per hour—the influencetdraperature has on the background count
rate is shown to be exponentially shaped. Spedifidhe slow cycle shows that the rate of
increase in the background count rate reachesieatpoint as the temperature increases
past 40°C. After this point, even the smallesttihation in temperature has a dramatic effect
on the count rate, an effect that is clearly seetha temperature decreases from 50°C.
During this temperature decrease, the chamber t@tyse seems to experience a small and
short-lived increase (seen as a slight bump irctimee) that results in an exaggerated spike
in the background count rates for both detectotstwo-way ANOVA test showed with high
confidence that each detector’s count rate wasrakgreg on both the detector characteristics
and the temperature, proving the statistical sigaifce of the data.

A closer examination of the slow increase from@#3 50°C in cycle five is shown
in Figure 4.15. This figure shows the counts &mation of temperature during the slow
increase on a log scale plot. Since the data boefrm a flat line when the vertical axis is
log scaled, it is clear that the count rate amatfan of temperature is actually super
exponential. Recalling that both Knoll (2000) ahd Hamamatsu PMT handbook (2006)
suggest that the PMT noise should increase expiatignn theory, the super exponential
behavior of the count rate suggested that the systase is increasing at a rate which
exceeds the manufacturer’s specified rate of nmisduction in the PMT. Therefore, this

phenomenon should be reexamined by future work lwéxplores the same procedure for a
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larger sample size of gamma detectors. From @inggel data set, a more generalized model

for the increase in the noise as a function of &majure could be developed.
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Figure 4.15: Background count rate for both detscas a function of temperature.
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4.2.2 Examination of the Effect of the SCA on the Temperare Dependence

Following the determination that the count rateil@®ons observed in the field
could be reproduced by varying the ambient tempesagxperienced by the radiation
detectors, the temperature tests sought to exatméneffect that the specific SCA chosen for
this round of experiments had on the temperatupemigence of the count rates.
Specifically, this experiment explored whether ¢tbent rate oscillations were unique to the
original SCA used in the initial cycle. In additiathis experiment sought to examine
whether the temperature dependence of the SCAésnial electronics had any effect on the
magnitude of the count rate oscillations. Whilddeal testing schedule would have allowed
these two hypotheses to be tested in two sepasttg time constraints dictated that these
two tests be performed as one. Therefore, thénaliGCA was replaced by a recently
purchased SCA from the same manufacturer, andaWweSCA was placed in the climate
chamber with the gamma detectors—meaning thateteSCA experienced the same
temperature cycles as the plastic scintillatorsRiI's. The results from the temperature
cycle with the new SCA connected are presentedguré 4.17 and can be compared to the
cycle with the original SCA in Figure 4.16. Alsince the new SCA’s temperature cycle
occurred after cycle five, the temperature hol8GHC was three hours longer than the

temperature cycle for the original SCA.
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Figure 4.16: Gamma background count rates for tiginal SCA during temperature cycle.
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Figure 4.17: Gamma background count rates for gwe CA during temperature cycle.
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A comparison of Figure 4.16 and Figure 4.17 denratest that the magnitude of the
background count rate oscillations does not vaggicantly between the two cycles. This
suggests that the temperature dependence of thgroaad count rate is not significantly
affected by variations between individual SCAs withe temperature dependence of the
electronics of the manufacturer’s default SCA. tkewmmore, the difference in which detector
exhibits the maximum increase in count rate andlifierences between each detector’s
maximum amplitude during the two cycles are duthéinherent uncertainties in the
standard calibration procedure.

Another comparison between the two cycles is shioglow in Table 4.11. The table
compares the minimum count rate of each detect®24T to the maximum count rate of
each detector at 50°C for both the original SCA #edreplacement SCA. Also included is
the ratio of the maximum counts to the minimum dsuwhich quantifies the magnitude of
the increases with temperature. The results sittble reiterate that there was no significant
difference between the count rate oscillationgliercycle utilizing the original SCA and the

cycle utilizing the replacement SCA.
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Table 4.11: Results comparing the difference betvoseles utilizing different SCAs.

