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Abstract

The traditional neutron generators used in nuclear weapons systems, and in
many industrial gauging applications, employ a portable ion accelerator with
tritium target. Such neutron “tubes” work well, but they are difficult to make
in small sizes, require high voltage power systems, and have a limited shelf
life. Another approach to neutron generation involves the use of an alpha-
emitting radioisotope mixed with beryllium. The traditional disadvantage of
such an alpha-Be source is that they are always “on”; that is, they emit
neutrons at a steady rate even when stored. Thus, it is extremely awkward to
use a conventional alpha-Be source in many applications because of the
neutron shielding required to prevent exposure to personnel and sensitive
electronics. = However, with the advent of modern micro-machining
techniques it is possible to build a “switchable” all solid state neutron source.
This report describes our research into demonstrating the feasibility of such
micro-machined Solid State Neutron Generators (SSNGs). Our research
indicates that it is not feasible to employ this technology in a nuclear weapon
application. However, these SSNGs show great promise for industrial and
treaty monitoring applications.
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Preface

This report describes research performed for an LDRD project titled “Solid State
Neutron Generators for use in Nuclear Weapons” (LDRD project #10351). The title of this
report differs from the title of the LDRD research program because- it was thought by the
authors- the report would be of interest to a wider audience than the original LDRD title
would suggest. The title change is also more closely aligned with the conclusion of the
research described in this report; the research showed that switchable Solid State Neutron
Generator (SSNGs) are not an appropriate technology for use in Nuclear Weapons.
However, the research indicated that the devices described in this report might be very useful
in other, non-weapon, applications.

The report is divided into the following sections:

e Section 1 consists of an introduction and background on the topic of solid state neutron
generators so that the reader may understand more clearly the implications of the
research described in subsequent chapters.

e Section 2 details our research into finding the most appropriate alpha-emitting
radioisotope for use in a SSNG. A detailed examination of alpha emitters was necessary
because their properties determine — to a very large degree- the applicability of the
neutron generator, as well as many of the design characteristics of SSNGs.

e Section 3 describes a detailed quantitative theory of the operation of a solid state
neutron generator, which was developed as part of the research project.

e Section 4 describes the experiments that were performed to determine the feasibility of
solid state neutron generators as well as to validate the quantitative theory outlined in the
previous section. This section also describes our successful development of micro-
fabrication processes for SSNGs production.

e Appendix A
The appendix lists the references to literature specifically cited, as well as those
generally used in the preparation of this report.



Executive Summary

This report describes a two-year research and development program aimed at
investigating a new type of neutron generator for possible use in nuclear weapons. The new
devices we investigated, Solid State Neutron Generators (SSNGs), are constructed using
micro-fabrication methods and rely on the reaction of alpha particles from a radioisotope
with a beryllium foil. Unlike traditional alpha particle —beryllium generators, the new
devices we investigated can be switched on and off (through micro-machine action).

We determined from our research that the SSNGs we investigated would not be a very
good choice for use in nuclear weapons. However, our research did uncover some surprising
behavior from these new devices. These largely unanticipated properties would seem to
make them very attractive for other (non-nuclear-weapon) applications. In particular, we
discovered that it is possible to build small neutron generators with anisotropic emission
properties- neutron flashlights if you will. The anisotropic generators could be very useful in
treaty monitoring applications and perhaps even in industrial gauging and imaging
applications. We are very interested in further investigating this technology for these new
applications.

We arrived at our conclusions about the utility of these new generator devices by
investigating several aspects of their behavior. Our research was roughly divided in to four
areas: 1. the search for appropriate radioisotopes to drive the generator, 2. development of
quantitative methods to predict generator performance, 3. experimental validation of the
quantitative methods, and 4. investigation of methods to fabricate micro-machined neutron
generators.

Our search for alpha particle emitting radioisotopes consisted of a systematic
investigation of all isotopes that emitted alpha particles with a (parent) half-life of between 1
and 100 years. We found eighteen radioactive alpha emitting isotopes that satisfied this
criteria and we investigated each one of them for two characteristics: 1. their ultimate
efficiency with which they could generate neutrons in a solid state generator (a desirable
property), and 2. the dose that they would produce by collateral emission of gamma-rays (an
undesirable property). We then analyzed the tradeoff between desirable and undesirable
characteristics for all isotopes and found that one isotope, 238Pu, was the single optimal
isotope to use in a solid state neutron generator.

Another major effort of our research program was the development of a quantitative
model to estimate the performance characteristics of a neutron generator before actually
building one. Clearly a trial-and-error development effort for these new devices was out of
the question, given the immense administrative challenges in performing trial experiments
with exotic radioisotopes and the danger of generating “mixed waste” (debris containing
radioactive products and toxic beryllium). In fact, at the site where the project was
conducted- SNL/CA- it is specifically forbidden to generate mixed waste of any quantity.
These administrative constraints had a strong influence on the strategy we developed to
execute the research program, and placed an unanticipated additional emphasis on predictive
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computation techniques. Thus, after searching unsuccessfully for previously developed
computer models of alpha-Be generator performance, we developed our own computation
tools for predicting the characteristics of these new devices. Our computation technique
involved the creation of a 3-dimensional analog Monte-Carlo computer program to model
the transport of alpha particles in the micro-devices. The output of the alpha transport code
was then coupled to another computer program, which predicted the distribution of neutrons
produced in an energy-angle phase space. Our quantitative methods were later validated by
experimental results. In addition to serving the utilitarian role of predicting device
performance, the computer codes allowed us to visualize the neutron generation
characteristics, and- in so doing- envision new applications for them.

