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ABSTRACT

Providing accurate neutron dosimetry for a variety of neutron energy spectra
is a formidable task for any dosimetry system. Unless something is known about the
neutron spectrum prior to processing the dosimeter, the calculated dose may vary
greatly from that actually encountered; that is until now. The entrance of bubble
detector technology into the field of neutron dosimetry has eliminated the necessity
of having an a prioni knowledge of the neutron energy spectra. Recently, a new
approach in measuring personnel neutron dose equivalent was developed at Oak
Ridge National Laboratory. By using bubble detectors in combination with current
thermoluminescent dosimeters (TLDs) as a Combination Personnel Neutron
Dosimeter (CPND), not only is it possible to provide accurate dose equivalent results,
but a simple four interval neutron energy spectrum is obtained as well. The
components of the CPND are a Harshaw albedo TLD (two TLD-600/700 pairs one
covered by cadmium, the other by ABS plastic) and two bubble detectors with
theoretical energy thresholds of 100 keV and 1500 keV (BD-100R and BDS-1500
from Bubble Technology Industries, Canada).

The original CPND methodology has been modified with the goal of improving
the spectrometric capabilities and the resulting dosimetric accuracy. The foci of the
modification were:

1) refinement of the BD-100R and BDS-1500 response functions,

2) reevaluation of the TLD-600 thermal neutron sensitivity,

3) redefinition of the energy intervals for which the neutron

spectrum is described, and

4) introduction of a matrix algorithm for neutron spectrum

deconvolution and dosimetric determination.
The effectiveness of the modifications was assessed by reevaluating the original raw

data from a series of radioisotopic source and in situ measurements and comparing
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them with the original CPND results.

The results of the modified CPND demonstrate significant improvements in
the spectrometric and dosimetric accuracy have been realized, relative to the original
CPND characterization. This is evidenced by an overall increase in dosimetric
accuracy of 2% for the in situ and 28% for the radioisotopic measurements.
Individually, the modified version outperformed the original in eight of the ten
measurements, while of the remaining two, one was the same and for the other the
original results were better by 2%. The final neutron dose equivalent results were
within 11% of the reference values for the five in situ spectra and within 2% of the
reference values for the radioisotopic source spectra.

Presented are:

1) a synoptic history surrounding emergence of bubble detector
technology,

2) a brief overview of the current theory on mechanisms of
interaction,

3) the data and analysis process involved in refining the response
functions,

4) performance evaluation of the original CPND and a

reevaluation of the same data under the modified method as
presented in this work,
5) the procedure used to determine the reference values of
component fluence and dose equivalent for field assessments,
6) analysis of the after-modification results,

7) a critique of some currently held assumptions, offering some

alternative explanations, and
8) my personal thoughts concerning potential applications and
directions for future research.
Also provided in an appendix is a technical note detailing the organic nexus between
the response characteristics of a neutron dosimeter, the fluence-to-dose equivalent

factor and the neutron spectrum being measured, which includes several radioisotopic
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source sensitivities and calibration factors calculated for the BD-100R and TLD-600.
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PROLEGOMENON

As a pursuant of the noble degree of Master of Science it behooves me to
seriously acknowledge the heights to which I must attain to live up to this high calling.
And a high calling it is indeed; for great have been those who have gone before us,
those to whom we owe so much of that which we call science - being derived from
the latin scientia which means knowledge. And at the onset, we must humbly confess
that the attainment of knowledge is grounded upon certain presuppositions. The
pursuit itself presupposes an object that is knowable, i.e., the elements and the inter-
relationships between these elements, a self-conscious subject, and that an organic
relation exists between the two. The acquiescence of knowledge presupposes that
some knowledge about the object is communicable, that it is capable of being
accurately transmitted, that a reliable means of communication exists between the
object and the subject, and that the subject is predisposed to perceive this
communication.

The very notion that the subject embraces this perception as valid and truthful
presupposes faith; for there is no absolute empirical method for verifying the veracity
of this communication any more than there is of proving the existence of one’s self,
other than by an awareness of one’s own consciousness; even this self-consciousness
is of itself a fruit of faith. Yet, perception in and of itself is not knowledge rightly
called; for the perception must then be taken up into the consciousness of the
subject, where, by the faculty of reason, the elements observed and the relationships
that exist between these elements are elevated to become a subjective, derived,
knowledge of the object. Therefore, knowledge, which is the essence of science, is
the cognizance of the elements and the relationships between these elements as they
truly exist within the object of our science. As a result all true knowledge is merely
an assimilation and restatement of the things as they truly are within the object;
correspondingly, there exists no knowledge (unless falsely called) that does not

coincide with an original archetypal knowledge, and no true scientist (unless falsely
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called) that does not meticulously study the "organic world of thought that lies in the
cosmos, until his own world of thought entirely corresponds to it" (Kuyper 1980).

All men hold presuppositions. The only question is: who holds the right
presuppositions? The only true presupposition, and the one that I hold as my basis
for science and all of life, is the self-existent eternal triune God of the Bible, who has
revealed Himself in nature, and within man’s consciousness, but most clearly in
scripture. He has told us that He designed and created, from nothing, all that is,
whether visible or invisible, by His spoken fiat; according to His plan, and for His
purpose, He called into being, and continues to sustain, all the elements and all the
relationships existing between these elements, i.e., the object of our science.
Admittedly this presuppositional stance is both old and uniquely Christian, but, for
centuries, it was the foundational basis for western scientific endeavor. Consider the
stated purpose of Harvard College, founded in 1636: "Let every student be plainly
instructed, and earnestly pressed to consider well, the main end of his life and studies
is, to know God and Jesus Christ which is eternal life (John 17:3) and therefore lay
Christ at the bottom, as the only foundation of all sound knowledge and learning"
(DeMar 1990).

Every so called fact of the cosmos is, by design, revelatory of God. "Scripture tells
us that God, the God who has more fully revealed Himself in scripture than in
nature, is yet speaking to us in the created universe about us. Scripture says that from
the beginning He has spoken there. It says that man has known this fact, and that by
his efforts at perversion he has well-nigh succeeded in silencing the voice of
revelation, but deep in his heart he is still aware of this revelation and will be held
responsible for it" (Van Til 1972). As man looks upon the created cosmos he thinks
about it. As he thinks about it, he interprets it. At this point of interpretation, which
of itself is also revelatory of God, man is morally obligated to interpret it as God has
said that it is. Yet man has suppressed, and continues to suppress this truth. He
does so in failing to acknowledge God as God, denying that it was this self-revealing
God who created man himself and the cosmos about him, and has given him the task

of cultivating and keeping it. Professing to be sufficient unto himself, would-be
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autonomous man expresses no thanks to this God who sustains his life and blesses
him with innumerable goods. Claiming to be the father of his own destiny, he ignores
God, factoring Him out of the interpretation of life and science all together. He
defines the rules which govern nature as natural laws, instead of God’s laws, and the
elements of the cosmos as brute facts, instead of God-created facts. He becomes
proud and arrogant, boasting of "his" many accomplishments and technological
advances. "Two Creators, one real, the other would-be, stand in mortal combat
against one another; the self-contained triune God of Christianity and the homo
noumenen, the autonomous man of Immanuel Kant, cannot both be ultimate" (Van
Til 1972). But this self-acclaimed autonomy, this act of ignoring God, is a sin in sight
of the God who has told us that whether we eat or drink, or whatsoever we do, we
are to do all to His Glory!

He is Truth!; it is because His knowledge is comprehensive and exhaustive and
that He reveals a part of His knowledge to man, that we as scientists can truly "know"
anything at all. "In Thy light we see light" (Psalm 36:10). So then, it is upon the
presupposition of the ontological Trinity that I endeavor to pursue knowledge,
confessing that I, as all lovers of scientia, merely "think God’s thoughts after Him!"

To God be the Glory!



Chapter 1
INTRODUCTION

A proposed increase in neutron quality factor and reduction of the annual
dose equivalent limits for radiation workers; harbingers indeed! Amidst the already
numerous difficulties associated with performing neutron dosimetry these magnify the

need to increase the accuracy and precision of our methods.

1.1  NECESSITY OF ACCURATE NEUTRON DOSIMETRY

We are at a critical juncture in Department of Energy (DOE) history. With
the recent growth of activities aimed at ensuring the adherence of facilities utilizing
nuclear grade material to the stringent guidelines required by the Occupational Safety
and Health Administration (OSHA), Environmental Protection Agency (EPA),
Nuclear Regulatory Commission (NRC) and DOE, the current prospect of increasing
the neutron quality factor, DOE’s ongoing investigation into the plausibility of
decreasing the annual dose equivalent limits, and emphasis on maintaining personnel
exposures as low as reasonably achievable (ALARA), never has there existed a
greater necessity to "monitor to the max". These prevailing winds of change
necessitate a major reform of dosimetry as we know it. We will be required to run
harder than before to stay in the same place.

Until recently, organizations would have been hard pressed to find an
affordable neutron monitoring system capable of surmounting the inherent difficulties
associated with routine neutron dosimetry in multiple spectral environments, not to
mention these rigid demands lurking on the horizon. The exigency of the situation

necessitates a serious look at the current status of neutron dosimetry.



1.2 INHERENT DIFFICULTIES ASSOCIATED WITH NEUTRON
DOSIMETRY

Performing good personnel neutron dosimetry, with the current technology,

requires:

1) an in-depth understanding of the energy response characteristics
of the dosimeter utilized,

2) fluence-to-dose equivalent conversion methodologies,

3) a cognizance of the calibration procedure and sources used,

4) an a priori knowledge of the neutron spectrum in the areas
monitored, and

5) the calibration factors required to correct for variations in the

field including differences between field and calibration spectra.
The perfect routine neutron dosimeter would provide an accurate assessment of the
dose equivalent received by the individual being monitored without the application
of correction factors.

To my knowledge, all current personnel neutron dosimetry systems are
dependent upon some knowledge of the neutron energy spectra prior to assessment
of the neutron dose equivalent. Whether it be from Bonner multi-sphere (BMS)
measurements or 9-to-3 inch ratios, unless something is known about the neutron
spectrum prior to processing the dosimeter, the calculated neutron dose equivalent
(H,) could vary greatly from that actually encountered. That is until now!

The recent introduction of bubble detector technology has made navigable
waters previously uncharted in the history of neutron dosimetry. It is now possible
to provide an accurate measurement of neutron working environments without an a
priori knowledge of the neutron spectrum. This is attainable through the use of the
Combination Personnel Neutron Dosimeter (CPND). The CPND measures neutron
fluence (a real quantity) and reports it by virtue of a simple four interval spectrum.

This fluence measurement is the basis for determining the neutron dose equivalent.



1.3  THESIS STRUCTURE

The dissertation of Liu stated that "... the CPND was designed to be superior
to present neutron dosimeters in that it will have crude neutron spectrometric
capability..." (Liu et al. 89). After an in-depth and critical analysis of the work
surrounding development and evaluation of the CPND, it was believed that (with
some refinement) the demonstrated performance of the CPND to measure neutron
dose equivalent for a variety of neutron spectra (both radioisotopic and in situ) could
be made even better.

The remaining sections of Chapter I address the foundational work upon
which bubble detector technology was erected. This includes the current status of the
technology, a thumbnail sketch of the currently held beliefs on the mechanisms
involved in bubble formation and an introductory description of the CPND.

Chapter II describes the features of the CPND which were modified and the
reasoning behind them. These include:

1) refinement of the BD-100R and BDS-1500 response functions,

2) reevaluation of the thermal neutron sensitivity of TLD-600

(because the use of albedo TLD is prolific and information is

available in abundant measure, little supporting information is

provided),
3) redefinition of the energy intervals (EI) used to describe the
spectra,
4) development of a spectrum deconvolution matrix algorithm, and
5) the final neutron dose equivalent determination.

The effectiveness of these modifications in enhancing the spectrometric
capabilities and in improving the overall neutron dose equivalent accuracy was
assessed by comparing the original raw data processed according to the modified
methodology to the original results and to reference dosimetry. A condensed version
of the original results (as well as a presentation and analysis of the results after
modification) are described in Chapter III. The redefinition of the energy intervals

(EI) required that reference dosimetry be redetermined to correspond with the newly
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defined Els. The method and redefined reference dosimetry are included in this

chapter.

A more theoretical direction is taken in Chapter IV where some currently held

beliefs surrounding the bubble detector are addressed. A critique and some

alternative explanations about:

1)
2)
3)
4)
3)
6)
7)

useable lifetime,

observed response variations,
temperature affects,

bubble growth,

bubble memory,
incompressible bubbles, and

theory of operation are provided.

Chapter V takes a look at some suggested research and potential applications

of bubble detector technology for:

D
2)
3)
4)
3)

extremity dosimetry,

accident level dosimetry,

a do-it-yourself bubble reader for research applications,

a Combination Area Neutron Spectrometer (CANS), and

a different approach to bubble detection which is currently
under development in the Dosimetry Application Research
Group (DOSAR), Alternative Real-time Acoustical Processing
(ARAP).

A summary statement and closing remarks are to presented in Chapter 6.

Additional knowledge gained from this research is described in Appendix 1

under the title of "The Spectral Nexus: Understanding the Relationship Between

Response Functions and Neutron Spectra”. This addresses:

1)

2)

some of the pitfalls associated with the common practice of
describing a neutron spectrum by the average energy,
the expected variation in response of the BD-100R and TLD-

600 for several radioisotopic source spectra (based on a folding
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of the response functions into a reference spectrum for each

source),
3) the derived source specific sensitivities, and
4) a correction methodology.

Let us now take a brief look at the emergence of spectral investigation and

the coming-of-age of the bubble detector.

1.4  ADVENT OF SPECTRAL INFORMATION: THRESHOLD DETECTORS

G. S. Hurst recognized in 1956 that knowledge of the neutron spectrum is
essential for accurate tissue dose determination (Hurst et al. 1956). He introduced
a method for measuring the spectrum of fast neutrons utilizing a series of activation
foils. By creatively combining activations foils of differing energy thresholds and
changing the shielding configurations (five detectors total), he was able to
deconvolute a crude five interval neutron spectrum. This device became

appropriately known as the threshold detection unit or TDU.