Comparison of the Minimum and Maximum Count Rates br
Old SCA versus New SCA Inside Chamber

Bottom Detector Top Detector
Calibration HV:
22C | soc | 20€1022C) 5o | 5| S0C 10 22C
Ratio Ratio
Original 1083 | 1103 2810 2.55 1089 2600 2.39
New SCA Inside 1060, 1020 2646 2.59 1043 2876 2.76

4.2.3Exploration of Alternative High Voltage Settings

Based on expert opinion from senior technical sefdbRNL, a series of experiments
was performed in order to find an alternative higittage bias which would provide more
temperature stability for the gamma count ratelse Rypothesis that the high-voltage bias
for the PMTs could affect the temperature dependeiste stems from the consensus among
experts at ORNL that dark current, possibly infthren of thermionic emissions, was the
cause of the increase in count rates at high testyrexs. This hypothesis is consistent with
some of the existing literature in the Literatueview of this work.

To test this hypothesis, temperature cycles sinddhe initial cycle were repeated
six times, each with a different PMT high-voltag#/) bias. Only the PVT scintillators and
the coupled PMTs were placed in the cycling temtpeeachamber for these tests, which is
consistent with the initial cycle set-up, so the only perturbation for each cycle was the
HV setting. Each alternative HV setting was in thege of 870 V to 1300 V, and for all

settings except the 1300 V setting, the secondstawplifier was aligned so thatHCs on
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the face of the detector produced a 2.0 V pulsghteiBy maintaining the 2.0 V pulse
height, the proper energy-to-voltage ratio for nomhtemperatures was ensured, and no
adjustments had to be made to the discriminatéingst For the 1300 V setting, the second
stage pulse height was 3.0 V, corresponding toitg amplification of the 3.0 V first stage
pulse height. Since the 3.0 V pulse height wasetliralves the nominal height of 2.0 V, the

LLD and ULD voltages were increased to three-hathes default values.

4.2.3.1Reduced High Voltage Settings

Three of the alternative HV settings, specificaljgles 2, 4, and 7, represented a
lower-than-nominal HV setting. This resulted isub-nominal pulse height coming out of
the PMT, and thus a sub-optimal pulse height dlfteffixed gain first stage amplifier.
Therefore, these settings required an increadeeiamplification of the second stage
amplifier in order to maintain the 2.0 V secondgstaulse height fo*’Cs. The results for
these three lower-than-nominal HV settings are shthe following: Figure 4.18 for cycle 2,

Figure 4.19 for cycle 4, and Figure 4.20 for cytle
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Figure 4.18: Average background count rate dutvegsecond temperature cycle.
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Figure 4.19: Average background count rate dutegfdurth temperature cycle.

103

www.maharaa.com




4000

HV: 900V -- Stage 1: 0.25V
(Seventh Calibration)

3500

3000

2000

2500 -_/

P
\
\

Average counts/second

1500

\
\
\
-

N\
\

1000

Ve

3/15/1118:00

3/15/11 22:00

3/16/11 2:00 3/16/11 6:00

Date and Time

60

50

40

30

20

10

Temperature in Celsius

—— Bottom Detector (left vertical axis) == «=Top Detector (left vertical axis) ———Temperature Profile (right vertical axis)

Figure 4.20: Average background count rate dutvegseventh temperature cycle.
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The results in Figure 4.18 through Figure 4.20 aéteat no significant improvement

in the temperature dependence of the backgrounat cate was achieved by lowering the

HV settings to values below nominal. In fact,ppaars that the nominal setting seems to

result in better performance than any of the thw@ew-nominal HV settings. In addition,

the magnitudes of the increase in background caies at 50°C relative to the count rates at

22°C for each cycle are compared in Table 4.12 téble also includes the same

information for the original cycle, along with thatio of the maximum count rate at 50°C to

the minimum count rate at 22°C for each detecldre data in Table 4.12 confirms that the

nominal calibration of the original cycle resultedhe smallest ratio of maximum count rate

to minimum count rate for both detectors.