Concurrent with our computation efforts, we conducted an experimental program to
measure the neutron output from specific isotope-beryllium pairings. We eventually
constructed experiments which measured both the total neutron output and angular
distribution of 241 Am and 225Ac emitters impinging on beryllium targets. These
experiments took considerable resources to conduct. Great care had to be exercised in
obtaining the administrative approval to conduct these experiments. The experiments
themselves were physically very large (owing to shielding requirements) and mechanically
and electronically complex; in short, they were a major challenge to our experimental
technique.

The final topic that we investigated in this research program was the feasibility of
fabricating micro-parts for use in SSNGs. This phase of the research program was
conducted successfully, and we were able to fabricate parts with the requisite dimensions in
suitable patterns and from dense materials (gold).

In summary, the research program described in this report was a successful one. We
were disappointed when we discovered that our devices would not work in their intended
application (nuclear weapons). However, we were pleased to discover that these devices had
other characteristics (most notably, anisotropic neutron emission) which would allow them
to be used in new applications.
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Section 1. Background

Conventional Neutron Generators

Nuclear weapons in the current inventory make use of neutron generators in the firing
system. Existing neutron generators are constructed using a vacuum tube technology. In
particular, the neutron generators designed by Sandia and used in existing weapons make use
of the deuterium-tritium (D-T) reaction. Deuterium ions are accelerated in an electrostatic
potential in high vacuum at a target (usually a metal hydride) containing trittum. While D-T
neutron generators have served well, they posses a number of disadvantages in terms of
reliability, longevity and difficulty of manufacture. Because existing neutron generators
make use of vacuum technology, great care must be used in their manufacture to insure that
the electrical and mechanical seals are robust, and not prone to failure with aging. Even ifa
conventional neutron tube could be manufactured with perfect reliability, the useful lifetime
of the tube is limited by the half-life of the tritium in the target. The tritium used in the
target material has a half-life of 12 years; thus after 25 years, the neutron yield from the
generator would be diminished by about a factor of five. Great care must also be exercised
in the design and manufacture of neutron generators to insure that they are capable of
handling the extreme physical and mechanical environments a weapon might be exposed to.

Alpha-Beryllium Neutron Generators

To mitigate the problems inherent in existing neutron generators, we set about to
examine the feasibility of a new design and manufacturing process for neutron generators.
The design we investigated was an all solid state one and does not make use of vacuum tube
technology. The new type of neutron generator that we investigated produces neutrons from
the reaction of energetic alpha particles with beryllium nuclei.

The alpha-beryllium reaction has been used for many years as a method for producing
neutrons. However, existing alpha-beryllium sources are manufactured by alloying
beryllium with an alpha-emitting isotope such as **'Am or **°Pu. A diagrammatic view of
the operation of a conventional alpha-beryllium generator is shown in Figure 1-1. Thus,
conventional alpha-Be sources continuously emit neutrons and could represent a significant
health risk to anybody in the vicinity of their use.

Switchable Alpha-Beryllium Neutron Generators

In this research program, we investigated a “switchable” alpha-beryllium neutron
source that, if properly designed, would emit a negligible number of neutrons or other types
of radiation when in the “off-state”. The new neutron generator design consisted of a layer
of an alpha emitting radioactive source separated from a layer of beryllium metal by a
movable micro-machined layer. A diagrammatic view of the operation of a switchable solid
state generator is shown in Figure 1-2.
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Figure 1-1. Diagrammatic illustration of the operation of a typical alpha-Be neutron source.
The source is formed by alloying an alpha-emitting radioisotope with beryllium. The alpha
particles have a short range in the beryllium (less than 1 mm), the neutrons, however, travel
freely out of the device once they are produced.

Alpha
Source

oo —

-—

Beryllium

On

Figure 1-2. Diagrammatic illustration of the operation of a micro-machined, switchable,
solid state neutron generator. The upper diagram illustrates the device in the off-state, where
a thin layer of gold is blocking the passage of alpha particles from the source to the
beryllium absorber. By shifting the phase of the plates with respect to each other, the device
can be switched on (lower diagram). This particular design of switched SSNG became
known as the pumpkin-teeth design, owing to the topology of the gold absorbers in the off
state.
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Section 2. Candidate Alpha Particle Emitting
Isotopes

Introduction

The properties of the alpha emitting source that is used in a potential solid state
neutron generator, will determine the utility of the generator in any given application. In
particular, the properties of the alpha-emitting isotope will ultimately determine the
maximum neutron emission rate, as well as the dose due to collateral radiation that is
produced by the generator in the off-state. With our present technology and understanding
of nuclear physics, it is not possible to produce new isotopes with tailored properties for our
application (nor is it likely that it ever will be possible). Instead, we are forced to choose
from the palette of existing radioactive isotopes. Fortunately the palette is a fairly large one,
and in this section of the report we will detail our exploration of the Table of the Isotopes
(the list of all existing nuclei) in search of optimal radioisotopes for neutron generators. It is
worth noting that much of this search required painstaking examination of large quantities of
compiled experimental data on isotopic properties. Because atomic nuclei are very complex
entities (composed of many particles with multiple complex forces operating on these
particles), it is extremely difficult to predict the properties of a given nucleus based on first
principles. Instead it is necessary to apply a few general rules, and then pore through the
experimental data for any given isotope and compute its desirability based on previously
measured properties. Fortunately, combing though this vast quantity of experimental data
has become somewhat less painful in recent years with the advent of Internet searchable
databases of nuclear properties; extensive use of these new search tools was used during the
course of the research project.