1.5 BUBBLE CHAMBER

Glasser discovered in 1952 that some liquids become radiosensitive while in
a superheated or metastable state (Glasser 1952). A superheated or metastable state
could be obtained by lowering the pressure of a chamber containing a liquid below
the vapor pressure of that liquid. Tracks of bubbles are created in the bubble
chamber by the incident radiation. Equilibrium is reestablished within the chamber
by applying pressure sufficient enough to recompress the gas, transferring it back to
the liquid phase. Lowering the applied pressure superheats the liquid, rendering it
once again sensitive and ready for detection. The difficulties associated with
sustaining a liquid in a superheated state are that the "live time" rarely exceeded a
few minutes and that the bubble chamber detects single events (the tracks of a single
ion). These have impeded the use of the bubble chamber for neutron dosimetry or
spectroscopy. The theory explaining bubble formation has become know as Seitz’s

thermal spike model, i.e., the vaporization of a superheated liquid by ionizing or

5



secondary charged particles (Seitz 1958).

1.6 BUBBLE DETECTOR (BD) OR SUPERHEATED DROP DETECTOR

(SDD) ]

Apfel continued the study of radiation-induced acoustic cavitation begun by
Liberman, Finch, Hahn, Peacock, West, and Howlet, with his study of "superheated
droplets rising in a heated ‘host’ liquid". He discovered that the superheated state
of liquid could be sustained for longer periods by isolating the liquid into droplets
(Apfel 1979).

Recently, two hybrid neutron detectors have emerged which capitalize on the
suspension of a superheated liquid (SHL) in a host medium. One is the superheated
drop detector (SDD) of Apfel Enterprises (£) (SDD is a trademark of Apfel
Enterprises, Inc., 25 Science Park, New Haven, CT 06511.) and the other is the
Bubble-damage Detector (BD) of Ing’s Bubble Technology Industries (BTI). Each
utilizes its own unique design and detection philosophy. Both isolate individual
droplets of SHL by dispersing them throughout a holding medium. This medium acts
to isolate the droplets and to increase the tensile strength properties of the liquid.
The result is a detector composed of many tiny bubble chambers. This isolation
removes the necessity of recompression after detection of a single event, and it
maintains the droplets in a superheated state nearly indefinitely (when compared to
the bubble chamber), and it facilitates the detection of multiple events integrated
over time. Although both designs employ differing methodologies for isolating the
SHL droplets and for quantifying the bubbles after formation, in principle, their
genesis is traceable to Glasser’s bubble chamber, Seitz’s thermal spike model and

cavitation theory.

BTI and post-event detection

The BTI detector is built upon a passive a posteriori concept. The SHL
droplets are suspended in a transparent elastic polyacrylamide gel (PAG). Once a

droplet is vaporized the PAG entombs or immobilizes the bubble at the site of
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formation, enabling it to be counted after growing to a visible size.

The sensitivity of the BD may be controlled by changing the density or number
of droplets per unit volume in the detector. Detectors with differing neutron energy
thresholds have been made possible by manipulating the composition of the SHL and
by altering the medium composition. A typical SHL droplet (prior to vaporization)
is approximately 25 um in diameter. Immediately after vaporization a bubble is
approximately 1-2 mm and may be seen by the unaided eye (Liu 1989). A new
generation of bubble detectors with droplet sizes which are significantly smaller than
the standard detector has been manufactured by BTI . These u-bubble detectors
require magnification or a 24 hour growing period before they can be easily read.

A semiautomatic reader capable of reading both the standard and u-droplet
devices is available from BTI. The second generation reader will store the count
information along with the detector number (entered by the operator). It will also
report the dose equivalent when using the BD-100R (a nearly dose equivalent

detector).

Apfel and active detection
An ad hoc approach to bubble detection is taken by Z Because the

microscopic drops of SHL are suspended in a viscous gel, neutron interactions may
be detected by measuring 1) the gas volume evolving from the formed bubbles or 2)
the number of acoustical sound waves or "pops" emitted during bubble formation.
The first method is used with the Neutrometer. The Neutrometer resembles a piece
of thin glass tubing filled with SHL mixture. A disc floats on the surface of the SHL
mixture. As bubbles are formed, the evolved gas displaces the SHL mixture and the
disc rises in the tube. The dose equivalent may be determined by correlating the
position of the disc and the graduated scale on the side of the device. In the second
method, a transducer or microphone is placed in proximity of a vial containing the
SHL mixture. A small microprocessor records the number of acoustical "pops" and
translates this information into neutron dose equivalent. The microprocessor could

also correct for depletion of the SHL and temperature dependence and apply a



correction factor to account for differences between the field and the calibration
spectra. Detailed information on the theory and design of both these devices is

available in the open literature (Roy et al. 1987; Ing 1984).

1.7 THEORY OF INTERACTION AND BUBBLE FORMATION
In order to understand the complex transformation process from incident
neutron to bubble, a knowledge of several different areas of science is required. The

physical process encompasses the domains of:

1) nuclear physics (ion production via neutron-nucleus interaction),
2) atomic physics (ionic interaction with matter), and
3) fluids and thermodynamics (bubble formation via vaporization)

(Roy et al, 1987).

Is it any wonder that no model currently exists which comprehensively predicts bubble

formation?
The following is a condensed summary of the major components constituting

the currently accepted explanation for bubble formation, cavitation theory.

Ion Production

The first stage in the process is ion production by a nonionizing neutron. The
primary mechanism responsible for this initial phase is the interaction of the incident
neutron with the nucleus of an atom by means of a simple billiard-ball type elastic
scatter.

The conservation of energy and momentum in the center-of-mass system
(COM), define the relationship between the energy of a recoil nucleus in (Eg in the
laboratory coordinate system (LCS)) and the kinetic energy of the incoming neutron

(E, in LCS) and the scatter angle of the recoil neutron 8 (COM),

E.=

e (1-cos®)E,, (1.7.1)



where
A = mass of target nucleus / neutron mass.
The following association is made between the scattering angle of the recoil neutron

8, in the COM, and the scattering angle of the recoil nucleus o, in the LCS,

cos® = ,| 158 (1.7.2)

Solving for cose and substituting it into Equation (1.7.1), Equation (1.7.2) simplifies

to relate the energy of the recoil nucleus in terms of its own recoil angle,

Ep = —4_ (cos0) E, (173)

(1+4)*

From this we see that a distribution of Ey from zero, for a slightly grazing encounter
(8 = 90°), to a maximum, in the event of a head-on collision of (6 = 0°), will occur
when all recoil angles are possible.

By defining o(8) as the differential scattering cross section of the neutron in the
COM and o, as the total scatter cross section integrated over all angles, the

probability of a recoil ion of energy E; (P(Eg)) can be calculated by,

PE) = %i‘)_zx"_“’_)x (1.7.4)

X
os E’l,
(Knoll 1979). Equation 1.7.4 shows that the expected distribution of the energy

continuum of the recoil ion will mimic that of the (). The shape of the o(8) will

favor forward scattering for most nuclei.



Energy Transfer

After the energy is transferred to a recoil nucleus, the charged nucleus

deposits its energy by interaction with electrons and other nuclei via ionization and

excitation.

Bubble Formation

According to Seitz’s thermal spike model, ionization and excitation along the
charged particle track induces heat which causes the SHL to vaporize or nucleate
(Seitz 1958). Apfel offers an explanation for this nucleation or bubble formation
known as cavitation or nucleation theory that incorporates Seitz’s "thermal spike"
model. (Apfel 1979 & 1987).

According to Roy (Roy et al. 1987), once a bubble of radius r is formed, it will
continue to exist in a stable state as long as the pressure within the bubble remains
equal to the pressure exerted on the bubble from without. This was described by him

as the effective surface pressure,

p -2 (1.7.5)

This equation may be rewritten in terms of the pressure differences aP within and

without the bubble,

P = P(D - P, = 2YD) (1.7.6)
r

4

where P,(T) is the vapor pressure within the droplet at temperature T, and y(T) is
the surface tension of the liquid at temperature T. Solving Equation 1.7.6 for r, we

obtain,

, = 2¥(@D (1.7.7)
¢ AP
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This equation indicates that if a bubble grows to a size where its radius is as large as
or exceeds r, the bubble becomes thermodynamically unstable and it will continue to
grow by consuming or boiling the entire SHL droplet. Thus r_ is defined as the
critical radius. According to Seitz, the minimum energy required to form a bubble
of r. is provided by charged recoil particles from neutron interactions (Seitz 1958).
Restated, the critical radius is the point at which the growing bubble becomes
thermodynamically unstable, and it overcomes the surface tension of the liquid, the
effective atmospheric pressure and the surface tension of the holding medium. At
this point it boils violently and emits an acoustical shockwave or acoustic pressure
pulse (Roy et al. 1987). This bubble will continue to grow until equilibrium is
reestablished between the vapor pressure within the newly formed bubble, P,(T), and
the external pressure, P,

The energy required to form a spherical bubble of radius r is described by the
free energy equations for surface free energy, vaporization and expansion (Roy et al.
1987).

1.8 COMBINATION PERSONNEL NEUTRON DOSIMETER (CPND)

In 1989 C. J. Liu, led by information gathered from a review of current
methods for neutron dosimetry, developed the Combination Personnel Neutron
Dosimeter (CPND) at Oak Ridge National Laboratory (ORNL). The concept of the
CPND is very similar to that employed in the TDU, i.e., the use of multiple detectors
with differing thresholds to provide a simple neutron spectrum. The difference
between the TDU an the CPND is that the CPND uses bubble detectors and albedo
thermoluminescent dosimeters (TLD) instead of activation foils. The BD-100R and
BDS-1500, which possess theoretical thresholds of 100 and 1500 keV, and the
Harshaw albedo TLD used by Martin Marietta Energy Systems (MMES) are the
elements of the CPND. The goal of the CPND is to provide an accurate measure
of neutron dose equivalent by measuring the neutron spectrum contributing the dose

equivalent.  This becomes increasingly desirable considering the current
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recommended change of the neutron quality factor. Since fluence is a real quantity,
if the spectrum is known, the neutron dose equivalent can be determined by applying

the appropriate fluence-to-dose equivalent conversion factors (h,s).
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Chapter II
IMPROVEMENT AND MODIFICATION
OF THE CPND

The "proof is in the pudding” so to speak, and the CPND has demonstrated
its efficiency by providing an accurate measure of both dose equivalent and neutron
spectrum for ten neutron fields, five radioisotopic and five in situ environments at
ORNL. Yet, even these good results can be improved by making a few

modifications. A description of these modifications is provided.

21 INTRODUCTION AND DESCRIPTION OF AREAS TO BE ADDRESSED
Since the completion of Liu’s dissertation, BD research has continued at
ORNL as a joint venture with the Naval Surface Warfare Center (NSWC), Naval
Research Laboratory (NRL), United States Naval Academy (USNA), and National
Institute of Standards and Technology (NIST) with financial support from the
Department of Energy (DOE). The additional information obtained from this
collaboration was instrumental in achieving the desired modifications.

The modifications consisted of:

1) refining the energy response characteristics of the BD-100R and

BDS-1500,

2) a reevaluation of the accepted thermal neutron sensitivity of the
TLD-600 elements of the CPND,

3) redefining the energy intervals, and

4) development of a matrix based spectrum deconvolution
algorithm.

13



22 REFINEMENT OF THE BD-100R AND BDS-1500 R(E)S

The failure to establish an efficient method of collecting and maintaining data
at the inception of a project often impedes future development and direction. Prior
to this work, data collected from the evaluation and testing of bubble dosimeters had
been retained by the individuals performing the various tests. Though the need for
an individual to collect and manage the data was recognized early in the project, for
various reasons no one was given the responsibility. The decision was made at the
January 1990 Bubble Dosimeter Working Group Meeting that the DOSAR group
would head up this task. In May of the same year action began on compiling the
data and standardizing a method for data entry and retrieval.

DOSAR developed a data base in which the entire contents of the BD
research coalition was amassed. This amalgamation of data constituted the largest

single quantity of information on BD research to date.

Monoenergetic irradiations

Included in this data were the results from a series of monoenergetic
irradiations performed at the National Physical Laboratory (NPL) in England and a
similar series of irradiations conducted at Pacific Northwest Laboratory (PNL) and
the NIST reactor in the United States. Monoenergetic neutrons were obtained via
scatter reactions at the Van de Graaff accelerators of NPL and PNL and three
filtered reactor beams at NIST. The accelerator scatter-beams generated neutrons
of 0.1, 0.25, 0.565, 1.2, 2.6, 3.2, 5.0, and 14.8 MeV, and the three reactor beams were
at 2, 24, and 144 keV. Liu conducted the irradiations at PNL (Liu 1989), and
Schwartz conducted them at NPL (Schwartz and Hunt 1990).

Because: 1) the detectors in both studies were not identical in sensitivity,

2) a constant temperature was not maintained for all the irradiations, and 3) different
data recording methods were used, manipulation of the data was necessary. This was
performed to establish a correlation between the two individual studies and to

produce a reference point for further analysis.
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Normalizing the Data
The BDs varied in sensitivity from 0.75 to 3.5 bubbles per 0.01 mSv

(bu/mrem); therefore, the tube correction coefficient (TCC), defined as the reciprocal
of the manufacturers sensitivity as found on the detector, was introduced as a means
of normalizing the data. This approach mimics the element correct coefficient

method employed for TLDs, i.e.,

R=TCC+R, (22.1)

where
R, = response normalized to 1 bu/0.01 mSv (mrem™),
TCC = tube correction coefficient, 1 / (sensitivity on detector i.e. 0.01
mSv/bu), and
R, = initial raw response of the detector (number of bu).
Thus, the result of each detector was normalized to reflect the anticipated response

of a 1 bu per 0.01 mSv detector by multiplying the raw data by its respective TCC.

Temperature Correction

Because variations in ambient temperature are known to effect detector
response (Ing and Birnboim 1984) and because a constant temperature was not
maintained for all irradiations, initial temperature corrections were assumed based
on the proportional relationship between temperature, volume, and pressure (i.e., PV
= kT). According to Equations 1.7.1 and 1.7.2, the related effect on the
superheatedness of the SHL and therefore the r_ is given by,

R.=(TJT)*R, (22.2)

where

15



= response after temperature correction,
= 20°C,

. = temperature in °C at time of exposure, and

O‘_] Gw

-]

R, = initial response normalized to 1 bu per 0.01 mSv.

The R(E)s for the BD-100R and BDS-1500 were derived from curve fits to these
normalized data.

Because the detector sensitivities provided by BT, in bubbles per mSv, were
based on calibration to the *’PuBe source at Chalk River (Ing 1991), these derived
R(E)s were normalized to yield a response of 1 bu per 0.01 mSv when exposed to a
PPuBe spectrum. In essence, this R(E) is taken to be the true representation of a
1 bu per 0.01 mSv, 20° C, ?*PuBe calibrated BTI detector. The normalized data and
the R(E)s are shown in Fig. 2.2.1.