Table 4.12: Comparison of the background countireieease for the nominal HV setting to
the background count rate increase for below nohiivasettings

Comparison of the Minimum and Maximum Count Rate fa
HV Settings Below Nominal

Bottom Detector Top Detector
Calibration HV:
22¢ | soc | 20C1022C | 5o | gy | S0C 10 22C
Ratio Ratio
Original 1083 1103 2810 2.55 1089 2600 2.39
Second 970 1086 2926 2.69 1089 3355 3.08
Seventh 900 1121 3069 2.74 1097 2926 2.67
Fourth 870 1098 3095 2.82 1070 2567 2.40
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4.2.3.2Increased High Voltage Settings

In addition to exploring lower-than-nominal HV segs, two alternative HV settings
were tested in cycles 3 and 6 in which the HV wasdased to above the nominal value.
These higher-than-nominal HV settings resulted finsa stage pulse height which was
greater than the nominal 0.75 V. Therefore, tlopsé stage amplification was decreased for
these settings. For cycle 3, the second stagef@nplas set to maintain the normal 2.0 V
second stage pulse height, ensuring the recommesaEdy-to-voltage ratio was
maintained. After discussions with the expert techl staff at ORNL, it was decided that
since a small HV change resulted in large gaineases, cycle 6 should be run with the HV
set to 1300 V, providing a 3.0 V first stage putegght. For this setting, the second stage
amplifier was set for a unity gain and the discnator voltages were increased by 50% to
ensure the detectors were sensitive to the degaetna energies. The results are shown for
cycle 3 in Figure 4.21 and for cycle 6 in Figur22.

It is clear from Figure 4.22 that the 1300 V HVtseJ resulted in temperature
dependent count rate increases which were far wbeseany other setting explored.
Furthermore, it is likely that the second stage l#apwas saturated since the first stage
peak pulse amplitude was 2.0 V, resulting in aodiet! pulse shape. It is unclear whether
the distorted pulse shape would provide true playsesults. By contrast, the HV setting of
1101 V showed slightly positive results compareth®onominal setting. The magnitude of
the temperature dependent count rate increase pdaave improved slightly for the
bottom detector. However, this small improvememtagated by the slight exacerbation of

the top detector’s count rate increase.
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Table 4.13 summarizes the results shown in Figlte dnd Figure 4.22 by
comparing the maximum count rate at 50°C to thamum count rate at 22°C. The ratio of
counts at 50°C to 22°C provides insight as to tlagmitude of the count rate increase as the

temperature increased from 22°C to 50°C.
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Figure 4.21: Average background count rate dutwegthird temperature cycle.
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HV: 1300V -- 1st stage: 3.0V (2nd Stage: 3.0V)
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Figure 4.22: Average background count rate dutregsixth temperature cycle.
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Table 4.13: Comparison of the background countireteease for the nominal HV setting to
the background count rate increase for above ndrhiviesettings.

Comparison of the Minimum and Maximum Count Rates br
HV Settings Above Nominal
Bottom Detector Top Detector
Calibration HV:
2oc | soc | 20C€1022C1 550 | ggc | POC 0 22C
Ratio Ratio

Original 1083 1103| 2810 2.55 1080 2600 2.39
Third 1101 1072| 2586 2.41 1071 2864 2.67
Sixth 1300 1285| 4141 3.22 1260 3649 2.90

The results of this section and of section 4.2d@monstrate that the high voltage
setting had an inconsistent effect on the perfooaarf the gamma detectors which were
tested. In addition, the results reveal that nafrtbe alternative high voltage settings tested
provided a significant improvement in the tempemidependent count rate increases during
the cycles. Following the failure to find an opéihiigh voltage setting which solved the
temperature dependence of the count rate, the oiwveational hypothesis that the
photocathode could be cleaned using an extremglyHV setting was tested. The results of

this hypothesis are presented in the followingisact

4.2.4Attempt to Clear Impurities in the PMT

As discussed in the Literature Review, a knownagbiat can create spurious pulses
in the PMT and lead to the formation of dark cuttierthe build-up of impurities on the
photocathode. In addition, since it thermionic €mans are the result of the thermal