In this section of the report we will first discuss the properties of a radioisotope that
make it desirable or undesirable for use in a neutron generator. The first property we will
examine is the ultimate neutron production efficiency that a radioisotope could achieve when
used in a neutron generator. Once we have developed some quantitative methods for
predicting the neutron production rate we move to the next sub-section in which we
enumerate the list of possible alpha emitting isotopes. With our list of possible candidates in
hand, we then examine the detailed systematics of the decay chain of each candidate isotope.
This examination will then yield the emission properties of collateral particles (gamma-rays)
and thus allow us to compute the dose to human beings from each candidate isotope. With a
knowledge of the good (neutron production rate) and the bad (gamma-ray dose rate) we will
conclude this section with a subsection on the evaluation of tradeoffs between good and bad
and the selection of an optimal isotope for a particular neutron generator application.

Efficiency of Alpha Emitting Sources

An obviously essential requirement of an alpha-emitting isotope in an alpha-Be
generator is that the generator produces neutrons—ideally as many neutrons as possible.
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The efficiency of alpha-Be sources has been studied by a number of groups over the years.
Geiger and Van der Zwan [Geiger 75] reviewed the literature in 1975 and developed the
following empirical relationship between the energy of the emitted alpha particle and its
efficiency for producing neutrons in a thick (greater than the range of the alpha particle) Be
target:

Y(E)=0.95x0.152E% (2.1)
where E, is the energy of the alpha particle in MeV and Y (E) s the efficiency of neutron

production (in units of neutrons per 10° alpha particles impinging on the Be target).
Equation (2.1) tells us that there is an extremely strong dependence of neutron production
rate on increasing alpha particle energy; a plot of this relationship is show in Figure 2-1. Of
course, as neutron generator designers, we are interested in the absolute neutron generation
rate, not the efficiency per alpha particle. To get the absolute rate of neutron production we
must compute the rate of alpha emission from the source. The rate of alpha production from
a source depends on the half-life of the source and the branching ratio for alpha particle
production versus competing nuclear decay processes such as beta decay or spontaneous
fission. To relate the alpha emission rate to the size of the generator we can use the specific
activity (SA) or emission rate per unit mass of source.
Sd, = 0.69N ,BR
t,M
where N, is Avogadros number (6.022x10* atom%l oje)» BR is the branching ratio for

(2.2)

alpha emission of a particular energy, ¢, is the half-life, and M is the atomic weight (in

grams/mole) of the emitting isotope.

Equations (2.1) and (2.2) can be multiplied together to give the neutron production rate
per gram of alpha particle emitter for any alpha particle emitted by an isotope. This process
can then be repeated and summed for each alpha particle emission energy emitted by the

isotope under consideration to obtain the total neutron emission rate Y,

Y = 254, Y(E,) (2.3)

where S4,, is the specific activity for the im alpha emission of energy E, .

Figure 2-2 illustrates the relationship between neutron production rate and mass for
three hypothetical alpha emitters which emit just one alpha particle energy (with a 100%
branching ratio for that transition). Examination of Figure 2-2 indicates that, in principle at
least, quite prodigious neutron production from a small solid state generator could be
achieved if the right isotope were found. However, one of our colleagues pointed out [James
00] that the total neutron production rate would be limited by power dissipation in the
generator. Since only a negligible fraction of the alpha particle energy is carried away by
neutrons, to first order the power generated in a solid state neutron generator is given by the
alpha production rate. For instance, one gram of a hypothetical 6 MeV alpha emitter with a
half-life of 6 years would produce about 10° neutrons per second, but would dissipate 9.6 W
of thermal power in a close proximity to the alpha emitting layer. As we will see later in this
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section, other factors (notably gamma-ray production rate) might also constrain the
maximum attainable neutron production rate.

Possible Alpha Emitting Sources

In the previous sub-section we saw that there were two main factors that were a
necessary condition for an alpha particle source used in a solid state neutron generator. In
this sub-section we will use these criteria to select a few alpha-emitting isotopes for further
detailed study.

A portion of the Table of the Isotopes (a Nuclear Physicist’s analog to a Chemist’s
periodic table) is shown in Figure 2-3. There are a few hundred possible isotopes to choose
from. Based on half-life alone, though, we can eliminate a great many of the alpha-emitting
isotopes. If we assume that we would like our hypothetical neutron generator to have a
reasonable useful life we can constrain the half-life to be greater than lyear. Conversely, if
we want our hypothetical generator to be somewhat small and efficient we should constrain
the half-life to be less than 100 years. The bounding of the half-life of between 1 and 100
years drastically reduces the number of isotopes under consideration to eighteen. The 18
candidate alpha emitting isotopes are listed in Table 2-1.

Systematics of Candidate Isotope Decay

Before we can determine which of the eighteen isotopes listed in Table 2.1 might
produce the best performing neutron generators we must perform a rather detailed study of
the decay characteristics of each of these candidate isotopes. Unfortunately, because all of
the candidate isotopes are heavy, complex nuclei they tend to decay in complex sequences
before finally arriving at a stable long-lived configuration. Examining the decay
characteristics of each candidate isotope is important for two reasons: 1. We must tally up
all of the alpha particles emitted in the decay scheme to compute the estimated efficiency for
creating neutrons, and 2. We must tally all of the collateral emissions (particularly gamma-
rays) so we can estimate the dose from a generator when it is in the off state.

Figures 2-4 through Figure 2-21 detail, in diagrammatic fashion, the decay chain of
each of the eighteen isotopes listed in Table 2.1. In perusing the decay sequences we note
that several of the decay sequences (e.g. >>°U in Figure 2-11) produce daughter nuclei who
themselves decay with half-life comparable to the parent nucleus. Under these conditions
(when the daughters decay not too fast) we would expect the output of a neutron generator
made from such an isotope to vary with time (it could increase or decrease in intensity with
time). In other words, as the parent nucleus equilibrates with its daughters the relative
emission intensity of alpha particles will change as the daughter population increases.