23 REEVALUATION OF THE TLD-600 THERMAL NEUTRON
SENSITIVITY
There are several factors which affect the response of a TLD-600 albedo-
based dosimeter. Some of the pertinent considerations include:
1) the distance from the detector to the phantom or body,
2) the number, thickness, and dopants in the crystal,
3) the configuration and thickness of the thermal neutron
absorbing filters (typically, cadmium (Cd) or boron ('*B)),
4) the heating methodology and profile employed to read the
TLD, and
5) the encapsulation material, if applicable, (glass, teflon or bare
chip).
Some of the different heating methodologies are: planchet, hot-finger, thermoelectric,
laser, and hot-gas. Several stages of the heating profile may be altered; pre-heating
conditions, heating ramp rate (in degrees per unit time), the maximum temperature,
and the holding and the anneal times, are a few.

Consequentially, before inferences may be made from one type of
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Fig. 2.2.1 The TCC normalized data from mono-energetic irradiations
and derived response functions, R(E), for the BD-100R and BDS-1500.
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configuration or heating profile to another, these differences should be carefully
weighed and appropriate assumptions must be drawn.

It is my opinion that Liu made some incorrect assumptions in the previous
determination of the thermal neutron sensitivity of the Cd covered TLD-600 chip.
These assumptions affect the appropriateness and accuracy of the measurements
derived by this component of the CPND and consequently the performance of the
CPND itself.

Liu derived the sensitivities of the TLD-600 elements of the CPND from the
methodology espoused by Alsmiller (Alsmiller and Barish 1974). As I interpret it, in
order for Liu to have come to his conclusions regarding the thermal neutron
sensitivities of the TLD-600 elements the following assumptions must have been held,
either consciously or unconsciously. Noted; not all of these points are necessarily
disjoint from one other. As I interpret them the assumptions are:

1) “the Cd covered TLD-600 detects only albedo thermal neutrons"

(Liu 1989),

2) the thermal-albedo of incident neutrons above 0.414 eV is

negligible,

3) the response of the Cd-covered TLD-600 is due to incident

thermal neutrons which are reflected, which according to Fig. 2
of Alsmiller is 0.8,

4) applying a ratio of the relative response at known energies to
the relative response at thermal energies, derived from Fig. 3 of
Alsmiller, to the data obtained from monoenergetic neutron
irradiations, is adequate for determining the thermal neutron
sensitivity of the Cd-covered TLID-600, and

5) that dividing the derived thermal neutron sensitivity of the Cd-

covered TLD-600 by "the albedo factor of 0.8 for thermal
neutrons”" is adequate for determining the thermal neutron
sensitivity of the plastic covered TLD-600 (Liu 1989).

In my opinion, the method employed by Liu to determine the thermal neutron
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sensitivity of the TLD component of the CPND is incorrect. The Alsmiller data
referenced by Liu, were derived from a one-dimensional discrete ordinate code using
a 30-cm-thick semi-infinite tissue slab, and not TLD-600. The data in Fig. 2 of
Alsmiller and Barish describes the "albedo-neutron fluence integrated over the
specified energy ranges verses incident neutron energy for monoenergetic neutrons"
(Alsmiller and Barish 1974). Figure 3 depicts the "relationship between the thermal
albedo-neutron fluence and the dose equivalent produced in the tissue slab"
(Alsmiller and Barish 1974). Liu bases the sensitivity of the Cd-covered TLD-600 on
the ratio of the relative thermal neutron sensitivity to that at higher energies derived
from Fig. 3. In so doing, he failed to recognize the disparity between the fraction of
incident thermal neutrons which strike the phantom in the Alsmiller and Barish
model as compared to the Cd-covered TLD-600 of the CPND. The relative thermal
neutron sensitivity in Fig. 3 assumes that 100% of the incident thermal neutrons strike
the slab, and that 0.8 of them are reflected. Although this is true for the Alsmiller
model, it is not true of the Cd-covered TLD-600 in the CPND. The Cd-cover
"absorbs 99.5% of the incident thermal neutrons" (Liu 1989). This alone would
suggest that obtaining thermal neutron sensitivities for the CPND’s Cd-covered TLD-
600, by applying ratios derived from Fig. 3, will be in error. And, although the TLD-
600 sensitivity to incident neutrons above 0.414 eV is considerably lower than it is for
thermal neutrons, according to Fig. 2 of Alsmiller, 45% of the incident neutrons from
0.414 eV - 0.1 keV are reflected as thermal neutrons. Liu states that the Cd-covered
TLD-600 detects only albedo thermal neutrons. Thus, his determination of thermal
neutron sensitivity of the Cd-cover TLD-600, using ratios derived from Fig. 3 of
Alsmiller, indicates that he also failed to consider the portion of the Cd-covered
TLD-600 response that is attributable to the incident neutrons above 0.414 eV which
are reflected at thermal energies. Consequently, the incident thermal neutron
sensitivity he derived includes the sensitivity to incident neutrons of higher energies
as well. These errors suggest that the true sensitivity of the Cd-covered TLD-600 to
incident thermal neutrons is less than the 14.7 x 10° mR c¢m? stated by Liu.

Liu then proceeds to determine the thermal neutron sensitivity of the plastic
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covered TLD-600 by dividing the Cd-covered sensitivity by the albedo factor of 0.8
obtained from Fig. 2 of Alsmiller. There are two errors associated with this
procedure. First, as stated previously, application of the 0.8 albedo factor requires
that 100% of the incident thermal neutrons strike the slab in order for 0.8 to be
reflected, and this is not true for the Cd-covered TLD-600. Second, because the
thermal neutron sensitivity of Cd-covered TLD-600 was overestimated, the derived
thermal sensitivity of the plastic-covered TLD-600 would also be an overestimate.
Therefore, based on these statements, I conclude that the actual thermal neutron
sensitivities of both TLD-600 elements are lower than those stated by Liu. These
overestimates will promulgate errors in the CPND’s spectrometric measurements.
Consequently, the derivation of more accurate thermal neutron sensitivities should
improve the spectrometric accuracy of the CPND.

A more desirable method for correctly ascertaining the thermal neutron
sensitivity of the TLD-600 elements would have to conduct measurements in a
calibrated thermal neutron beam. But since this was not possible, an alternative
method was employed. A series of experiments was conducted exposing the TLDs
on phantom and in air to *’Cf(D,0) with and without the Cd shell on the D,O filled
sphere. The emission of the ®°Cf source at the time of irradiation was determined
from the NIST certificate emission on 4/30/87 by adjusting for decay using a half-life
of 2.64 years using,

_0.693x ¢

E, -E, xe Tin ’ (2.3.1)

where
E, = emission on date of interest,
E, = emission on date of calibration,
t = time, in years, since calibration, and
R;, = half-life of source, in years.
The fluence at 0.5 m (the point of irradiation) was calculated for the irradiation with

the Cd shell using,
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(2.32)

where

E; = source emission (cm? sec),

t = duration of irradiation (sec), and

r = distance from centerline of source (cm).
Air and room scatter values were calculated using the methodology described in
(Eisenhauer et al. 1985). The reduction in the total neutron fluence that occurs by
adding the Cd shell is effected by the absorption of neutrons below the Cd cutoff of
0.414 eV i.e., the absorption of thermal neutrons, and is calculated by (Eisenhauer
1984),

o, = 0.115 x ¢, (233)

where
¢, = thermal fluence, and
¢ = total fluence.
Thus, the difference in fluence between the irradiations with and without the Cd shell
is assumed to be attributable solely to the thermal neutron fluence. The results are
presented in Table 2.3.1. The total fluence, the fluence above 0.414 eV, and the
thermal fluence (i.e., < 0.414 eV) are represented by ¢, ¢cy, and ¢, respectively.
The redetermination of the responses of the TLD-600 elements to thermal
neutrons is built upon the following premises (assuming scatter to be negligible):
1) the in-air response when the Cd-shell is on the sphere (Ag,), is
attributable to incident epi-Cd neutrons, those above 0.414 eV,
2) the in-air response when the Cd-shell is removed from the
sphere (defined as A, which is not the same A of Eqns. 1.7.1,
1.7.3, and 1.7.4) is attributable to incident thermal and epi-Cd
neutrons (to ¢, and ¢g,),

3) the on-phantom response without the sphere’s Cd-shell (Ph), is
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Table 2.3.1 Fluence distribution for TLD-600 sensitivity irradiations using Z*Cf,,, with and without
the Cd shell.

Distributed fluence

¢r $ca *
Source configuration ( > 0.025 eV) (> 0414 ¢eV) ( 0.025 - 0414 eV)
”’Cfmo( " 2494 -
BZCfmo(m cay 28.17 2494 324

* Units = cm?

attributable to incident thermal (¢,) and incident epi-Cd (¢¢y) neutrons, plus albedo
thermal and albedo epi-Cd neutrons,
4) the on-phantom response when the Cd-shell is on the sphere
(Phg), is attributable to incident epi-Cd (¢¢;) and albedo epi-
Cd neutrons.
The first two assumptions are applied to calculate the TLD-600 sensitivity to incident
thermal neutrons. Subtracting the in-air response with the Cd-shell, A, from the in-
air response without the Cd shell, A, and dividing by the thermal fluence, ¢,, provides
the sensitivity to incident thermal neutrons, i.e., I, = (A - Ay) / ¢, The last two
assumptions advocate determination of the total thermal neutron sensitivity by
subtracting the on-phantom response with the Cd-shell, Phg,, from the on-phantom
response without the Cd shell, Ph, and dividing by the thermal fluence, i.e., T, = ((Ph
- Phey) / ¢,). This provides the sensitivity to both incident and albedo thermal
neutrons. The sensitivity to albedo thermal neutrons is determined by subtracting the
incident thermal neutrons sensitivity, I,, from the total thermal neutron sensitivity, T,
ie, Alb, = T, - I, The experimentally determined TLD-600 responses, in *’Cs mR
equivalent, are presented in Table 2.3.2, and the calculated sensitivities, in mR cm?,

are presented in Table 2.3.3.
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Table 2.3.2 TLD-600 response in “’Cs mR equivalent.

Source BICE50(Cd) B ppofn0 Cd)
configuration
Acs Phe, A Ph
TLD-600 (Cd)* 192.04 117323 242.12 1417.76
TLD-600 (Plastic)* 242.12 1965.96 59263 1359.96
* Units = mR

Table 233 TLD-600 sensitivities in *’Cs equivalent (10° mR cm?).

I Alb, T, Iy Ay T
TLD-600 (Cd)* 1.55 6.0 7.55 0.77 393 4.70
TLD-600 (Plastic)* 10.80 788 18.68 097 448 555

24 REDEFINITION OF ENERGY INTERVALS (EI)

In principle the CPND operates much like the TDU. Four components (or
detectors) with differing thresholds and response characteristics are utilized to
determine the neutron spectral information. The rationale for subdividing energy
range encountered in typical radiation protection environments, (of 0.025 eV to 15
MeV), into four segments or energy intervals (EI) is described. Each of the CPND
components is then described in terms of its average sensitivity in each EI multiplied

by the fluence in that EI

Selection of Els

During the process of redefining the four Els, the refined R(E)s of the
CPND’s TLD-600 elements and the refined R(E)s of the BD-100R and BDS-1500
were considered. There were three primary factors involved in selecting the Els: 1)
the apparent natural break or drop in sensitivity of the BDS-1500 and BD-100R, 2)
the Cd cutoff at 0.414 eV and 3) the points that correspond to the change in the
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fluence-to-dose equivalent conversion factors as defined by the International
Commission on Radiological Protection in Publication 21, i.e., ICRP 21 h, (ICRP
1973). The objective was to define the ElIs so as to best optimize these criteria. The

new Els (thermal, slow, medium and fast) were redefined as follows:

thermal = < 0.414 eV,

slow = (0414 eV - 0.1 MeV,
medium = 0.1 MeV- 1 MeV, and |
fast: =1 MeV- 15 MeV. 1

For comparison, Liu’s Els are given:

thermal = < 0.414 eV,

slow = 0.414 eV - 0.15 MeV,
medium = 0.15 MeV - 1.5 MeV, and
fast =15 MeV- 10 MeV.

For convenience, the fluence in each EI will be defined as the fast fluence (g),
medium fluence (¢,,), slow fluence (¢,) and thermal fluence (¢,), with the summation
of these providing the total fluence (¢;) for the spectrum.

The EI sensitivity (Sg;) of each component is taken to be the average sensitivity, in
response per unit neutron, of that component, for that EI. Thus, the R(E) of each
component may be both visualized as a step function (Fig. 2.4.1) and represented

numerically by the equation,

Jfast

R= Y (Sgxop, (24.1)
El= thermal

where
R, = total response of the component,
Sg; = neutron sensitivity of the component for the EI, and

¢g = neutron fluence in the EL
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Fig. 2.4.1 Step function: average sensitivity in neutron response per
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Thus, the total response of the plastic covered TLD-600 is seen to be its S;
multiplied by ¢, plus its S, multiplied by ¢,, plus its S, multiplied by ¢,, plus its S,
multiplied by ¢, An analogous correspondence exists for the remaining three
components. A comparison of Liu’s Els and sensitivities and the new Els and

sensitivities for each component are provided in Table 2.4.1 and Table 2.4.2.

2.5 MATRIX ALGORITHM AND SPECTRUM DECONVOLUTION
Deconvolution of the spectral results is grounded upon the assumption that
the fluence in each EI is uniformly distributed over the EI, i.e., the fluence in the
medium EI (0.1 - 1 MeV) is uniformly distributed between 0.1 and 1 Mev. This is
assumed to be the case for each of the Els, thermal, slow, medium and fast.
A comparison between the original stripping method and the new matrix

algorithm for spectrometric deconvolution is presented.

Stripping Methodology

The original (Liu) methodology utilized simple stripping or subtraction to
determine the fluences in each EI. An alternative methodology utilizing a four-by-
four matrix, or four simultaneous equations, was developed as part of the
modification.

Liu determined the ¢, from the BDS-1500 response, assuming the BDS-1500
responded only to neutrons above 1.5 MeV. The ¢, was then determined by
subtracting the BDS-1500 response from the BD-100R assuming a BD-100R
threshold of 150 keV.

Because TLD-600 is sensitive to photons and neutrons, it is necessary to
isolate the neutron portion of the TLD-600 response. To accomplish this, a TLD-700
element with identical Cd or plastic covering is paired with each TLD-600 element.
Each of the elements are calibrated to '’Cs photons. Subtracting the paired TLD-
700 response from the TLD-600 response corrects for the response to photons from
both the radiation field and from the photons produced by the n-y capture reaction

of the Cd filter. Assuming that the TLD-700 response to neutrons is negligible and
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Table 2.4.1 Original (Liu) CPND EIs, sensitivities and h,(EIs).