excitation of conductance electrons, it was thoulgat a particular noisy PMT could be the
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result of an increased number of conductance elestvhich were near the surface of the
photocathode. After discussion with technical safth at ORNL and the manufacturer, it
was decided that a method intended to clean anynitigs in the PMT would be tested. The
proposed method set the HV to the maximum ratethgel(1500 V) and allowed the
detectors to sit overnight at this voltage whilecdm temperature (22°C). By setting the
voltage to the maximum rated voltage, it was hypsited that the impurities would be
driven off the surface of the photocathode by titeaased voltage, and that any unusually
high-energy conductance electrons which were neaugh to the surface would be forced
out of the photocathode. The result would be gtaary increase in the noise of the PMT
during the soak, but once all or most of the imiegiand over-energetic electrons were
cleared from the photocathode, the PMT would betgdi

No data was collected during this high-voltage so@ke next morning, the system
was recalibrated to the nominal setting, mirrotiing initial calibration. After recalibration,
the typical temperature cycle used in this sexpkeements was initiated. The count rates
recorded during the cycle were normalized to theraye count rate at 22°C and are
presented in Figure 4.23. Also in Figure 4.23,dhekground count rates from the first cycle
are presented as well, normalized to the averageteate at 22°C during the first cycle.
The normalized results in the figure allow for temparison of the count rates for both
detectors, when calibrated nominally, before anerdhe cathode “bake” at 1500 V. The
chamber temperature for both cycles is presentétkifigure as well, showing that the

temperatures experienced in each cycle were vemjesi
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The results in Figure 4.23 reveal that the incréaslee background count rate as the
temperature increased was worse after the detsatavernight at 1500 V. Because the
count rate still increased after sitting at 1500h& decision was made to stop the cycle and
the data acquisition after the hold at 50°C; themefigure 4.23 only includes the increasing
part of the temperature cycle.

A closer examination of how the detectors resporgirilar increases in the
high-voltage setting should be performed sincei¢hgperature dependent count rate increase
was worse after the detectors were exposed to50@ ¥ setting. In addition, anecdotal
evidence from the field suggests that detectorghvpreviously did not exhibit any
background count oscillations were made to oseillaiowing a botched calibration which
set the high-voltage bias well above nominal. Bbthed calibration resulted in an extreme
increase in the background count rates for theceftedetectors, but once the calibration was
corrected, this behavior disappeared. Furthertopressfor study include: Does the PMT
recover from the high voltage soak and return éosdime magnitude of oscillations observed
before the soak? Can the background count osoiiabe induced in detectors which
previously did not show evidence of count rate ltegedns by a similar increase in high

voltage bias?
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Comparison of Before and After Overnight Soak at 1500 V
(Nominal Calibration for Before and After)
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Figure 4.23: Comparison of the average count fatesoth detectors before and after the HV wasdeft500V overnight. All
count rates are normalized to their respectiveamescount rate at 22°C.
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4.2.5Identification of Component Responsible for Temperture Dependence

The results of the second round of testing disaisedar determine that the cause of
the temperature dependence of the background catast was either the scintillator or its
coupled PMT. In order to examine which of these twmponents was responsible for the
temperature oscillations, it was decided that ¢fpedetector’s scintillator should be removed
from its coupled PMT. Before the scintillator was off, the system was calibrated to the
factory recommended (nominal) settings. In ordenaintain this calibration, the system
was not powered off and no further adjustments weade after the recalibration to nominal.
The top detector was then disconnected from thiesysand the PVT scintillator was
separated from the PMT. After the scintillator wasioved, the cut-off PMT was
reconnected to the system and placed in a light-tigvering inside the temperature
chamber, along with the intact bottom detectore @fierage background count rate recorded
from both the intact detector and the cut-off PMIFidg the typical temperature cycle used
in these tests is shown in Figure 4.24.