Dose from Alpha Emitting Sources

In addition to allowing us to compute the potential efficiency of an isotope in a neutron
generator, our examination of the decay sequence also allows us to compute the dose rate
produced from collateral gamma-rays produced in the decay sequence. Unfortunately, most
of the nuclei in our candidate list do not simply undergo alpha decay to the ground state of
the daughter nucleus, instead they often decay to an excited daughter state which will
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subsequently decay to the ground state via gamma-ray photon emission. Or, the daughter
may decay by some other mode (beta decay or electron capture) but again to an excited state
which subsequently produces a gamma-ray. We analyzed the decay sequence of all 18
candidate emitters and computed the emission probabilities of gamma-rays for all decay
chains as a function of time. An example of the computed gamma-emission probabilities for
a given decay sequence is shown in Figure 2-23, where the emission probabilities for 225Ac
decay are shown.

Once the emission probabilities of gamma-rays for a given decay sequence were
calculated we could then estimate the dose, or more accurately the RBE or relative biological
dose equivalent. The RBE for gamma-rays was computed by multiplying the vector of
gamma-ray emission probabilities for a given isotope with the vector of values relating dose
to gamma energy recommended by the standards organizations [ANSI 91]. The dose energy
relationship for gamma-rays we used in our calculations is plotted in Figure 2-22. The result
of a dose calculation for 225Ac is shown in Figure 2-24, normalized to the emission rate of
the source, and- in Figure 2-25- normalized to the mass of the emitting isotope. We
performed our dose calculations under at least two conditions: a bare source, and the source
with some small amount of shielding. Nominal shielding was included in the calculations
because, in any application, the source is likely to be surrounded by some materials. We
wanted to avoid the possibility of eliminating a candidate isotope because its dose rate was
too high, if the dominant dose was due to low energy gamma-rays (which can be easy to
shield).

Selection of Optimum Alpha Emitting Isotope

With our calculations of the estimated neutron production rate and gamma dose rate
complete, we were in a position to estimate the trade-off between neutron production rate
and gamma-ray dose for all of the candidate isotopes. The results of this tradeoff are plotted
in Figure 2-26 for a 10-year-old source and in Figure 2-27 for freshly produced source 30
days old.

In our initial analysis of the data presented in Figures 2-26 and 2-27 we could not
resolve any optimal alpha emitting source for use in a SSNG. Depending on the application
on which the generator is going to be used, we can, apparently, choose an isotope that is
optimal. For instance, if minimizing the dose rate in the off-state is the primary
consideration **Pu is clearly the best choice. If, on the other hand, we wish to maximize the
neutron production rate (at a moderate dose) *’Ac and **U appear to be good choices.

However, one of the authors of this report (Hilton), suggested an alternative method to
analyze the data presented in Figures 2-26 and 2-27. This alternative analysis method
normalizes the gamma-ray dose to the neutron production rate. In this interpretation, shown
graphically in Figures 2-28 and 2-29, we are computing the penalty incurred (gamma-ray
dose) per gain (neutron produced). Using this optimization strategy ***Pu is the clear winner
(provided some nominal shielding is used).
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An important consideration in the design of a solid state neutron generator is the

selection of the radioactive isotope that emits alpha particles in the generator (which
subsequently produce neutrons). We examined a subset of all alpha-emitting isotopes (those
with a half-life between 1 and 100 years) and found eighteen that were potential candidates
for use in SSNGs. More detailed examination of each of these isotopes and the application
of an optimization strategy indicated that one isotope was superior. This isotope, >*Pu, was
the best when an optimization strategy which minimized the gamma-ray dose (undesirable
feature) per neutron production rate (most desirable feature) was applied to the list of
candidate isotopes.
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Figure 2-1. Neutron generation rate as a function of alpha particle energy. This is a plot of

the empirical relation developed by Geiger and Van der Zwan [Geiger 75].

The graph

indicates the number of neutrons that would be produced when a mono-energetic alpha
particle stops in a beryllium target thicker than the range of the alpha particle. Note the
strong increase in neutron production as the energy of the impinging alpha particle increases.
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Figure 2-2. Neutron generation rate as a function of alpha emitter half-life for three alpha
particle energies. Because the specific activity (emission rate per mass of material) increases
as the half-life decreases, shorter half-life alpha sources produce alpha particles (and hence
neutrons in a alpha-Be generator) at a greater rate than longer half-life emitters. A short
half-life is desirable because greater neutron production rates can be produced by smaller
amounts of material. A short half-life is also desirable from an environmental perspective,
as the material in the generator will “cool” faster and present less of a hazard over time. Of
course, the drawback of a short half-life source is that the lifetime of the neutron generator is
reduced, a factor of great significance in a nuclear weapon application.

19



Table of Alpha Decaying Isotopes

# of protons

[+)
o % o Decay
Yo 98 - 100
Dy r
5,5 50 - 97
Nd

Ce 0-49

:ﬂ“ 100 \ ;

95 O o geca

B o ﬁ y

# of neutrons

Figure 2-3. Portion of the Table of the Isotopes showing the occurrence of alpha emitting
radioisotopes. In general alpha decay is more prevalent for nuclei with a large number of
nucleons (neutrons and protons). In large nuclei, Coulomb repulsion begins to compete with
the short-range nuclear forces and alpha decay becomes much more likely. Note too, that
amongst high nucleon nuclei, proton rich nuclei are even more susceptible to alpha decay.
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Nuclide Half-life

pm 171y
18Gd 746y
208pg 2.89y
#10pp, 223y
221 pc 21.7y
28Ra 575y
2281 191y
2y 68.9y
Z5Np 396. d
Zpy 2.86y
238p, 87.7y
1py 143y
23cm 29.1y
24Cm 181y
248 >0y
20cf 131y
22¢f 2.65y
2k 471. d

Table 2-1. Alpha particle emitting isotopes with a half-life of between 1 and 100 years.
These isotopes comprised the main candidates for use in a long lasting neutron generator
(such as would be used in a nuclear weapon) that were examined as part of this study.