Thermal Slow Medium Fast
0.025-0414 eV 0.414 eV0.15 MeV 0.15-15 MeV 15-10 MeV
BDS-1500* - - - 50
BD-100R* - - 5.1 490
Total-Albedo® 184 - - .
Albedo® 14.7 5.6 38 16
Average h, h, h, hy, hy
(10 Sv cm?) 0.11 045 266 405
* Units = 10° bu cm?
® Units = 10° mR cm?
Table 2.4.2 Modified (New) CPND ElIs, sensitivities and h,(EIs).
Thermal Slow Medium Fast
0.025-0414 eV 0.414 eV-0.1 MeV 0.1-1 MeV 1-15 MeV
BDS-1500" - - 0.0002 45
BD-100R* - 0.02 40 36
TLD-600(Cd)® 16 20 50 16
TLD-600" 18.7 13 63 25
Average h, h, h, h, by
(10 Sv cm?) 0.11 0.16 25 41

* Units = 10° bu cm?
b Units = 10° mR cm?
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that the Cd cover absorbs the thermal neutrons on that element, it is presumed that
the difference in response of the Cd-covered TLD-600 and the plastic-covered TLD-
600 is simply attributable to the absorption of incident thermal neutrons by the Cd
cover. Therefore, subtraction of the Cd-covered response from the plastic-covered
response should provide a measure of the incident thermal fluence or ¢, Next, ¢,
was calculated by subtracting the determined ¢, ¢, and ¢, from the plastic covered
TLD-600 response.

In contrast, the seemingly absolute thresholds of 150 keV and 1.5 MeV for the
BD-100R and BDS-1500 respectively were neither absolute, i.e., the response below
which was assumed to be negligible, nor representative of the actual threshold in the
laboratory. Note that the R(E)s of the BTI detectors were originally derived from
the theoretical response calculated at 20°C. A more in-depth look at temperature
related effects will be discussed in Section 4.3. For now let it suffice to state that the
empirical measurements of the response to monoenergetic neutrons indicted that
actual thresholds of 100 keV and 1 MeV were more accurate and that both detectors
respond below these thresholds. This cannot be ignored without adversely effecting
the spectral results obtained by the CPND (Section 2.2 and 2.4). Because the CPND
can be described by four equations (one for each component) with four unknowns
(the ¢g), it was felt that a method of deriving the spectral information by
simultaneously solving these equations (thereby utilizing all the available information),
would provide results which were more accurate. This was the reason for developing

the matrix deconvolution algorithm.

Definition of matrix equations

Four equations relating the Sg; (Table 2.4.2) to the total response of the four
components (expressed by Equation (2.4.1)) have been realized and are presented
in Equations 2.5.1 - 2.5.4:

Roipew = 18.7x10%x¢,  + 13x10%%d,  + 6.3x10%%p, + 2.5x10°xdy, (25.1)
Rrpeoncy = 7.6x10°xd,  + 20x10°x¢p,  + Sx10°x¢,, + 1.6x10°xd, (25.2)
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Rgp 1008 = Oxd, + 2.0x107x¢p, + 4.0x10%xd, + 3.6x10°xd, and (253)
Rpps. 1500 = Oxd, + Oxd, + 2.0x10%¢,,  + 4.5x10°kd, (254)

These four equations with the four unknowns can arranged in the form:
Rnnee 18.7x10° 13x10°  63x10°  25x10°
Rry.pconca) 7.6x10°% 20x10° sx10°% 1.6x10°
= X
RBD-l«Il
RBIE]SM

0 20x107  40x10°  3.6x10°
0 0 20x10®°  4.5x10°

> & >0

Matrix inversion

Taking the above four-by-four matrix,and inverting it, produces four new

equations describing each ¢y, in terms of the response of each CPND component:

&, = 7624.38*Rynam - 47163*Rypancy - 5546.13*Rpni0r  + 2078.04*Ryps 1500 (2.55)
b, = -2763.92*Rppe0 + 6800.7*Rrpnce) - 4147.82*Ranion  + 2435.74*Raps 1500 (2.5.6)
bn = 1382"Rppaw - 34*Rupancy + 25021.74*Ryp 100r - 20012.98* Rype 1500 (5.7
& = -0.0006*Rppam + 0.0015*Rnp aace - 1.11*Ran o + 22223.11*Rype 1500 (2.5.8)

After subtracting the gamma component from the TLD-600 response, applying
a TCC (Equation 2.2.1) to the BD responses, which normalizes the data to a 1
bubble per 0.01 mSv *’PuBe calibrated detector (the reference point for the Sgs and
response functions) and after applying appropriate temperature corrections to
compensate the BD response for irradiation temperatures greater than 20°C (by
Eqn. 2.2.2), these normalized responses are then substituted into Equations 2.5.5 -
2.5.8 which are solved to provide the measured spectrum broken down into its

constituent EI fluences, ¢y, ¢,, ¢, and ¢,.

2.6 DOSE EQUIVALENT CONVERSION
The next step is to convert the EI fluences to dose equivalent. The dose

equivalent produced by neutrons in each EI (Hy,) is calculated by multiplying the EI
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fluences, ¢, s » by their respective average h,,

Hy = g x h, . (2.6.1)

(.44

The average h,(EI) is defined as the average value of the h, over the EI. The
average is obtained from a In-In interpolation of the ICRP 21 h, values. The
calculated average h,(EIl)s are listed in Table 2.4.2. The total neutron dose

equivalent, Hy, is derived from the summation of the Hys contributed by each EI,

/
Hy=Y Hy=H +H +H, +H, (2.6.2)
El=t

In light of the volatile environment surrounding neutron dosimetry, i.e., the
proposed increase in the neutron quality factor, reduction of the annual dose
equivalent limits and the various dose equivalent reporting conventions employed, this
simple spectrum affords a sure footing upon which to base the neutron dose
equivalent. Because fluence is real and as such affords the luxury of applying various
reporting conventions, as the situation dictates, a solid foundation is laid upon which
to build a personnel neutron dosimetry system. We will now address the
spectrometric and neutron dose equivalent performance of the modified CPND for

the ten irradiation spectra.
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Chapter III
PERFORMANCE EVALUATION AND
ANALYSIS OF RESULTS

The performance of the modified CPND was assessed by comparison of the
spectrometric (¢g) and dose equivalent results (Hg and H;) to reestablished
reference dosimetry (necessitated by the new Els) and the original results. A
description of: 1) the field and source irradiations conditions, 2) the previous
performance results of Liu, 3) the reassessment of the reference spectra and

dosimetric values, and 4) performance reevaluation are provided.

3.1 INTRODUCTION

The performance of the CPND had previously been tested in five pure and
mixed field radioisotopic neutron spectra and in five in situ neutron spectra at ORNL.
The radioisotopic spectra were obtained from various combinations of **PuBe, and
»2Cf moderated by polyethylene (PE) and D,O. The average neutron energies of
these sources are 4 MeV, 0.65 MeV (at 2m) and 0.55 MeV respectively. Five
locations at ORNL’s Transuranic Processing Plant (TRU) and the High Flux Isotope
Reactor (HFIR), which were designed to provide quantities of transuranium and
transcalifornium elements, were selected as sites for the in situ measurements.

During the in situ measurements a CPND was placed on the front and back
of a 40 x 40 x 20 cm polymethyl methacrylate (PMMA) phantom to approximate a
4w measuring geometry. Whenever possible the direction of the radiation source was
determined and the phantom was oriented with the front facing it. For the single-
source and mixed-source irradiations, at least three CPNDs were placed on the front
face of the phantom, and the results were averaged. A more in-depth description of
the irradiation procedure is available in ORNL-6593, The Development,

Characterization and Performance Evaluation of a New Combination Type Personnel
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Dosimeter (Liu 1989).

Radioisotopic neutron sources
The radioisotopic irradiations were conducted using the neutron sources

available at the Radiation Calibration Laboratory (RADCAL). The five spectra were
BIC{(PE), **PuBe, **Cf(D,0), a combination of Z*PuBe and **Cf (MIX(2)) and a
combination of **Cf(PE), Cf(D,0) and **PuBe (MIX(3)).

Working environments

The CPND was subjected to real-world work environments for which neutrons
were present. The sites selected were the cave area, glove box, waste transfer area,

control room and the analytical laboratory located at TRU and HFIR.

Reference Dosimetry

The reference spectra for the in situ and the **Cf moderated by polyethylene
irradiations were determined from the unfolding of Bonner multi-sphere spectrometer
(BMS) measurements provided by Dr. Ferenc Hajnal of the Environmental
Measurements Laboratory (EML), New York (Liu 1989). During the original
measurements two or more 100 second measurements were taken with each of the
twelve detectors in the BMS set. The position of the BMS set was adjacent to the
CPND location for each spectra. The reference spectra for the other radioisotopic
irradiations were taken from emission spectra available in the open literature (for
Z*PuBe [Block et al. 1967] and for *2Cf(D,0) [IAEA 1985]). The original reference
values, Hg,, for both the radioisotopic and the in situ irradiations are provided Tables
3.3.1 and 3.3.2.

3.2 PREVIOUS PERFORMANCE
The previous CPND results, (both dose equivalent and spectrometric for the
in situ and the radioisotopic categories) are compared to the derived reference values

of total neutron dose equivalent and spectrum accuracy. The individual and overall
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dose equivalent performance is evaluated according to the conventionally accepted
methodology currently utilized by the Department of Energy Laboratory
Accreditation Program (DOELAP) as outlined in the Department of Energy Standard
For The Performance Testing of Personnel Dosimetry Systems, DOE/EH-0027, (DOE
1986). The performance index,

P, [(measured) - (reference)]’ (3.2.1)
(reference)
was calculated for each individual measurement and the bias,
B-1yp (322)
R .y
standard deviation,
n 12
Y, (P,-BY (3.23)
g = |
n-1 ’
and tolerance level (L),
|IB| +S <L (3.2.4)

were calculated for each category to access the relative accuracy of the results. It
should be noted that the DOELAP includes an error term (E) to account for the
potential error in the reference dosimetry of the irradiation laboratory, i.e.,
|B| + S - E s L. For our purposes, E can be neglected. The P; provides an
indication of the accuracy for individual measurements. The standard deviation, in

our analysis, may be considered as an indicator of the precision of the measurements
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within the respective irradiation category, either radioisotopic or in situ. The bias
may be viewed as an indication of the overall accuracy of the measurements within
each category. The tolerance level takes into consideration the combination of
overall accuracy and precision within each category. The optimum detector would
have zeros for all four values, P, S, B, and L. As stated in DOE/EH-0027, a value

of L = 0.30 is considered as passing, and therefore, acceptable.

Dose equivalent performance utilizing the Liu method

First considering the H; performance of each irradiation within the two
categories, as indicated by the P, values, the original results were all within +30% for
the in situ category while only one lay outside of +30% for the radioisotopic category,
i.e., 34% high for the ®>Cf(D,0) measurement (Tables 3.2.1 and 3.2.2). Overall,
when compared to the DOELAP acceptance criteria, i.e., L < 0.30, the total neutron
dose equivalent as measured by the original CPND was well within the acceptable
range for the in situ category, with an L = 0.12, yet, was just barely acceptable for
the radioisotopic category, with an L = 0.30 (note the bottom line of Tables 3.2.1.
and 3.2.2). The results, as indicated by the bias values, indicate an average
overresponse of 13% in radioisotopic spectra and an average underresponse of 8%
for the in situ spectra. The standard deviations suggest that the original CPND more
accurately measured the dose equivalent for the in situ spectra than it did for the
radioisotopic spectra. The B and S values were calculated for each measurement in
the two catagories. These results appear in Tables 3.2.3 and 3.2.4. Now let us turn

to consider the spectrometric capabilities of the original method.

Spectrometric performance utilizing the Liu method
The original spectrometric abilities of the CPND were good. Analysis of the

spectrometric B, S and L for each EI in the two categories is presented in Table
3.2.5. The original CPND tended to underestimate the ¢, and consequently

underestimate H,,, while overestimating ¢, and ¢, consequently overestimating H, and
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Table 3.2.1. The original (Liu) measured dose equivalent (Hy and Hy) and caiculated P, results from
the radioisotopic source measurements (CPND units = 0.01 mSv (1 mrem)).

TCEPE)  MRuBe  TODS) 0 MIXQ) MIXG)

CPND P, CPND P, CPND P, CPND P, CPND P
H, 315 028 469 - 307 - 093 - 255 015
H, 555 068 0.00 - 13840 279 2293 353 3026 314
H, 2640 -0.13 658 039 3293 049 1067 020 6443 029
H, 4110 015 5978 013 15467 007 4000 005 40205 0.10

Standard Deviation = 0.17
Bias = 0.13
L =030

Table 3.2.2. The original (Liu) measured dose equivalent (H; and Hy) and calculated P; results from
the in situ measurements at TRU (CPND units = 0.01 mSv (1 mrem)).

GLOVE CAVE CNTRL WASTE LAB
CPND P, CPND P; CPND P, CPND P, CPND P,

1738 030 1039 0.12 0603 092 456 0.05 357 0.72

H,
H,
H, 16969 052 5469 029 321 023 16477 018 13170 040
H,
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Table 3.2.3. The individual bias and standard deviation of the original CPND for the
radioisotopic measurements.

BICK(PE) B3puBe BICHD,0) MIX(2) MIX(3)
B 0.03 1.1 136 1.05 0.78
S 0.44 239 1.83 173 159

Table 3.2.4. The individual bias and standard deviation of the original CPND for the
in situ measurements.

GLOVE CAVE CNTRL WASTE LAB
B 0.17 0.05 037 034 0.70
S 0.89 0.42 0.62 0.87 121

Table 3.2.5. The EI bias, standard deviation and L value of the original CPND for the radioisotopic
and in situ categories.

Radioisotopic In situ
B S L B S L
H, 1.71 210 382 0.11 059 0.70
H, 203 158 3.61 1.08 120 228
H, 030 0.14 044 032 0.14 0.46
e S - S . o S 0.8 03 o3
Hy 0.13 0.17 030 0.08 0.04 0.12
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H; as evidenced by the values of B in Table 3.2.5. Thus, in some cases the
"goodness" of the measured H; could be conceived as a fortuitous combination of
errors (note Tables 3.2.1 and 3.2.2).