Since the cut-off PMT was isolated from all liglwurces via removal of the
scintillator and placement in a light-tight covegirthe count rate reported from the cut-off
PMT is assumed to be due to dark current whichrmatgd in the tube itself. It is clear from
Figure 4.24 that both the intact detector and thieoff PMT follow the same trend during
the temperature cycle, suggesting that the temperaependence of the gamma detector’s
background count rate is likely due to the tempeetependence of the PMT. The
difference between the two curves in Figure 4.24 evadculated in order to provide a

simplified measurement of the contribution that BAET scintillator made to the temperature
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dependent count rate oscillations. Figure 4.25 shitnv results of this calculation. Figure

4.26 shows the difference between the curves duh@gycle normalized to the average

difference at 22°C.
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Comparison of Count Rate with and without PVT Scintillator
HV: 1035V -- Stage 1: 0.75V
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Figure 4.24: Comparison of the average backgroondtarate for the intact detector and the PMT wibhPVT scintillator.
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The Difference Between the Average Count Rate
for the Intact Detector and the Cut-off PMT
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Figure 4.25: The difference in the count ratetlfier intact detector and the count rate for theofURMT.
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The Normalized Difference Between the Average Count Rate
for the Intact Detector and the Cut-off PMT
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Figure 4.26: Normalized difference in the counérair the intact detector and the count rate ferdit-off PMT.
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The absolute difference between the count ratertegpdrom the intact gamma
detector and the cut-off PMT, shown in Figure 412vgal that the intact gamma detector’s
count rate begins between 900 and 950 counts pengdigher than the cut-off PMT’s
count rate, and eventually reaches a peak at appatedy 1050 counts per second higher
than the cut-off PMT’s count rate. Combined witk #ctual count rate data for both the
intact detector and the cut-off PMT which was shawRigure 4.24, the difference in the
count rate at 22°C reveals that the cut-off PMBart rate was less than 100 counts per
second at the nominal temperature. This low coatetis consistent with minimal amounts
of light being able to reach the cut-off PMT insitiecovering and demonstrates that any
dark current creation at 22°C accounts for less @6 of the count rate when compared to
the average count rate of the intact detector &€ 22 Figure 4.24.

Furthermore, Figure 4.25 reveals that the diffeedoetween the count rates at the
end of the temperature hold at 50°C is approximat@P5 counts per second. Using this
difference and the average count rate data in Eigut4, the count rate from the PMT is
approximately 62% of the count rate from the intdatiector. It is a reasonable assumption
that the same amount of light reached the cut-BfTRat 50°C. Therefore, this data suggests
that dark current accounts for approximately 62%heftotal count rate at 50°C and that the
PVT scintillator accounts for only 38% of the totalunt rate at this temperature. The
change in the percent contribution of the individc@mponents at 22°C and 50°C is shown

in Table 4.14.
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Table 4.14: The PMT and scintillator’s relativentiibutions to the expected count rate of an
intact detector for 22°C and 50°C.

Chamber Temperature PMT Contribution Scintillator Contribution
Q) (%) (%)
22 10% 90%
50 62% 38%

The behavior of the curve in Figure 4.25 also rés/dat there is a lag between when
the temperature increases and when the differesiveeln the counts begins to increase.
This behavior is most evident during the temperhald at 50°C. The difference between
the count rates actually decreases as the temperataps up to 50°C. This decrease means
that the count rate for the cut-off PMT is incregsiaster as the temperature ramps up than
the intact detector’s count rate. However, oneesystem begins to hold at 50°C, the gap
between the two count rates increases and conttowls so during the remainder of the
hold. Furthermore, even after the soak ended lamtemperature began to decrease, the
difference between the count rates continued teease. This behavior demonstrates that the
count rate for the cut-off PMT reaches its maximuefore the intact detector does,
suggesting that the cut-off PMT reaches thermailibgum before the intact detector.
Consistent with this conclusion, each time the terafure begins to change, the count rate of

the cut-off PMT responds faster than that of thadhdetector. When one considers the
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mass difference between the intact detector an&mhE€ with no scintillator, the difference
in the time to reach thermal equilibrium is a reegde conclusion.