145 a 141

EC| 100 %

145
Stable 60 Nd

Figure 2-4. Decay chain diagram for '*Pm. EC refers to an electron capture decay mode.
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Figure 2-5. Decay chain diagram for '**Gd.
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Figure 2-6. Decay chain diagram for ***Po.
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Figure 2-7. Decay chain diagram for *'°Pb.
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Figure 2-22. Biological dose equivalent of gamma-ray photons as a function of energy.
Adapted from values recommended in [ANSI 91]. This chart (or more accurately a vector
representing it in computer memory) was used to estimate the biological equivalent dose of
various candidate alpha-emitting isotopes due to collateral gamma-ray emission from the
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decay of daughters to the ground state.
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Figure 2-23. Emission probability as a function of energy for gamma-ray photons emitted
by 2 Ac (a candidate alpha particle emitter for use in a solid state neutron generator) and its
daughter isotopes. Compilations of these photon intensity profiles were compiled for all
leading candidate alpha-emitting isotopes. Depending on the systematics of the decay of the
daughter isotopes, it was sometimes also necessary to compute the emission probabilities at
various times from the creation of the pure parent isotope. These probabilities, together with
the dose-weighting vector shown in Figure 2-22 we used to compute the total dose from
gamma-rays expected from a candidate alpha emitter.
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Figure 2-24. Equivalent dose rate for a **>Ac radio-isotopic source as a function of distance
from the source. The calculation was also performed with two different shields (iron and
aluminum). The computation was performed with shielding material in place because it is
unlikely that a neutron generator would ever be deployed in an exposed state.
calculation was normalized to the emission intensity of the source in curies (3.7 x 10"

Equivalent Dose Rate [rem/hr/Ci]
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Figure 2-25. Equivalent dose rate for a **>Ac radio-isotopic source as a function of distance
from the source. The calculation was also performed with two different shields (iron and
aluminum). The computation was performed with shielding material in place because it is
unlikely that a neutron generator would ever be deployed in an exposed state. This
calculation was normalized to the mass of the source.
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Figure 2-26. Neutron production rate versus gamma-ray dose rate for the leading candidate
alpha emitters considered in this study. These calculations were performed at a time of ten
years after the creation of the pure parent source. Upper plot is of the bare source
configuration, lower graph depicts the situation with a nominal gamma-ray shield in place
(2.5 mm of lead).
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Generator Age = 30 days
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Figure 2-27. Neutron production rate versus gamma-ray dose rate for the leading candidate
alpha emitters considered in this study. These calculations were performed at a time of 30
days after the creation of the pure parent source; thus, these calculations represent an
estimate of neutron rate versus dose rate for a hypothetical solid state neutron generator at
the beginning of its useful life. Upper plot is of the bare source configuration, lower graph
depicts the situation with a nominal gamma-ray shield in place (2.5 mm of lead).
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Generator Age = 30 days
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Figure 2-28. Neutron production rate versus gamma-ray dose per neutron for the leading
candidate alpha emitters shortly after their production (30 days old) with and without a
nominal shield. In this depiction of the tradeoff between neutron production and gamma-ray
dose, sources with minimum dose per neutron (left side of graph) are the best. Using this
optimization strategy we see that- with moderate shielding- **Pu is the optimal source for
use in an SSNG configuration.
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Generator Age = 10 years
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Figure 2-29. Neutron production rate versus gamma-ray dose per neutron for the leading
candidate alpha emitters 10 years after their production, with and without a nominal shield.
Again we see that- with moderate shielding- >**P is the optimal source for use in an SSNG

configuration.

41



Section 3. Prediction of the Operation of an
SSNG

Introduction

A major effort of our research program was the development of a quantitative model to
estimate the performance characteristics of a neutron generator before actually building one.
After searching unsuccessfully for previously developed computer models of alpha-Be
generator performance, we developed our own computation tools for predicting the
characteristics of these new devices. Our computation technique involved the creation of a
3-dimensional analog Monte-Carlo computer program to model the transport of alpha
particles in the micro-devices. The output of the alpha transport code was then coupled to
another computer program, which predicted the distribution of neutrons produced in an
energy-angle phase space. Our quantitative methods were later validated by experimental
results. In addition to serving the utilitarian role of predicting device performance, the
computer codes allowed us to visualize the neutron generation characteristics, and in so
doing, create new applications for them.

Before we discuss our detailed simulations, it is worth first reviewing the basics of
alpha particle transport and neutron generation in a solid state generator.

Overview of Alpha Particle Transport

Alpha particles are doubly charged helium nuclei. Because they are charged, alpha
particles continuously slow down in material media from the moment they are emitted. The

rate of energy loss of an alpha particle,fi—E , (often called its “stopping power”) may be
X

written as

—fl—Ezf(Ea,p,m 3.1
X

Where E is the energy of the alpha particle, p is the density and Z is the atomic number of

the material the alpha particle is slowing down in. Various approximate relationships exist
for f(E,, p,Z) which are of great historical and theoretical interest (most notably the Bethe

: dE .
Formula) but recently computer codes have evolved which allow us to compute o with
X

great accuracy for any alpha particle energy and in any material.