From a cursory examination, one would conclude that the CPND measured
the reference neutron spectrum with reasonable accuracy. The poorest performance
was found when measuring spectra with large fluence components between 100 keV
and 2 MeV and large thermal components. The consistent underestimation of H,
and H; and the overestimation of H, is felt to be attributable to the thresholds
assumed for the BD-100R and BDS-1500. The overestimation of the ¢, for the
»2Cf(D,0) and *PuBe and the overestimation of H, by greater than a factor of two
for four of the ten spectra is believed to stem from two other weakness. These are:
1) the thermal neutron sensitivity assumed for the TLD-600 elements, and 2)
accepting the subtraction of TLD-600(Cd) from TLD-600(plastic) as an accurate
measure of ¢, Let us now turn to consider the reassessment of the reference

dosimetry and the results of the modified approach.

3.3 REASSESSMENT OF REFERENCE SPECTRA AND DOSIMETRIC
VALUES
Because new Els were defined for the CPND, it was necessary to recalculate
the reference values for the ¢g and Hg, for each of the test spectra. The original 26-
energy group BMS data provided by EML and the reference spectra published in the
open literature were used as the starting point. These spectral data were entered
into a spreadsheet. Computations based on In-In interpolation were performed to
determine the relative abundance of the neutrons and the spectra were broken down
into 20 keV intervals from 0.025 eV to 15 MeV for each spectra using,
In(@g) = In(@;_) +
In(E) - In(E)
[ln(Em) - In(E,,,,)

(33.1)

) X ((ln((bgm) - ln(d)gw)) ’
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then,
en by = o0 (33.2)

where

g

oo o the fluence at the m, upper and lower energies respectively.
The fluence in each EI was taken to be the sum of the 20 keV fluences within the
El. The dose equivalent for the 20 keV intervals (Hy ,.y) was calculated by
multiplying each ¢ v by the average h, for that 20 keV interval determined by a
In-In interpolation of ICRP 21 h,. The Hg; was taken to be the summation of the
Hy . Within the EI, and the total H; was taken to be the summation of all Hy .y
from 0.025 eV - 15 MeV. The observed difference in reference values between this
work and the original stem from the different Els. Liu’s ¢, inclded the neutrons
between 1 - 1.5 MeV, while these neutrons were included in the ¢, according to the
modified Els. Consequently, the reference H; for the modified Els would typically be
greater than that of the original. It is believed that this approach is more consistent
with the change in the ICRP 21 h, which occurs at about 1 MeV. Details of the

"New" and Liu reference values of Hg; and Hy for both the radioisotopic and the in

situ irradiations are provided in Tables 3.3.1. and 3.3.2.

34 PERFORMANCE REEVALUATION

The ¢g;, Hg; and H; results from the radioisotopic and in situ irradiations were
compared to reference values and the CPND performance prior to modifications.
The performance index values of P, B, S and L were as calculated for the modified
results as described in section 3.2. The modifications brought about improvements

in the accuracy of the spectrometric and the total neutron dose equivalent resuits.

Dose equivalent performance

The dosimetric performance of the CPND is displayed in Tables 3.4.1 and
3.4.2. The ratio of the measured to new reference values are graphically depicted in

Figures 3.4.1 and 3.4.2. T, S, M and F correspond to H, H,, H,, and H;. The H;y L
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Table 3.3.1. Comparison of original (Liu) and modified (New) reference values for radioisotopic
neutron Hg; and Hy results (units = 0.01 mSv (mrem)).

PCHPE) MpuBe  FODLO) @ MIX(2) MIX (3)
NEW LIU NEW LIU NEW LIU NEW LIU NEW LIU

5670 4845 5521 5267 14768 14520 4899 4210 43297 36584

H,

H, 1906 3030 762 1080 6399 6440 1349 1333 8576 90.78
H, 340 330 0 0 3466 3653 562 506 2169 137
H,

Table 3.3.2. Comparison of original (Liu) and modified (New) reference values for neutron Hg and
H; in situ measurements (units = 0.01 mSv (mrem)).

GLOVE CAVE CNTRL WASTE LAB

NEW LIU NEW I1IU NEW ILIU NEW LIU NEW LU

H, 45062 35295 79.7 6435 6.52 342 25023 205.11 27871 22862
H, 246.14 35295 5676 7657 3.16 418 13774 20055 14867 220.60
H, 3887 5131 1289 16.77 0.86 111 1744 2302 1412 2141

Hy 7596 78192 16092 16954 11.66 907 40962 43301 44364 47271

* Units = 0.01 mSv (mrem)
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Table 3.4.1. The modified CPND measured dose equivalent (Hg and Hy) and the calculated P; resuits
for the radioisotopic measurements (CPND units = 0.01 mSv (1 mrem)).

ZCHPE). PuBe Do) MIX(2) MIX(3)
CPND P, CPND P, CPND P, CPND P, CPND P
H, 456 006 009 - 0.00 - 029 - 214 000
H, 240 029 019 - 3566 003 682 021 885 059
H, 3,77 067 676 011 3715 042 1179 013  TI37 010
H, 4630 018 5647 002 17442 018 5068 003 45331 005

Table 3.4.2. The modified CPND measured dose equivalent (Hg and Hy) and the calculated P; for
the in situ measurements at TRU (CPND units = 0.01 mSv (1 mrem)).

GLOVE CAVE CNTRL WASTE LAB
CPND P, CPND P, CPND P, CPND P, CPND P

2034 0.15 15.11 031 033 -0.06 316 025 125 041
3732 0.4 1057 -0.18 0.71 -0.17 1602 -0.08 1925 036

H,
H,
H, 20298 018 6546 0.15 453 043 18464 034 14325 004
H,
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value 0.02 and 0.10 for the radioisotopic and in situ categories respectively were well
below the 0.30 limit of DOELAP. The P, values of the individual H reveal that the
worst performance for the radioisotopic measurements was 0.02 while the worst for
the in situ measurements was -0.11. The B values, indicate an average overresponse
of 1% in radioisotopic spectra and an average underresponse of 3% for the in situ
spectra. The standard deviations suggest that the original CPND more accurately
measured the dose equivalent for the in situ spectra than it did for the radioisotopic
spectra, but only by 6%. Both were within 7%. The B and S values were calculated
for each of the measurements in the two catagories. These results appear in Tables
3.4.3 and 3.4.4. Now let us turn to consider the spectrometric capabilities of the

original method.

Spectrometric performance

The spectrometric results of the modified CPND for both the radioisotopic
and in situ spectra are presented in Figures 3.2.3 through 3.2.12 respectively. The
reference values represented were derived from BMS measurements for the in situ
and ®’Cf(PE) values and from the published literature for the source spectra as
described in Section 3.3. With the exception of **Cf(PE), all other reference spectra
for the radioisotopic irradiations are for the emission spectra only and, therefore, do
not include the scatter component which would have been measured by the CPND.
The overall B, S and L values were calculated for the Hg;s and Hys in each catagory.

These appear in Table 3.4.5.

3.5 ANALYSIS OF RESULTS

The modified CPND outperformed the original in overall dose equivalent
results across the board (Table 3.5.1). It demonstrated improved accuracy and
precision as evidenced by the improved B and S values. The modified CPND
displayed improved H, accuracy for eight of the ten spectra. For the other two, the

original performance was better by 2% in the analytical laboratory and the same for
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Table 3.4.3. The individual bias and standard deviation of the modified CPND for
the radioisotopic measurements.

ZICRPE)  TPuBe  F'C(DO)  MIX(2)  MIX(9)
B 0.06 0.05 0.05 0.10 0.16
0.42 0.13 0.26 0.19 029

Table 3.4.4. The individual bias and standard deviation of the modified CPND for
the in situ measurements.

GLOVE CAVE CNTRL WASTE LAB
B 0.11 0.03 0.03 -0.06 0.04
0.06 024 0.27 028 032
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spectra for the waste transfer area at TRU.
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Table 3.4.5. The overall bias, standard deviation and L value of the modified CPND
for the radioisotopic and in situ categories.

Radioisotopic In situ
B S L B S L
H, 0.09 0.12 021 0.11 027 038
H, 0.09 035 044 002 02 025
H, 0.02 0.40 042 1.14 025 0.40
e 0B B B M 2
He 0.01 0.01 0.02 0.3 0.07 0.10

Table 3.5.1 Comparison of the original and the modified overall performance indicators.

Radioisotopic In situ
B S L B S L
Original 0.13 0.17 030 0.08 0.04 0.12
Modified 0.01 0.01 0.02 0.07 0.03 0.10
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the control room. Overall a net improvement in Hy of 28% was achieved for the
radioisotopic category and only 2% for the in situ category.

These results reveal that enhanced spectral resolution was obtained which
produced an overall improvement in the dosimetric accuracy. The L value calculated
for each El reveals an improvement in spectrometric performance for all EI in both
categories except for the fast in the radioisotopic category where the original
performance was better by 1%. We therefore, conclude that the modified CPND
demonstrated spectrometric and dose equivalent superiority over the original.

We will now take up a more philosophical venue as we survey some current
assumptions about bubble detectors (such as useable lifetime, reproducibility,
temperature affects and compensation methods, and theory of operation) and in turn,
offer some alternative explanations. We will also offer an explanation of bubble

growth, bubble memory and incompressible bubbles.
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Chapter IV
SOME CURRENT ASSUMPTIONS AND ALTERNATIVE
EXPLANATIONS

Investigative research and data analysis often unearth observations that are
initially very curious and sometimes difficult, if not impossible, to explain by current
paradigms. For the bubble detector, some of the more elusive items to explain have
been:

1) useable lifetime,

2) variations in the reproducible response of a detector observed

by different investigators and sometimes even the same
investigator,

3) temperature affects and compensation methods,

4) bubble formation, growth and memory,

5) incompressible bubbles, and

6) a theory accurately predicting bubble nucleation.

In reply, some theories are presented that attempt to explain some of these more
"mysterious” phenomena and question some of the methodologies employed to either

compensate, control or explain them.

4.1 USEABLE LIFETIME

Studies have been conducted at the Naval Surface Warfare Center (NSWC)
and ORNL with the goal of addressing the usable lifetime of the bubble detector.
We will use this term loosely because of the complexity surrounding the issue. BTI
claims a life span on the order of months before a noticeable decrease in sensitivity
is encountered (Roy 1991). This life span presupposes a life style of moderation, i.e.,
recompression on a routine basis either daily or every other day. This is to minimize

damage to the PAG caused by bubble growth (see Section 4.4). There seems to be
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a correlation between an appreciable decrease in sensitivity and the time from initial
sensitization to recompression. This may be associated with diffusion of the SHL into
the surrounding medium which effectually reduces the number of potential nucleation
sites, ergo a reduction in sensitivity.

The preliminary results from the NSWC studies should be considered
inconclusive because of the testing conditions. For the majority of the failing
detectors, the time between initial sensitization and recompression exceeded the
weekly cycle suggested by BTI: " a period of up to a week between recompression
cycles is possible without noticeable sensitivity changes or incompressible bubbles"
(Roy 1991). NSWC was hoping to find a means of extending the time between
recompressions to accommodate an exchange cycle of at least a month. According
to BT it is possible to manufacture bubble detectors that will remain sensitive for
this period of time, but there is a trade-off. The expense is loss of reusability due to

accumulation of incompressible bubbles (Roy 1991).

42  RESPONSE VARIATION

Several of the bubble detector researchers have observed unexplainable
variations in their results. These variations were characterized by larger than desired
standard deviations and variances observed in repeated irradiations of a single
detector and during testing of the same detector type. It is our belief that unless the
bubbles in a detector are allowed to grow excessively (the effects of which will be
addressed in section 4.4.) the inherent reproducibility and stability of a bubble
detector should be on the order of a few percent. It seems that the source of these
variations may be attributable to the reader being used and the threshold selected for
counting. The number of bubbles counted by the first generation readers is critically
related to the threshold selected during imaging processing. The threshold
determines how intense and large the light spot indicating a bubble must be before

it is counted. The intensity and size of the light spot is also strongly dependent on

the size of the bubble being imaged.




43 TEMPERATURE EFFECTS AND COMPENSATION METHODS

It is known that the response of a bubble detector, because of its composition,
i.e., a SHL, is effected by temperature changes. So variations in ambient temperature
create the potential problem of detector instability. This instability is exhibited as
fluctuations in sensitivity that are proportional to the temperature variations; the
greater the temperature variation, the poorer the confidence in the response of the
detector. This is clearly not a problem if one is assured that the temperature in the
working environment will remain constant or at least within a few degrees of the
calibration temperature. But if the detector is to be used when temperature changes
are expected or uncontrollable, achieving the highest level of accuracy requires some
means of compensation. A plethora of compensation methods have been suggested.

A select few are briefly described.

How Temperature Affects Response

Before we can consider the techniques of temperature compensation we must
first understand how it is that a BD is affected by temperature. Keep in mind the
effect of pressure and temperature on liquid-vapor phase change (Fig. 4.3.1).

Let us begin by stating that an increase in temperature brings about an
increase in sensitivity in a two fold manner, by 1) lowering the threshold and 2)
increasing the sensitivity above the threshold. This is attributable to the increase in
the degree of superheat created by the increase in temperature. The more
superheated the liquid, the smaller the r. Therefore, neutrons previously incapable
of producing a thermodynamically unstable seed bubble (those just below the
threshold energy) could now contribute to bubble formation. An equivalent fluence
of neutrons above the initial "inhibition energy" or threshold, will produce a greater
number of bubbles than they would have produced at a lower temperature. This
phenomenon, if ignored, will transform the original detector into a variable "Jekyll
and Hyde". This new beast possesses an R(E) which differs from the original
creature. This alteration of the R(E) will also mean that the temperature effect is

energy dependent. In other words, the increase in response as a function of
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temperature will vary from spectrum to spectrum.

An analogy may better illustrate the sensitivity changes brought about by a
change in temperature. Consider the home run hitting abilities of a baseball team
when playing at home (a function of the average distance the player can hit the ball
and the distance to the fence). If we assume the pitcher to be a constant in this
analogy, then the frequency of home runs for the team when playing away would be
expected to increase when playing an opponent whose home field was smaller, i.e.
a shorter distance to the fence. Those players who would just miss hitting it out at
home would be more likely to hit one out on the smaller field, while the number of
home runs hit by those players normally hitting it out at home would increase only
slightly. This makes sense for bubble detectors if we consider the normal home run
hitters in our analogy to be representative of the neutrons above the threshold; those
with a high probability of producing a bubble at the calibration temperature, the
occasional home run hitters as neutrons just below the threshold, while still capable
of occasionally causing a bubble to form the probability of doing so is much lower;
and the distance to the fence as the r.. Increasing the temperature has the same
effect on bubble formation as does playing on a field with a shorter distance to the
fence; the r. becomes smaller. Those neutrons only occasionally causing a bubble to
form at the calibration temperature (or at home) do so more often (with a much
higher probability) at a higher temperature (on a shorter field). A decrease in
sensitivity would be expected if the temperature were decreased; analogous to playing

on a field with a greater distance to the fence.