While the information in Figure 4.25 presents thedute difference in the count
rates and allows for analysis of the overall betiasf the difference, Figure 4.26 shows the
difference in count rates normalized to the avedifference between the two count rates at
22°C. By normalizing the data, the change in thsohute difference between the intact
detector’s count rate and the cut-off PMT’s cowtéras the cycle progresses can easily be
compared to its initial value at 22°C since théorat the initial 22°C hold is equal to one.
The normalized data can also be interpreted asatieeof the count rate difference as the
temperature changes to the count rate differen2@°&. By examining this normalized
data, it is clear that the peak difference in ceusmiabout 10% higher than the difference in
counts when the system is at thermal equilibriur@28C. This result strengthens the
hypothesis that the PMT is the driving componenthe temperature dependent count rate
oscillations, while the PVT scintillator superimgssactual gamma counts on top of the
inherent dark counts in the PMT and has little @ffn the temperature dependent trends of
the count rate. The result of this additive faesaa higher background count rate but one
whose temperature dependent trends are dictatdteligmperature dependence of the PMT.

Spectra were also collected from the cut-off PM&rg\80 minutes during the test. A
sampling of the spectra collected is displayedigufe 4.27, showing the spectrum at each
10°C step as the temperature increases, durinigetiening, middle, and end of the hold at
50°C, and again at each 10°C step as the tempemdgreases to 22°C. One caveat for this

result is that a misalignment of the MCA'’s lowevéédiscriminator (LLD) appears to result
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in a non-physical shape of the left edge of eaettspm. However, the spectra still provide

some important insights which are discussed dfiefigure.
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Background Spectrum Response to Temperature in Low MCA Channels
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Figure 4.27: Spectra collected from the cut-off P&&Tthe temperature increases to 50°C, holds &, Z0fd returns to 22°C.
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The results in Figure 4.27 reveal that the ampditafithe spectrum at each 10°C step
rises as the temperature increases from 22°C t6.56urthermore, as the temperature holds
at 50°C and the PMT reaches equilibrium, the amghditof the spectrum continues to
increase. While the spectrum amplitude beginetoehse again as the temperature
decreases, the spectrum at each 10°C step follawegold at 50°C has a higher amplitude
than it did at the same temperature before the &iok®°C. This is because the PMT does
not have time to reach thermal equilibrium durihg temperature ramps and is therefore
cooler than the chamber temperature during theeayglto 50°C and warmer than the
chamber temperature during the cycle down from 50F@e most important observation is
that the change in the spectrum’s counts is clearlge low-energy channels, suggesting
that the counts from the cut-off PMT are domindigdaiark current due to thermionic
emissions (Knoll, 2000). If the MCA’s LLD had beproperly aligned, it is assumed that the
spectra would show real counts in channels belaanicbl 10. However, since the right
edges of the spectra are unaffected by the misakg, it is not expected that more counts
would fall in higher-energy channels. Therefoteés ia reasonable conclusion that the spectra
shapes indicate the source of the increase in sasidiue to a mechanism consistent with

thermionic emissions.

4.2.6Replacement of the Default SCA
An additional experiment attempted to rule outplbesibility that a poor design in
the manufacturer’s default SCA exacerbated the ¢zatpre sensitivity of the RPM detectors

by replacing the default SCA with the following Near Instrumentation Module (NIM)

124

www.manaraa.com



standard equipment: pre-amplifier, amplifier, andye-channel analyzer. Because there are
several unexplained phenomena associated witlethdts of this test, they are not presented
in this research and cannot be used to draw anyingfal conclusions. However, these
tests should be repeated with greater care anddache following:

a. Examination of the pulse shape using an oscillos¢onsure that the pulse has
physical meaning.

b. Continued examination of the pulse shape as thpdgeature is cycled by
recording the oscilloscope viewing screen with aRD&f a digital camera used at
incremental temperatures.

c. Measurement of th¥Co efficiency using both the manufacturer's SCA &l
NIM standard equipment to determine if the discnator window is the same for
both. If not, then find the discriminator windowaessary to give efficiency
measurements for the NIM standard equipment tleat@nsistent with those

measured by the manufacturer's SCA.