Another useful quantity in alpha particle transport theory is the “range” of the alpha
particle in a given material. The range may be thought of as the distance required for an
alpha particle to lose all of its energy, in other word how far it travels before it stops. Again,
computer codes have evolved which predict the range to high precision (by integrating the
above stopping power expression). Figures 3-1 and 3-2 are plots of the range of alpha
particles in various materials. Examination of Figures 3-1 and 3-2 reveals that alpha
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particles have a very short range in solid materials; less than 1 mm for any energies we are
likely to encounter in this study.
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Figure 3-1. Alpha particle range versus energy in three different materials. Actinium was
chosen as it is a representative heavy isotope alpha emitter. The range in actinium can be
used to estimate the thickness an alpha emitting layer inside a solid state generator can reach
before self-attenuation of the alpha particles becomes a problem. The range in gold can be
used to estimate the thickness a “stop-plate” must have inside a micro-machined solid state
neutron generator. The range of alpha particles in water is shown for comparison purposes.
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Figure 3-2. Alpha particle range versus energy in beryllium. These data were generated
with the code PRAL [Ziegler 85]. The graph can be used to estimate the necessary thickness
of a beryllium absorber inside a solid state neutron generator required for efficient neutron
generator operation.
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Recall that in the solid state neutron generator devices we are designing, alpha particles
are produced in a volume of radioactive material and must then travel to a beryllium
absorber where they should stop. Furthermore, we want to place a movable barrier between
the alpha particle source and the beryllium absorber to switch the neutron generator on and
off. Inspection of Figures 3-1 and 3-2 immediately reveals the approximate dimensions the
various components a SSNG must have. We see that the range of 8 MeV alpha particles (the
highest energy we are likely to encounter) in actinium is 8 microns. Actinium is very typical
of the actinide element alpha emitters examined in this study. Thus we see that our alpha
particle sources that we will use in our generators should be thinner than 8 microns. If an
alpha particle emitter is thicker than 8 microns none of the alphas generated at a depth of
greater than eight microns will ever leave the emitter. Similarly, we see from Figures 3-1
that the range of 8 MeV alpha particles in gold is 16 microns. Thus we know that if we use a
heavy metal shutter in our micro-machined SSNG it need not be any thicker than about 20
microns. Finally, in Figure 3-2 we see that the range of 8 MeV alpha particles in beryllium
metal is 50 microns. Thus, simple range calculations set the approximate dimensions of our
SSNG device.

Neutron Generation and Transport

At the length scale of a micro-machined solid state neutron generator, neutron transport
is a trivial matter. Basically, the cross-section of energetic neutrons in any material within
the generator is so small that, to an excellent approximation, all neutrons created in the
generator leave it without interacting at all. However, the mechanics of neutron generation
is a much more complicated matter. Unlike the conventional D-T generators which emit
neutrons nearly isotropically (the same number in all directions), we found that the neutrons
leaving the alpha-Be reaction do so in a very asymmetric manner (with respect to the
direction of the incoming alpha particle). The anisotropy of neutron emission was never
examined in conventional alpha-Be generators because, in these devices, the alpha particles
are likely to strike the Be nuclei at any angle, thus the macroscopic generator is isotropic
even when the individual alpha-Be reactions are not. However, in a micro-fabricated
generator, the range of angles at which the alpha particles strike the beryllium target is likely
to be constrained; thus we expect the angular distribution of neutrons from the generator to
be anisotropic. Although the anisotropy of neutron emission tremendously complicates the
calculation of SSNG response, it also offers unique opportunities for new applications.

Steps in the Prediction of SSNG Behavior

Our prediction of the behavior of a neutron generator involves three steps.
Computation of the transport of alpha particles out of the emitting isotope layer and through
the generator parts. Computation of the angular distribution of neutrons in the Be layer.
And, finally, the folding of the alpha transport with the neutron distribution results to predict
the actual energy and angle distribution of neutrons leaving the generator. In addition to
these three steps, additional computation is required to compare the results of the prediction
with experimental results (due to the imperfect nature of the neutron detector used in the
experiments).

45



Alpha Particle Transport in an SSNG

We chose a straightforward analog Monte Carlo method to model the behavior of alpha
particles in a hypothetical solid state neutron generator. The first step in the simulation was
to model the emission of the alpha particle from an isotope in the emitting layer. This
modeling was performed by stochastically sampling the various emission energies of the
alpha emitter (with the correct probability distribution to mimic the average isotopic
emission intensities). Once an emission energy was chosen, a random direction was chosen
for alpha particle emission. Spherical coordinates were used in the emission process analog
with one angle sampled uniformly (by a random number generator) and the other sampled
with an inverse cosine generator to produce isotopic emission. Once the emission angles
were chosen, the intersections of the alpha track with the surface of the emitter and with the
beryllium absorber were calculated. If it was found that the alpha particle was not going to
hit the beryllium absorber, no further computation was performed (but a tally was kept of the
emission) and a new “particle history” was begun. If it was found that the alpha particle
might hit the beryllium, its energy loss traveling to the surface of the emitter was computed.
Of course if the alpha particle lost all of its energy on the way to the surface, the history was
terminated and the no-hit tally was incremented. Finally, if the alpha made it to the
beryllium surface with non-zero energy, an array tally was kept of the energy distribution
and angular distribution that the particle made with the surface. Visualizations and plots of
some of the tallies produced with the alpha particle transport simulation program are shown
in Figures 3-3 to 3-8.

2500
2000
1800 .