Pressure Compensation

Presently BTI is employing a means of compensation that attempts to
compensate for both of the known culprits responsible for temperature induced
response variation. Maintaining a state of equilibrium between the internal vapor
pressure of the SHL droplet and the external pressure, a combination of the PAG
and atmospheric pressure, is the key to their compensation model. A reservoir of

material that expands and contracts with changes in temperature is attached to the
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detector, and by utilization of an appropriate mechanical advantage, the pressure
within the detector remains virtually constant as the temperature changes. The
external pressure applied to the detector is proportional to the combined changes of
increased vapor pressure and reduced surface tension experienced by the superheated
droplet (Ing 1991). This method of pressure compensation is intended to maintain
the SHL at a constant state of superheat, effectively "freezing" the R(E) regardless

of the ambient temperature.

Environmental Control

Another approach is to control the temperature environment in which the
bubble detector is operated. This could be achieved via a small heat pump type
device. The device would provide an adequate amount cooling or heating required
to maintain the device at a preset temperature. Currently BTI is working on a small
box type device, containing a "heat-disk", to maintain the temperature near normal

body temperature (Roy 1991).

Computational Compensation

An alternative to mechanical compensation or environmental control would
be to maintain a parallel record of the cumulative response and temperature. This
would allow correction of the results by application of derived temperature correction
factors. This assumes either short intervals of time between readouts and cognizance
of the temperature during bubble formation or a historical record correlating bubble
formation and temperature. The frequent reading cycle is impractical for most
applications, but a parallel real time detection and temperature logging technique is
currently under development at DOSAR.

The first step in the procedure will be to determine the R(E) at a specified
calibration temperature, i.e., 25°C. The best possible method of determining the
correlation of temperature and energy would be to maintain one variable constant
while varying the other. A new investigation is being proposed to assess the

temperature effect on response by performing a series of monoenergetic irradiations
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while precisely controlling the temperature of the detectors. In this manner the effect
of temperature on the R(E) will be determined, i.e., the change in sensitivity at a
specific energy as a function of temperature, aAR(E)dT. This work promises to make
significant inroads toward a better understanding of BD response characteristics.
Next, the R(E) of each component is segmented into a number of defined Els with
the sensitivity for each EI (R(EI)), taken to be the average sensitivity, in bu-cm? in
that region. The effective change in sensitivity per °C for each interval will be
assessed from the data. Translated, instead of applying a single temperature
correction for the change in sensitivity over the entire R(E), (the equivalent of
assuming the shape of the R(E) is constant and only the amplitude or sensitivity
changes, which we have seen is an incorrect assumption), we will correct for the
temperature effects by reestablishing the shape of the R(E) to reflect what the R(E)
would be at the irradiation temperature. Because the total response of a BD is a
function of the R(E) and the spectrum, and changes in temperature bring about
changes in the R(E), to correctly compensate for the temperature induced changes
in R(E) a temperature correction factor will be necessary for each spectrum.
Temperature corrections derived for one source will not necessarily be applicable to

a different source unless the spectra are similar.

Heat induced alteration

One other approach may provide a viable option. Because an increase in
temperature effectively increases the superheat of a BD, shifting the R(E) threshold
downward in energy and because we desire a detector whose R(E) approximates h,,
heating a BD with a higher threshold could shift the threshold down to create a
detector with a near dose equivalent response. For example, maintaining a BDS-2500
at a temperature predetermined to achieve the desired threshold shift would
eliminate any variation in response associated with temperature fluctuations below

the set-point temperature.
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44 BUBBLE FORMATION, GROWTH AND MEMORY

A normal bubble "life cycle" is characterized by the progression:
droplet-formation~growth-recompression-droplet. Fig. 4.4.1. depicts this life cycle.
Cognizance of this progression may afford insight to our understanding of such
phenomena as changes in sensitivity, bubble growth, bubble memory (the apparent
reformation of the same bubble time and time again) and incompressible bubbles.
A narrative of this progression is presented, and some inferences and explanations

for the observed phenomena are provided.

Bubble Formation

An in-depth description of the currently accepted theory explaining the
metamorphosis from incident neutron to bubble is available in the literature (Apfel
et al. 1987; Lo 1987). The most recent is offered in the Ph.D. dissertation of Dr.
Mark Harper of the U. S. Naval Academy (Harper 1991). In Apfel’s model, I
assume, the surface tension of the holding medium is assumed to be equivalent to
that of the SHL i.e., similar to Glaser’s bubble chamber where the entire volume is
the SHL (the reason tracks are produced instead of a single bubble in the bubble
chamber). Though this may be the case in the SDD, it is certainly not valid during
all the stages of bubble formation for the BTI detector. P, for the BTI detector is
the summation of the atmospheric pressure transferred through the medium, the
surface tension of the non-compressible liquid and the force exerted on it by the
PAG or "firm...polymer"(Ing and Birnboim 1984). It is my belief that the PAG
component of P, (Py,s) plays a greater or lesser role in the total P, depending upon
the present stage expansion or recompression phases. This change is effected by the
elasticity and tensile properties of the PAG as it expands and contracts. Because the
radius of the seed bubble is much smaller than the SHL dropletduring the formation
phase, the Pp, is negligible and the surface tension of the SHL is the dominate

factor. The Pp,c becomes significant once the droplet is consumed and the bubble

begins to grow and stretch the PAG.
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Fig. 44.1. The life-cycle of a bubble.




Bubble Growth

At the risk of oversimplification, we will quickly describe the stages depicted
in Fig. 4.4.1,, and then offer an explanation of these by way of analogy. Frame 1
describes the condition of a virgin SHL droplet, where P;,g is determined by the
PAG tension, T = a, and the PAG cavity, i.e., the void in the PAG which the droplet
occupies (a result of polymerization) with a radius, r,, = c. At this point r, is equal
to the droplet radius, r,, When ions created by an impinging neutron deposit energy
within a potential seed bubble, that bubble will begin to grow. Many interactions may
occur which produce a seed bubble that does not expand beyond r,. These bubbles
collapse or recondense (frame 2). But once a seed bubble expands to r, it will
violently boil consuming the entire droplet (frame 3). The bubble will continue to
grow (frames 4 and 5) until an equilibrium pressure is reached between the internal
vapor pressure and the external pressure now primarily from atmospheric pressure
P, and Ppss. The bubble will continue to grow as the PAG stretches (frame 6).
Growth of the bubble beyond a certain point will result in damage and consequent
loss of tension in the PAG. The radius at which this begins to occur is defined as the
critical expansion radius r... Atsome point the bubble is recompressed by application
of external pressure, typically hydrostatic (frame 8). After the recompression
pressure is released, though the bubble is recondensed, the r_, and r, have been
altered due to a loss of tension in the PAG caused by excessive expansion of the
bubble. A bubble that is allowed to expanded beyond a r,, will eventually exceed a
radius defined as the critical formation radius, r, (frame 7). This bubble, although
recompressed, will no longer remain recompressed once the applied pressure is
removed. Let us now attempt to explain what is happening by way of analogy.

The loss of tension in the PAG may be compared to what occurs when
inflating a balloon. For the sake of comparison we will subdivide the inflation of the
balloon into three stages. The primary stage is characterized by a small radius and
slow expansion. At this stage a significant amount of pressure is required to inflate
the balloon (frames 3 and 4). The secondary stage is characterized by a sudden

expansion of the balloon, a constantly increasing radius and a noticeable decrease in
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the pressure required to continue inflating (frames 5 & 6). The tertiary stage, is
characterized by a large radius and slow expansion rate (frame 7). This is the point
where you blow and blow and the balloon barely enlarges. This last stage is also the
point just before the balloon ruptures. Deflating the balloon is analogous to
recompression. The transition from the primary to the secondary stage is marked by
a sudden increase in the expansion of the balloon and a marked decrease in the
pressure required to maintain growth. Because the PAG is elastic, once an initial
pressure equilibrium is established, any growth beyond this r, will constitute a loss in
the elasticity the PAG. It is at this point that the r, has exceed r,. The transition is
made from the secondary to the tertiary stage, marked by a large radius, slow

expansion and significant loss in elasticity is the point at which the r, is exceeded.

Bubble Memory
Bubble memory is manifested as the reappearance or reformation of the same

bubble or bubbles nearly every irradiation. At first glance such reappearance would
seem particularly odd when one considers that among the thousands of droplets in
a single detector, each possessing an equally likely probability for formation, and that
these same bubble continue to reform with nearly 100% probability. Let us return
to the balloon analogy in order to offer an explanation for bubble memory.
Consider inflating and deflating a single large balloon. Observe the tension
of the balloon after it is deflated each time and notice that this tension is directly
proportional to the pressure required to inflate the balloon each subsequent time.
If the balloon is inflated only slightly for a repetitive number of times, the amount of
pressure required to inflate it each successive time is nearly equal and is only slightly
less, if less at all. Therefore we may conclude that the tension loss associated with
expansion to this radius is practically inconsequential. This is analogous to a bubble
which obtains initial pressure equilibrium. However, the larger the balloon is inflated,
the easier it is to inflate the next time, and we deduce the greater the radius the
greater the tension loss. There exists a radius which, if exceeded, results in a

substantial tension loss experienced by the balloon. This radius is defined as the
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critical expansion radius, r_.

Now turning to the formation of bubbles, prior to formation the liquid droplet
i.e., the condensed vapor bubble, would possess a finite radius, r,, and the PAG
immediately bounding the droplet can be conceived of as a cavity with radius r.,
which, prior to formation, is equal to r,. After the bubble expands beyond r_, it can
be recompressed and condensed to a droplet with radius r,, but the PAG in
exceeding the r,, has lost a substantial fraction of its tension and therefore, when the
pressure used to recompress the detector is released, the PAG cavity will no longer
maintain its original radius. Consequentially, the new radius of the PAG cavity will
be greater than the original r.,. This increase in the cavity radius is proportional to
the tension loss due to expansion beyond r.,.

Because the r, is increased, i.e., the volume of the cavity containing the
droplet is larger, part of the droplet passes to the vapor state which increases the
vapor pressure in the cavity effectively increasing the degree of superheat of the
droplet and decreasing the r.. Therefore, less energy is required to induce formation.
This will mean that the bubble will possess a greater probability of formation and
thus form "sooner” in the dose history, i.e., dose as a function of time (which for all
practical purposes should be a linear function). A healthy detector should exhibit a
linear increase in the number of bubbles formed as the neutron dose equivalent
increases. A detector containing bubbles which have exceed r, will manifest a
sudden increase in sensitivity early in the dose history. Fig. 4.4.2. depicts the
correlation of bubbles and dose graphically for a normal or healthy bubble detector
(one which has been recompressed before any bubbles exceeded r_,) and a detector
possessing a number of bubbles that have exceed r, This implies that an
overresponse will be more significant when measuring lower doses. For a theoretical
example consider the responses of two BD-100Rs originally possessing sensitivities
of 10 bu per 0.01 mSv and 1 bubble per 0.01 mSv respectively, before and after they
develop 3 bubbles exceeding r,. The results are presented in Table 4.4.1. This
suggests that the bubble memory phenomena will have a greater impact on the

accuracy when measuring low doses and when encountered in lower sensitivity
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Fig. 4.4.2. Correlative record of BD response and cumulative dose for
a normal BD and one which contains bubbles that have exceeded the

I
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Table 4.4.1. Theoretical response of two bubble detectors before and after acquiring three bubbles
exceeding 1.

Initial Sensitivity Response to 0.01 mSv Response to 0.1 mSv
(bu per 0.01 mSv) Before After Before After
1 1 3 10 13
10 10 13 100 103
detectors.

One possible method of reducing the memory problem, other than
administratively controlling the size of the bubbles before recompression, would be
to nucleate all bubble sites and allow them to grow to the desired size prior to
application for measurement purposes. The success of this approach could be
empirically verified by repeated irradiations of two sets of detectors, one having all
of its droplets nucleated prior to the study and the other comprised of virgin
detectors. The nucleation of all the sites for the first set is achievable by placing the
detector in a hot water bath. The results from a preliminary study of this theory are

currently inconclusive.

Bubble Incompressibility

In order to understand bubbles which appear to be incompressible, let us once
again turn to the balloon analogy. Consider the condition of the deflated balloon
once it is inflated to the brink of rupture, i.e., exceeding r,. Once this is done, very
little pressure is necessary to inflate it to the same point again. Thus, most of the
original tension, which affected the rate of expansion of the bubble, or balloon in our
analogy, is expiated. This can be seen by comparing our deflated balloon to either
one which has never been inflated or to one which has not been inflated beyond the
r... The overinflated balloon will be limp in comparison and significantly larger than
either of the other two.

The analog to this in the realm of bubble formation would be a bubble which
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has expanded to the brink of rupturing the polymer or beyond and is then
recompressed. If the r, after recompression is proportional to the tension loss from
excessive expansion as observed in the balloon analogy, it can be inferred that the
greater the r, the greater the degree of superheat of the successive droplet. Once
the r, exceeds r,, the successive droplet will find itself in a PAG with a r,, so large
that the superheat of the droplet is sufficient to spawn spontaneous formation of the
bubble. The net effect of this immediate spontaneous formation will be an "as-if"
appearance of an incompressible bubble. Fig. 4.4.3 depicts the tension lost by the

PAG as the r, increases.
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Fig. 4.4.3 PAG tension loss as function of bubble growth.
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Chapter V
FUTURE DIRECTIONS AND APPLICATIONS

It is often important to try to see the "big picture", to occasionally stop and
evaluate from whence we have come, where we find ourselves presently, and to what
lofty heights we expect our dreams to one day take us. With a realistic eye to the
past and present, several applications of this technology are discussed, two upon

which initial work has begun.

51 EXTREMITY DOSIMETRY

An experimental extremity dosimeter was assembled to assess the feasibility
of applying bubble detector technology to measure neutron exposure to the
extremities. Because the BD-100R possess a "nearly" dose equivalent response it was
the material of choice for this experimental model. A sketch of BUDEX (an
experimental bubble dosimeter for extremities) appears in Fig. 5.1.1.