4.3 Summary of Results

The results presented in this research work clefigonstrate that the performance
of PVT scintillator based gamma detectors use®mmon RPM systems is temperature
dependent. Specifically, it has been shown trabtickground count rate reported by the
RPM increases with increasing temperature. Thenmade of these increases is detector
dependent and can, in some cases, be extremelficgigh Furthermore, the first set of

temperature experiments, performed on a pede$fiv identified the temperature
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dependence of the gamma detectors’ sensitivitie®tio>’Co and*'Cs, and also showed

that the cause of this was temperature dependensidts. Examination of spectra
collected from the RPM system revealed that tha dacreases with increasing temperature,
as evident in the MCA channel position of the Cosnpedge of*'Cs. Crude models of the
temperature dependent changes irrtoe efficiency and in the MCA channel position of
the Compton edge df'Cs were also presented.

Follow-up experiments in the second set of tempegatests confirmed that the
increases in the RPM count rates could be recreatedeparate set of PVT scintillation
based gamma detectors. The new experiments revisaethe temperature dependence of
the count rates becomes very significant as thdewhtemperature experienced by the PVT
scintillator and PMT exceeds 40°C. The seconddamfriemperature tests also
demonstrated that the gamma detectors’ supportaugrenics do not contribute significantly
to the temperature dependence of the count ratethahthere is no “operational sweet spot”
for the high-voltage bias which decreases the ntageiof the count rate increases with
rising temperature. Furthermore, an attempt tetdghie thermionic emissions in the PMT by
soaking the tube at its maximum rated voltage wesiccessful.

The most promising results of this research dematest that the PMT is most likely
responsible for the temperature dependence of Bid’'®Rgamma detectors. Furthermore,
the results showed with high confidence that tlegases in the count rate at high
temperatures is due to temperature dependent damnt, consistent with thermionic

emissions, produced in the PMT. In addition, tamghifts identified in the first set of
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temperature experiments are also consistent wibvkrPMT responses to temperature as

discussed in the Literature Review of this researctk.
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

The experimental investigation of the effect of parature on radiation portal
monitor (RPM) performance demonstrates that theggoount detectors used in many RPM
systems exhibit temperature dependent behavioecifsgally, it has been shown in this
research that the recorded gamma background cata®, gamma efficiencies, and each
detector’s gain are all dependent on the ambienpégature of the RPM’s environment.
While several potential fixes for the temperatuepehdent RPM behavior were explored
during this research, none provided an operatisolaition. Furthermore, this research
identifies that the temperature dependence of tR&39d systems exists primarily in the
coupled PMT and PVT scintillator detectors andassignificantly influenced by the
temperature dependence of the other electrical oosms of the RPM system.

It is clear from the investigation that increaseshie background count rates with
increasing temperature are driven by the tempezatependence of the PMT. The
investigation concludes with high confidence trathee temperature of the PMT increases,
the dark current created in the PMT begins to ditiecincrease in gamma count rates. This
conclusion is consistent with existing literatursadissed in the Literature Review of this
research work. The result is a false elevatiothefgamma background counts. Thus, since
the typical RPM alarm algorithm is based on a caoat# threshold above the average
background count rate, the false elevation of trexage background count rate leads to an

increase in the source activity necessary to triggealarm.
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Both the temperature dependence of the gammaesfligs and the gain of the
gamma detectors used in RPM systems were showaitddrrelated during this
experimental study. Results presented in thisarebeand in existing literature point to the
temperature dependence of PVT scintillators andnsomPMTs as the cause for the
efficiency and gain’s dependence on temperature.

The combination of decreases in sensitivity tarses of low-energy gamma
radiation, such a¥Co, and increases in the background count ratdseasmperature
increases leads to decreased performance in thetiet of special nuclear material (SNM)
at high temperatures. Since detection of SNM igptimaary goal in many RPM
deployments, the results of these experimentstobalentify a potential vulnerability in the
RPM'’s performance in high temperature climates.

In the Introduction of this research work, thre@pbihheses were presented which
summarized the intentions of these experimentse discussion of the results from these
experiments provides the answers to these hypathd¢amely, the answers to the three
hypotheses are as follows: the behavior of the gam@btectors is temperature dependent; the
magnitude of the temperature dependence couldendebreased by operational solutions
tested in this research; and the PMT is most likiedydetector component which contributes
the most to the temperature dependent behavidredRPM detectors.