1000 -]

500 ).+

nurnber of occurences in 1.8x10° trials

o
i

200

alpha particle energy [Me'/]

polar angle[degreas]

Figure 3-3. Two-dimensional histogram of the event frequency of alpha particle emission
versus energy and emission angle for a 2 micron thick **' Am source (approximately mono-
energetic alpha emitter at 5.5 MeV). This simulation comprised 1 million iterations of the
Monte Carlo transport code and assumed essentially infinite sheets of alpha emitter and
beryllium separated by a vacuum.
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Figure 3-4. A. Computed angular distribution of alpha particles for the infinite 2 micron
*'Am source. B. Computed energy distribution of alpha particles emerging from the
infinite 2 micron thick **'Am emitter. Note that for an infinitesimally thin **'Am layer we
would expect the energy distribution to be a delta function at 5.5 MeV.
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Figure 3-5. Two-dimensional histogram of the event frequency of alpha particle emission
versus energy and emission angle for a one micron thick **'Am source. The source was
inside a hypothetical micro-fabricated gold well of the same dimensions as one fabricated
later in the project (see Figures 4-15 and 4-16).
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Figure 3-6. A. Computed angular distribution of alpha particles for the 1 micron *Am
well source. B. Computed energy distribution of alpha particles emerging from the 1
micron **'Am well source. Note that for an infinitesimally thin **'Am layer we would
expect the energy distribution to be a delta function at 5.5 MeV
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Figure 3-7. Two-dimensional histogram of the event frequency of alpha particle emission
versus energy and emission angle for a ten micron thick **'Am source. The source was
inside a hypothetical micro-fabricated gold well of a beryllium absorber inside a solid state
neutron generator required for efficient neutron generator operation.
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Figure 3-8. A. Computed angular distribution of alpha particles for a 10 micron Am
source inside a gold well. B. Computed energy distribution of alpha particles emerging
from a 10 micron **'Am source inside a gold well. Note that for an infinitesimally thin
1 Am layer we would expect the energy distribution to be a delta function at 5.5 MeV

Neutron Emission Distribution

The next step in the SSNG simulation process was to estimate the angular distribution
of neutrons created in the beryllium layer. We modeled the angular distribution by
downloading experimentally determined angular distributions and then interpolating
between the distributions with Legendre polynomials. Some snapshots of these calculations
taken over the range of energies of the possible alpha emitting isotopes are shown in Figures
3-9 to 3-12. Examination of these figures reveals the rise in complexity of the neutron
energy-angle pattern as the incident alpha particle energy increases. This increase in
complexity is due to the excitation of energetic levels in the target 'Be target nucleus and, in
some instances, reactions that leave the product nucleus (**C) in an excited state.

It is worth emphasizing that the neutron emission distributions computed here are
highly idealized. They represent the neutron emission distribution obtained when mono-
energetic alpha particles are normally incident on a very thin foil of beryllium. In the next
section of this report (when we analyze the experimental data), we will have to modify the
form of the neutron emission distributions to account for the slowing of the alpha particles in
thick targets of beryllium. For clarity, and continuity of notation, we point out that the
emission distributions shown in Figures 3-9 to 3-12 are represented in the next section of
this report by the form:

@, (4, =0°.E;.¢,.E,) (3.2)
where ¢, is the angle of incidence of the alpha particle on the beryllium target, E_ is the
specific energy of the alpha particle impinging on the target (constant in this case), and ¢,
and E are the emission angle and energy of the emitted neutron. In the next section of this

report we will modify these distributions to account for the more complicated situation
encountered in the laboratory.
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Figure 3-9. Distribution of neutrons as a function of neutron energy and neutron emission
angle from the alpha-Be reaction. The plot on the left is for a 2.0 MeV incident alpha

particle energy, @, (¢, =0°,E, =2MeV ,¢,,E,), and the plot on the right is for a 3.0 MeV
alpha particle energy, ®;,, (4, =0°,E, =3MeV ,¢,,E,)
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Figure 3-10. Distribution of neutrons as a function of neutron energy and neutron emission
angle from the alpha-Be reaction. The plot on the left is for a 4.0 MeV incident alpha

particle energy and represents the function @), (¢, =0°,E, =4MeV,¢,,E,), and the plot on
the right is for a 5.0 MeV alpha particle energy, @}, (¢, =0°,E, =5MeV,¢, . E)
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Figure 3-11. Distribution of neutrons as a function of neutron energy and neutron emission

angle from the alpha-Be reaction. The plot on the left is for a 6.0 MeV incident alpha
particle energy and represents the function @, (¢, =0°,E, =6MeV ¢ ,E ), and the plot on

the right is for a 7.0 MeV alpha particle energy, @/, (¢, =0°,E, =7MeV,¢,,E ). The 6

MeV distribution resembles one of the experimental situations encountered (5.5 MeV alphas
from **' Am) and discussed in the next section of this report.
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Figure 3-12. Distribution of neutrons as a function of neutron energy and neutron emission
angle from the alpha-Be reaction. This plot of neutron emission intensity as a function of
neutron emission angle and emitted neutron energy is for a 8.0 MeV incident alpha particle

energy and represents the function @ (4, =0°,E, =8MeV ,¢,,E ). 8.0 MeV was the

thin
highest alpha particle energy considered in this study, as it is about the highest energy
encountered for a long-lived (greater than one day) alpha-emitting radioisotope. Note the
complexity of the emission distribution; especially compared to the low energy distributions
illustrated in Figure 3-9.
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Section 4. Experimental Results

Introduction

In this chapter we describe the culmination of our research into switchable, micro-
machined SSNGs with a description of the experimental results. These results are divided
into two general areas. The first area is the experiments that were performed to validate the
theory described in the last section of this report (Section 3.). The second area of research
described in this section is the fabrication of micro-machined parts.