A clear plastic disc was affixed to a cross sectional portion of an old bubble
detector which was filled with BD-100R material and covered with another plastic
disc. The BUDEX was attached to a plastic rod to simulate a finger phantom and
irradiated with **PuBe neutrons. Results indicate that this application holds great
promise. BUDEX could provide a good approximation of the neutron dose
equivalent delivered to the extremities regardless of neutron spectra or irradiation

scenario. This is a feat no TLD based extremity dosimeter could hope of achieving.

5.2 ACCIDENT LEVEL DOSIMETRY/SPECTROMETRY

Based upon a cursory review of the literature available on cavitation theory
which attempt to explain the formation of bubbles, in my estimation, a more detailed
investigation considering the complex effects of compound surface tension terms,

polymer expansion/compression elasticity variables, a reevaluation of the critical
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Fig. 5.1.1 Experimental neutron extremity dosimeter (BUDEX).
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radius in light of these, and a continuum of energy transfers from elastic scattering

is needed. The summation of energy transferred by multiple recoil nuclei which are
insufficient to produce a bubble of r, should be considered. Granted, that for the
fluxes typically encountered in standard personnel dosimetry this factor would be
hegligible; yet, as accident scenario dose rates are approached this factor might be
used to our advantage.

Consider a recoil nucleus that deposits an insufficient amount of energy in a
SHL droplet to produce a bubble (defined as a subcritical event producing a bubble
of subcritical radius, r;). If we assume an initial temperature of the droplet, t,, the
energy deposited in producing the subcritical seed bubble as localized heat, according
to the "thermal spike" model, would increase the temperature of the droplet within
the vicinity of the event to, t,. A time interval, t, would be required for this heat to
dissipate i.e., cool back to the initial t,. Assuming that this account of the process is
representative of what actually occurs for subcritical events, it is conceivable that a
bubble could be formed as the result of a temperature increase produced by the
summation of multiple subcritical events. Consequently the effective sensitivity of a
detector will be related, in some manner, to the neutron flux impinging on it. The
If the

relationship between ¢, and the degree of superheat can be determined, this

flux at which this phenomenon begins is defined as the critical flux, &
knowledge might possibly be applied to create an accident neutron spectrometer
(ANTS), by maintaining sufficient pressure on a detector (critical pressure p,) to
render it insensitive to neutron flux below . The p, and &, will probably vary for
each type of detector with greater pressure being required by detectors possessing
higher degrees of superheat and larger . Once the &, is encountered, bubbles
would form increasing the pressure in the detector. By employing a pressure relief
valve the increase in pressure will be bled off, maintaining the a constant p,. By
using the CPND in this type of application spectral information may be obtainable
in the event of a nuclear criticality. The realization of such a device would make

more accurate dose and dose equivalent assessment of criticality accidents a reality.
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5.3 A "DO-IT-YOURSELF' BUBBLE READER

The challenge that lies before us is developing an inexpensive, yet accurate
and reproducible means for counting bubbles. The superior accuracy and
reproducibility which the detector itself possesses are often offset by the inherent
problem of accurately and reproducibly counting the bubbles. The current generation
reader available from BT1 is capable of accurately reading approximately 350 bubbles
in a single detector. This is under ideal conditions and assumes that u-droplet
detectors are used and that they are read before the bubbles grow large enough to
create an overlap problem. This reader can be yours for a mere $35,000.

The read process is typically: 1) the detector is placed in the reader and an
image is displayed on a video monitor, at which time 2) image enhancement may be
performed 3) followed by counting. The reader provides the number of bubbles it
counted in the image. Because magnification is employed, the upper and lower
halves of a detector are imaged and counted separately with the total resulting from
the summation of the two counts. It would be nice if the images from which the
counts were taken were permanently stored. This would afford an opportunity for
manual verification of the numbers and provide a permanent dosimetric record,
similar to a glow curve.

Due to budget constraints and the diversity and flexibility required for quality
research, I embarked on a quest for a do-it-yourself research grade bubble reader.
The following attributes were desired:

1) storage of the image for future retrieval and analysis,

2) flexibility in image analysis, and

3) imaging whole bubbles and not just a bright spot of light

reflected through the bubble (characterized by the first
generation BTI reader).
By using an off-the-shelf image analysis software package from Jandel Scientific called
JAVA, an available video camera, PC-AT and various lighting configurations, this
goal was realized. A photo of the reader and an example of an image acquired with
it are in Fig. 5.3.1, Fig. 5.3.2. This was achieved for less than $5,000.
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Fig. 53.1 A photograph of the do-it-yourself bubble reader.
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b)

I reader a) full image, b)

Fig. 5.3.2 An image captured with the D-Y-

magnified image.
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This approach to bubble imaging includes several novel aspects: 1) passing
light through both ends of the detector which eliminates edge glare caused by
reflection of light through the wall of the cylindrical detector and imaging of the
"whole" bubble, 2) a counting algorithm that will remove a bubble from the image
once it is counted, thus when two or more bubbles overlap, the top bubble after
being counted can be removed leaving the partial bubble or bubbles (the curvature
of the remaining partial bubble will be completed, counted and removed from the
image...etc.) and 3) the introduction of a dye into the PAG to enhance definition of
an imaged bubble (the bubble will be clear and the compressed PAG surrounding the
bubble will be more dense and thus darker than the rest of the detector PAG).

54 DEVELOPMENT OF A COMBINATION AREA NEUTRON

SPECTROMETER (CANS)

The information gleaned from improvements to the CPND lead us to believe
that superior spectral resolution and, consequently, improved neutron dose equivalent
accuracy could be realized through: 1) modification of the TLD component
eliminating the need for a phantom, providing greater thermal neutron measuring
accuracy and simulating a 47 geometry, 2) inclusion of an additional BD to obtain
better spectral resolution in the 0.01 to 1 MeV region and 3) determination of the
effect temperature has on the shape of the energy response, R(E), and how to best
correct for it. As a result DOE is currently funding the development of the

Combination Area Neutron Spectrometer (CANS).

Redesigned TLD
The TLD component of CANS was redesigned to capitalize on the detection

of thermal and slow or epi-Cd neutrons without using a phantom. This is possible
because the BD components measure the higher energy neutrons. A Harshaw card
was used (two Teflon sandwiched TLD-600/700 paired elements in an Al substrate)
with one pair sandwiched between Cd filters and the other backed by a Cd filter.
The paired TLD-700 is used to subtract the incident photon contribution and the Cd
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capture gammas from the TLD-600 response. The Cd sandwiched TLD-600 responds
to incident epi-Cd neutrons (> 0.414 eV) and the Cd backed TLD-600 to incident
thermal and epi-Cd neutrons. The difference in the two provides an accurate measure
of the incident thermal fluence. By placing two of these units back-to-back, a 4«

geometry is simulated (Figure 5.4.1).

Additional BDs

The region of greatest change in the fluence-to-dose equivalent conversion
factor as defined by ICRP 21 is between about 0.01 Mev and 1 Mev (ICRP 1973).
Improving the accuracy of the fluence measurements in this region will spawn a
subsequent improvement in the total neutron dose equivalent accuracy. Since the
BD-100R and BDS-1500 possess respective thresholds at about 0.1 and 1 MeV,
adding a BD with a threshold at about 0.01 MeV (BDS-10) will facilitate measuring
neutrons in the regions < 0.01 MeV, from 0.01 - 0.1 MeV, from 0.1 - 1 MeV and
from 1 - 15 MeV. Dividing this region into upper and lower regions should improve
the overall spectral resolution. BDs possessing thresholds other than these are also
being reinvestigated.

Because it utilizes a SHL the BD detector will always inherently possess a
degree of temperature dependence. Efforts are currently underway to conduct
another set of monoenergetic neutron irradiations at Columbia Universities Radiation
Accelerator Research Facility (RARAF) in New York. The experiment will focus on
determining how temperature affects a BDs R(E) by irradiating BDs to
monoenergetic neutrons at various controlled temperatures, described in Section 4.3.
This knowledge, once acquired, will allow us to make inherently more accurate
measurements of neutron spectra by altering the BD R(E) equations used in the
matrix deconvolution algorithm to reflect what the R(E)s are at the irradiation
temperature, instead of applying a gross temperature correction factor to the

integrated response which ignores the change in R(E) caused by temperature.
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Fig. 5.4.1. Description of the modified TLD component of CANS.
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Application to CANS

This newly acquired knowledge will enable us to make more accurate
measurements of neutron spectra at temperatures other than those at which the
R(E)had been determined by altering the BD R(E) equations used in the matrix
deconvolution algorithm to reflect the R(E) at the irradiation temperature. The
process will be as follows:

1) the temperature at the time of irradiation is recorded,

2) a tube correction coefficient, TCC, is applied to the response of

each BD to mimic the response of a 1 bu/0.01 mSv calibrated
detector

3) the R(EI) matrix is modified to reflect the R(E) at the

irradiation temperature,

4) the matrix is inverted producing equations for the ¢gs,

3) the TCC values are entered and the equations solved to yield

the ¢g;,
6) application of the averaged h, for each EI provides the neutron
dose equivalent produced in that El, (Hg), and
7 the summation of the Hg;s provides the total measured neutron
dose equivalent (Hy).
Applying the TCC is analogous to applying an element correction coefficient to
individual TLD element readings.

Development is under way with field tests scheduled to include containment
of a Texas Utilities BWR, measurements at the TOKAMAK device at Princeton
Plasma Physics Laboratory and various pure and mixed field radioisotopic spectra

utilizing various shielding configurations at ORNL and NSWC.

5.5 ALTERNATIVE REAL-TIME ACOUSTICAL PROCESSING (ARAP)
Our vision is the development of a real time neutron spectrometer/dosimeter.
The realization of this goal will require the synthesis of all we have learned during

our BD related research and a cutting edge knowledge of electronics and micro-
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processors. The Alternative Real-time Acoustical Processing technique (ARAP),
currently under development by the DOSAR Group, may prove to be a step toward
realizing this goal. This technique will enable real time application of the BTI’s BDs.
ARAP will answer the clarion call for a simple device for measuring neutron spectra
and calculating dose equivalent. In our mind’s eye the devices could resemble those
of the artist conceptions in Fig. 5.5.1 and 5.5.2.

It was documented by Apfel that the violent boiling process occasioned by
bubble formation transmits a mechanical shock wave manifested as an audible "pop"
(Roy et al. 1987). The prototype real time spectrometer, Fig 5.5.1, includes a signal
processing board loaded in a laptop computer that will receive and digitize the
acoustical signal from a microphone placed inside each detector connected to it. This
information will be analyzed and an algorithm will process the information as
described in Section 5.4, making appropriate on-line modifications to the R(E)s for
temperate compensation as well as on-line calculations of the spectrum, applying the
desired average h, to calculate Hg, and H;. Used in this way, ARAP will measure
the spectrum and calculate the dose equivalent in real time. These on-line results
will be displayed both numerically and as a histogram on the computer screen much
as a graphic equalizer. A linear recorded of the data will be written to disk.

The device in Fig 5.5.1 will provide a linear correlation of detector response
and temperature for the purpose of on-line a posteriori compensation for the
temperature effects experienced during measurements. An amenity of the system will
be its backup features. Three means of verification or reading will be incorporated
in the device:

1) LCD indication on the detector, of temperature and the

cumulative bubble count,

2) logging of the cumulative counts and temperature at preset time

intervals, and

3) should the electronics fail somewhere along the way, the

traditional post-event optical counting is still an option.
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Chapter VI
SUMMARY AND CONCLUSIONS

The already good performance of the CPND to evaluate the neutron dose
equivalent for a variety of neutron spectra both radioisotopic and in situ has been
improved. The Hy results were within 11% of the reference values (BMS based) for
the in situ spectra and within 2% of the reference values for the radioisotopic spectra.
The low standard deviation and bias suggest improved spectrometric and dose
equivalent accuracy and precision (S = 0.07 and 0.01 and B = -0.03 and 0.01 for the
in situ and radioisotopic categories respectively). These results were achieved without
any a priori knowledge of the neutron spectra and with a single algorithm that can be
solved using a spreadsheet.

A historical overview of the development of bubble detector technology was
presented. A thumbnail sketch of the currently held beliefs on the mechanisms
involved in bubble formation and a description of the CPND were provided.

The aspects of the CPND which were modified and the reasoning behind them
were discussed. These included:

1) refinement of the BD-100R and BDS-1500 response functions,

2) reevaluation of the thermal neutron sensitivity of TLD-600,

3) redefinition of the energy intervals (EI),

4) the a spectrum deconvolution matrix algorithm, and

5) the methodology for neutron dose equivalent determination.

The effectiveness of these modifications was assessed by comparing the
measured results to both reference values and the original CPND performance. An
overall improvement in Hy accuracy over the original CPND of 2% for the in situ and

28% for the radioisotopic spectra was observed.

Some explanations were offered regarding:
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1) useable lifetime,

2) observed response variations,

3) temperature effects,

4) bubble growth,

5) bubble memory,

6) incompressible bubbles, and

7) theory of operation.

Some suggestions were presented for further research and application of this
emerging technology. These included:

1) extremity dosimetry,

2) accident level dosimetry,

3) a do-it-yourself bubble reader for research applications,

4) development of a Combination Area Neutron Spectrometer
(CANS), and

5) development of Alternative Real-Time Acoustical Processing
(ARAP).

Areas of need
Although the spectral results provided by the CPND and CANS are

characterized by a small number of energy intervals or bins (EI), (typically four or

five), this should not be viewed as a substantial deficit to its value as an effective and
accurate neutron spectrometer/dosimeter. It is believed that this statement is
warranted for the following reasons. Considering that there is very little difference
in the h, between thermal energies and 10 keV (according to ICRP 21), a single
value of h, can be applied to the total ¢ in this region. This suggests that only one
El is needed below 0.01 keV, and consequently, that a quantification of the total
number of neutrons below 0.01 keV is adequate. Only in specialized situations do
radiation environments contain neutrons above 15 MeV (e.g., accelerators and similar
devices), therefore, a single EI is all that is needed from 1 - 15 MeV. A single h,
can be then be applied to neutrons in this EI. Also, by dividing the 10 keV to 1 MeV
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region into two segments, 10 keV to 100 keV, and 100 keV to 1 MeV, we can
improve the spectrometric resolution in this region where the change in h, is the
greatest. This also allows application of a separate h, to the ¢ in each segment.
Thus, we have demonstrated that by strategically defining the Els one can preform
"good" neutron dosimetry with a four interval neutron spectrum. Recall a correction
factor derived from 9-to-3 inch ratios (a two point measurement) has historically been
applied to albedo dosimeters for energy corrections (Griffith 1979).