While this research work identifies many tempemagensitivities in the performance
of RPMs, it is unable to present a solution totdmaperature dependence of the system
components and to the potential vulnerabilitiesohresult from these dependencies.

However, the importance of indentifying these s@rises cannot be overlooked, and this
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study offers justification for the continued ex@bon of the temperature dependence of the
detectors’ behavior. Some important questions whiabuld be examined in future testing
will be presented in the following section.

Until these questions can be addressed and moneimgéal solutions to the
vulnerabilities can be developed, a temporary gmutvhich circumvents the temperature
dependence is to minimize the maximum temperatxpereenced by the RPM detectors and
particularly the PMTs. A simple implementationtbis solution is to provide shade to the
RPM systems. By limiting direct exposure of thaled RPM pillars to sunlight, the amount
of solar heating can be minimized. Limiting théasdeating would prevent the maximum
internal temperature of the RPM pillars from exdegdhat of the ambient air temperature
and would cause the pillar’s internal temperatorevarm at a much slower rate. A more
complex solution involves active cooling systemsiilgr to those used in many high-
resolution detectors, which keep the detectorlaivaemperature regardless of the
environmental temperature (Knoll, 2000).

While this study focuses solely on RPM systems résults identify temperature
dependent behaviors of the gamma detectors udasthnthese and other systems.
Therefore, the results and conclusions presentdddiresearch are applicable to many other

gross-count detector systems which employ simiaection schemes.

5.2 Future Work
Some of the experiments performed for this invesiign should be repeated and

more thoroughly examined. In particular, the tést®lving the replacement of the
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manufacturer’s default SCA with Nuclear InstruméiotaModule (NIM) standard
equipment as discussed in section 4.2.60f thetseshbuld be reexamined. The tests
outlined at the end of that section are curremtlgiscussion at Oak Ridge National
Laboratory (ORNL) and will potentially be explorbg either the author of this research
work or by a researcher already at ORNL.

Similarly, the attempt to clean the photocathodéctviwvas discussed in 4.2.4is also
being discussed as a potential for repeat expetsnérhe purpose of repeating the
measurement would be to examine the effect thatsrpg a quiet PMT to extremely high
voltages would have on the PMTs noise level andetermine whether or not the previously
quiet PMT would become noisy after exposure tovéiry high voltage.

Regardless of whether or not any tests from thiestigation are repeated, the results
and conclusions presented in this research wonkigeequstification for the continued
exploration of the temperature dependent behavidetectors used in RPM applications.
Such exploration should continue to search for@erational solution to the temperature
dependent behavior of the detectors. A promisaigt®n involves shifting the
discriminator region to compensate for the changée system’s gain as the temperature
changes. By performing a more thorough examinatfazhanges in the Compton edge
position with changing temperature, a more accuggteation than the one presented in this
work could be developed to identify the positiortled Compton edge for a given
temperature. Using this equation and thermocoygbesed inside the RPM pillars, the
Compton edge, and thus the gain of the systemddmibdetermined as the temperature

changed during the day. The identification of nleev Compton edge would determine the
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new energy-to-channel and energy-to-voltage ratwgh this new energy-to-voltage ratio
known, the discriminators could be adjusted to t@@msensitivity to the same range of
gamma energies. The implementation of this salutvould require more advanced
electronics in the RPM system than those usedarsystem tested for this research work.

In addition, future experiments should also seduild upon the knowledge added
by this research work and to answer some of thetopres left unanswered in this research.
Important questions to consider in future investages include: Operationally, why do some
detectors exhibit significant temperature dependevitile others do not? Can the
background count oscillations be induced in detsotdich previously did not show
evidence of count rate oscillations? Are there setyings not explored in this study which
can alleviate the oscillations in detectors whiohegthibit this behavior? Can more advanced
models of the detectors’ behavior be developed hvhéatter predict the general response of
the detectors to changing temperature, and ifaontore advanced electronics measure
changes in the ambient temperature and comperwateefchange in gain?

Following any repeated experiments and furtheestigation of the questions
presented above, a more complete solution can\eapeed to alleviate the effect that

temperature has on radiation portal monitor pertoroe.
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