What are the areas of greatest need? Are we poised on the brink of a
breakthrough in neutron dosimetry? There are still a few ominous problems which
must be overcome before bubble detector becomes a "household word" and fulil
blown application of this technology becomes practical in the real world of neutron
detection and dosimetry. Some areas of greatest need include:

1) storage of the digitized image for a permanent record of the

number bubbles in the detector i.e., like a glow curve,

2) a reduction in the cost of detectors, which is coming down and

will continue as demand increases,

3) accumulation of performance data to reinforce acceptance of

this new technology by the rank and file in the dosimetry
community (this will come with use),
4) broadened application i.e., for extremities and photons,
5) a low cost reader (the latest generation available from BTI goes
for about *35,000),

6) advancement towards overcoming the temperature dependence
barrier and its affects on R(E) (advances are being made in this
area),

7) reduction in size and the geometry of the container to be more

conducive to reading and to accommodate the use of multiple
detectors in a compact holder and

8) a definitive model explaining bubble formation.




Closing remarks

The goal of every dosimetrist should be to provide the most accurate
dosimetry possible, utilizing every means within his or her ability to do so. With the
probable increase of the neutron quality factor and the push within the U. S.
Department of Energy to reduce the current annual dose equivalent limit for
radiation workers from 50 mSv to 20 mSv, the ability to provide accurate neutron
dosimetry at levels which are typically encountered in the workplace (i.e., 0.1 - 0.5
mSv per quarter) becomes increasing critical. The history of past Personnel
Dosimetry Intercomparison Studies (PDIS) conducted by the DOSAR group at
ORNL, indicates that, of the dosimetry systems currently employed, scarce will be
those adept enough to weather the impending storm (Sims and Dickson 1985).
Although BD technology does not yet offer the perfect dose equivalent device, what
technology does? With the anticipated improvements aimed at remedying its
weaknesses this technology could threaten to surpasses anything currently available,
or that is foreseeable in the near future for quick relatively simple and inexpensive,
neutron spectral and dosimetric measurements, accurately measuring the neutron
dose equivalent received from both known and unknown neutron spectra encountered
in the workplace without the necessity of an a priori knowledge of the spectra.
Utilizing bubble detector technology, one can improve the quality of neutron
dosimetry. If development and application continue at their present pace, bubble
detector technology may become for the applied health physicist/dosimetrist what the

microwave has become for the bachelor, a quick and simple means to achieving a

practical end.
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THE SPECTRAL NEXUS: UNDERSTANDING THE
RELATIONSHIP BETWEEN RESPONSE FUNCTIONS AND
NEUTRON SPECTRA

The common practice of primarily employing the average energy as the
identifying feature of a neutron spectrum is, though unintentional, often misleading.
Because the response curve of most dosimeters is drastically different from that of
the h,, it becomes very difficult for current dosimeters to measure the neutron dose
equivalent of an unknown or mixed neutron field. One of the underlying difficulties
stems from the rapid decrease in h, from 1 to 0.01 MeV. As the incident neutron
energy decreases from 1 to 0.01 MeV, an increasingly larger number of neutrons is
required to produce the same biological effect. The difference in h, in this region
is as great as a factor of 33, from 9.9 pSv-cm® at .01 MeV to 327 pSv-cm? at 1 MeV.
Consequently, the same dose equivalent produced by 33 0.01 MeV neutrons would
require only a single 1 MeV neutron.

Dosimetrists rarely deal with mono-energetic neutron exposures. More
typically the neutron fields encountered are unknown and polyenergetic. The
exigency of this situation dictates that careful consideration of the entire spectrum is
necessary. Unfortunately, and to the demise of many investigators, this importance
is frequently minimized. Such minimization is often done for the sake of
simplification. But, this oversimplification can spawn unwarranted inferences,
contribute to the development of erroneous or false models and inhibit the
formulation of valid explanations for observed phenomena. Case in point.

Ipe et al. conducted a series of experiments for the purpose of assessing the
energy dependence of the BD-100 (Ipe et al. 1988). The BD-100 and BD-100R are
synonymous, therefore, BD-100R will be used for the remainder of this work (Pollock
1989). The average energies (given in MeV) of the sources used in the Ipe et al

experiments are, 4.5 for **PuBe, 2.3 for PuB, 2.15 for °Cf, 0.9 for PuF, and 0.5 for
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PuLi. The data acquired by Ipe et al appears to indicate that an increase in the BD-

100R sensitivity is to be expected as the incident neutron energy decreases. Since the
average energies fall well within the flat region of the BD-100R response curve (i.e.
the region above 150 keV, see Fig. 2.2.1 in the body), would it not seem reasonable,
upon cursory examination, to expect the BD-100R response to be more or less
identical for each of these sources? There must be a logical explanation for the
increase in sensitivity observed by Ipe et al. Obtaining such cognizance requires a
more in-depth look into what is actually occurring.

Let us consider the interrelationships of the BD-100R R(E), h, and the
spectral shape as we try to understand the organic nexus existing between these

elements and the observed phenomena.

Response curve and h,

First note that, because the sensitivity of the BD-100R is the same for all
neutrons above 150 keV, in this region the BD-100R responds more like a fluence
device than it does a dose equivalent device. A simple illustration may help realize
this point. Consider a BD-100R that receives 0.5 mSv (50 mrem) from three
monoenergetic neutron beams of energies, E, = 5.0 MeV, E, = 2.76 MeV, and E,
= 513 keV. Based on an h, of 408 pSv-cm?® for E, and E, and 203 pSv-cm? for E,,
the fluences required to induce 0.5 mSv are 1.23 x 10° cm™ for E, and E, and 2.46
x 10° cm? for E;. Given a sensitivity of 1 bubble-10 uSv* (1 bu mrem™) when
calibrated to “*PuBe, the sensitivity at all three energies is, 4 x 10° bu-cm?
Therefore, 49 bubbles would be produced by a 0.5 mSv dose equivalent delivered by
neutrons of E; (5.0 MeV) and E, (2.76 MeV) and 99 bubbles by 0.5 mSv of E, (513
keV) neutrons. Inferentially, for neutrons above 150 keV the response or the BD-
100R reflects the number of neutrons traversing the device rather than the dose

equivalent delivered by the neutrons, i.e. fluence indication.
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Spectral Nexus

The implication of this phenomena becomes even more complex when
attempting to detect an integral dose equivalent delivered by impinging neutrons that
are polyenergetic, i.e. a spectrum. When measuring the same dose equivalent
delivered from two different spectra, the response of the BD-100R will be more
pronounced for the spectrum with the larger fluence above 150 keV, regardless of the
spectrum’s average energy.

Analysis of the response function of the BD-100R and a plot of the neutron
energy spectra for ®*PuBe and unmoderated »°Cf (average energies of 4 MeV and
2.15 MeV respectively) will illustrate this distinction more clearly, i.e. Fig. A.l.
Inspection of the spectra after normalization to a 0.01 mSv (1 mrem) fluence
equivalent reveals that the unmoderated ®2Cf spectrum contains a greater number
of neutrons in the energy region that corresponds to the flat segment of the BD-100R
response curve than does the Z*PuBe spectrum; ergo a greater sensitivity to
unmoderated **Cf than **PuBe. Another attribute that will influence the BD-100R’s
response is the width of the spectrum, i.e. broad verses narrow.

The source spectra used in the Ipe et al study, excluding *’PuBe and
unmoderated ®*Cf, are characterized by fairly narrow neutron energy distributions.
With each decrease in average energy a corresponding increase in the total number
of neutrons or fluence is required to produce the same dose equivalent. Therefore,
when measuring the same delivered dose equivalent as the average energy decreases,
an increase in response would be expected.

Although the average energy of unmoderated ¥°Cf (2.15 MeV) is only slightly
lower than that of PuB (2.3 MeV), the difference in spectrum shape is significant.
A larger fraction of the broad fission spectrum lies between 150 kev and 1 MeV than
does the more narrow PuB spectrum. It is this greater number of neutrons per unit
dose equivalent above 150 keV that contributes the increase in sensitivity for this
broad unmoderated *?Cf spectrum, a more stark increase even than would be
expected from a more narrow spectrum (like the other sources used by Ipe et al)

with identical average energy. The response to a *’PuBe spectrum (4.5 Mev average
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energy) would be even less than that to Z*PuBe, therefore the increase in response
to unmoderated *2Cf observed by Ipe et al would appear even more pronounced.
Thus, spectral differences manifest themselves as deviations or variations in
the response of the BD-100R when used to measure dose equivalent from a spectrum
other than the calibration spectrum, i.e., the response is spectrum dependent. A
similar, yet more pronounced effect is experienced by all current neutron dosimetry

techniques.

When a Sv is not a Sv?

Because the variations in a detector’s response depend on the differences
between the measured and calibration spectra, the response of the BD-100R or any
other detector may be quantified for any spectra by obtaining reference spectral
information and folding it into the response function. This provides both a spectrum
specific sensitivity and an answer to the question of how much the response can be
expected to vary from one spectrum to another. This has been accomplished for
eleven radioisotopic neutron sources obtained from the literature as noted in Table
A.l. The sources are: **Cf unmoderated and moderated by D,0, (*Cf and
#2Cflunmod]), **CmBe, *'AmB *'AmBe, 2! AmF, *'AmLi, Z?°PuBe, 2*PuBe, 2*PuC
and ®*PuF. The derived source sensitivities and dosimetric conversion conventions

calculated are the next topic of discussion.

Predicted sensitivities in several radio-isotopic spectra

Various investigators have published spectra for these sources. For the sake
of comparison, values were calculated for different spectra of the same radioisotopic
neutron source. A graph of the published spectrum was imaged and digitized using
a video camera, digitizing board and imaging software. The image was calibrated in
both the x and y plane in concurrence with the axis of reference. Then points were
selected along the curve representing the spectrum providing an x-y coordinate
corresponding to the selected point. This information was exported to a spreadsheet

for manipulation. Computations based on In-In interpolation were preformed to
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determine the relative abundance of the neutrons in each spectrum from 0.025 eV
to 15 MeV broken down into 20 keV intervals. To normalize the spectra to a single
neutron, the value for each 20 keV interval was divided by the total number of
neutrons for each reference spectrum (ie., the sum of all the Els); ergo, each
spectrum represents the relative abundance or the fraction of single source neutron
broken down into 20 keV intervals. The ICRP 21 h,, BD-100R R(E) and TLD-600
R(E) were also entered into the spreadsheet and interpolated over the corresponding
20 keV Els. The h, was folded into each spectrum i.e., the h, of each 20 keV ICRP
21 interval was multiplied by the ¢ of its corresponding spectrum interval. Because
the spectrum is representative of the distribution of a single source neutron, the
summation of these EI dose equivalents provides the dose equivalent per each
neutron emitted from the source. This is commonly known as the spectrum averaged
ICRP 21 fluence-to-dose equivalent conversion factor. Dividing each 20 keV interval
by this spectrum averaged h, yields a spectrum that, when the h, is applied, yields
0.01 mSv, ie., a 0.01 mSv (1 mrem) normalized spectrum. This procedure was
followed for each of the sources under investigation. The response of a detector can
then be estimated by folding the detectors R(E) into the 0.01 mSv normalized
spectrum. This yields a calculated source specific sensitivity in detector response per
0.01 mSv (mrem). The source specific sensitivities of the TLD-600 and the BD-100R
were calculated for each of the available spectra. The results of these calculations
are provided in Table A.l1. In addition to the source specific sensitivities, the
calculated fluence and dose equivalent weighted average energies and spectrum

averaged fluence-to-dose equivalent conversion factors are provided.

Source-specific Correction Factors

These calculated sensitivities can then be applied to produce correction factors

as follows,

C,=S/S,, (A-1)
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Table A.1. Calculated values of E(¢), E(H), h, and BD-100R response for several radioisotopic
neutron sources.

Source* Reference E@)  EdHY Ry (mR/mrem) my
(MeV)  (MeV) (10" Sv-cm?)
BSpuBe Kozov 5.1 512 408 038 094
B3pyuBe(low)" Koziov 486 494 401 0.42 096
% AmBe Capgras 473 482 401 0.42 097
DPuBe Capgras 463 473 399 043 097
#AmBe(low)®  Capgras 456 473 393 0.46 0.99
DPuBe(low)®  Capgras 45 4.67 393 0.46 1.00
MCmBe Capgras 45 4.65 3.94 046 099
PuC Lorch 448 4.48 4.09 0.46 095
#CmBe(low)® Lorch 425 454 38 038 1.03
AmBe I1SO 4.15 452 373 052 1.03
PuC(low)" Lorch 372 38 3.97 056 1.00
Cf(unmod) Lorch 281 2.86 3.93 048 1.03
AmB Lorch 2.76 278 4.00 057 1.01
AmB 1SO 2713 2.79 3.96 0.54 1.02
AmB(low)® Lorch 272 276 3.96 0.56 1.02
Cf(unmod)(lo Lorch 244 261 3.68 0.68 11
Cf(unmod) ISO 214 247 335 0.85 12
PuF Anderson 1.63 1.67 3.64 0.77 1.14
AmF Lorch 1.61 1.63 3.69 0.75 112
AmF(low) Lorch 147 154 3s 084 1.18
PuF(low) Anderson 1.44 156 336 091 123
PuF Massand 14 147 343 0.88 121
PuF(low)" Massand 14 147 343 0.88 121
Cf(D,0) I1SO 0546 222 0.926 638 125
AmLi Werle 0459 0625 1.7 269 206

W&

* The data for all spectra, except those from ISO, were obtained from a digitized image of each spectrum from the
referenced literature.
® The fluence in the low energy range was estimated by extrapolating linearly from the value at the lowest available
energy to zero at E = 0 MeV according to ISO/DIS 8529 Annex A (ISO/DIS 1986).

< E(¢) is the fluence weighted average energy.
4 E(H) is the dose equivalent weighted average energy defined by ISO/DIS 8529 section 3.19 (ISO/DIS 1986).
¢ .}20 was derived in the manner described by ISO/DIS 8529 section 3.18 using ICRP 21 h,.

{'The BD-100R response was determined by folding a 0.01 mSv (1 mrem) normalized spectrum of each source into
the response function (R(E)) of the BD-100R.




where
S, =
S =

c

sensitivity to spectrum being measured (bu mSv), and

sensitivity to calibration spectrum (bu mSv™).

The calibration factors are applied to the reported dose equivalent result H,
H =busS,, (30)2)
where

bu = number of bubbles in the detector.

The variation in the sensitivity of the bubble detector to the test and calibration
spectra is corrected for by using this equation,

H=CH,

(3D3)

where

H, = corrected dose equivalent response (mSv),
C, = correction factor for the spectrum of interest, and
H,

raw response in mSv to the spectrum of interest.
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