Demonstration Experiments

Two major experiments were performed to test the validity of our theories of solid
state neutron generator operation. The first experiment entailed the use of a relatively simple
alpha-particle emitter (**' Am) irradiating a disc of beryllium. This first experiment was
important because it was much easier to validate theoretically than the subsequent
experiment. To first order, **' Am may be considered a mono-energetic alpha particle
emitter (5.5 MeV), and this quality made the neutron transport calculations much simpler
and less prone to error.

The second experiment involved the use of **’Ac, a short-lived alpha emitter ( Y =10
2

days). The 223 A¢ experiment was far more complex to execute, and far more difficult to
analyze, as well. **’Ac and its daughters emit a very complex distribution of alpha particles
and the transport calculations were necessarily more complicated than for **' Am. However,
the total neutron output from the *’Ac was expected to be much higher than with T Am,
and thus we expected much better statistics with which to interpret the more complex
results.

Americium-241 - Beryllium

A diagram of the **' Am -beryllium experiment is shown in Figure 4-1, and a
photograph of some of the apparatus used to perform the experiment is shown in Figure 4-2.
As Figure 4-1 illustrates, the “Am-Be” experiment consisted of placing a **' Am source in
close proximity to a Be foil, and monitoring the resulting neutron emission with a detector
moving in a circular arc.

The **' Am source was mounted 6 mm away from a 2.5 cm x 2.5 cm x 3 mm thick
piece of beryllium, and the source/target assembly was mounted in a vacuum chamber to
minimize energy loss of the alpha particles as they traveled to the beryllium. Three detectors
were mounted on a computer controlled 7 in. (17.8 cm) long pivot arm. The axis of the
pivot was located on the Be target.
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The primary detector used in the Am-Be experiment was a 2 in. diameter by 2 in.
thick cylindrical liquid scintillator (Bicron BC-501A) mounted to a fast 2 in. photo-
multiplier tube; this detector assembly was fabricated and tested at SNL/CA. The detector
was run in a pulse shape discrimination mode, which allowed it to discriminate neutron
counts from gamma-ray background very effectively.

Two other commercial gas filled neutron detectors were used in the Am-Be experiment
but neither of these detectors were functional at the time of the Am-Be experiment. Later,
we were able to correctly configure these two detectors and they are described later in this
report in the description of the **Ac experiment.

The Am-Be experiment was run, under computer control, for 63 hours. The software
that ran the experiment moved the pivot arm through an arc of 200 degrees in 21 positions
spaced 10 degrees apart. Data were acquired for 3 hours at each position. An analysis of
these data, and comparison with experiment, are discussed later in this report.
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Figure 4-1. Diagrammatic view of the experimental arrangement used in the Am- Be
experiment. The activity of the **'Am source was 1.2 mCi, and- according to the
manufacturer (Isotope Products, Burbank, CA)- the alpha emitting activity was very uniform
across the 1 in. diameter active area (5.1 cm?) of the source.
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Figure 4-2. Photograph of the experimental apparatus used to measure the angular
distribution of neutrons emitted from the **'Am —Be neutron generator. The white
cylindrical object is a metal covering for the vacuum bell jar. The neutron detectors are
visible in the lower part of the photograph; the central detector with the black and brown
ends is the liquid scintillator detector. The two metallic cylinders on either side of the
scintillation detector are the *He and BF; gas detectors.

Actinium-225 - Beryllium

The ***Ac-Be experiment was conceptually similar to the Am-Be experiment but the
execution of the experiment involved many more steps to satisfy safety requirements. The
source we used in the Ac-Be experiment was a 10 mCi ***Ac source obtained from Oak
Ridge National Laboratory. The 10 day half-life of ***Ac insured high specific activity from
the source and also enabled us to let the source “cool” after use to prevent any future
disposal problems.

56



Long before the **’Ac was delivered to SNL/CA we began designing and building the
experimental apparatus for the Ac-Be experiment. Because of the higher activity and higher
average energy of the alpha particles produced, we anticipated a much larger neutron
production rate from Ac-Be experiment than was obtained in the Am-Be experiment. To
ensure safety, a careful analysis of shielding requirements was performed as part of the
experimental design. A series of computer simulations were performed with MCNP4B
(LANL’s general purpose Monte Carlo neutron-gamma transport code) to estimate the
human dose equivalent due to neutrons, direct gamma-rays from the **’Ac source, and
neutron-induced gamma-rays. After several iterations we arrived at a shield design that
provided ample safety margins but allowed us to run the experiment relatively unimpeded.
The resulting shield design consisted of a series of 7-foot-tall, 8-inch-thick shielding panels
surrounding a standard 4 ft. x 8 ft. optical table. The shield panels were filled with
Poly/Cast No. 259, a castable, borated-polyethylene neutron shield material manufactured
by Reactor Experiments, Inc. of San Jose, CA. The exterior of the shielding panels was
composed of 1/8 inch aluminum sheets and the panels were held together with cast iron
framework. Photographs of the neutron shield are shown in Figure 4-3 and 4-4.

The Ac-Be experiment was nearly identical to the Am-Be experiment discussed earlier,
differing principally in the source target configuration. The 10 mCi **’Ac source was
evaporated onto a circular 1.3 cm? source holder by ORNL. The Be target was also circular
and 1.3 cm” in area and was held 3.2 mm from the surface of the Ac source. Because the Be
target was held so close to the **’Ac source, and to mitigate safety concerns, the Ac-Be was
not performed in a vacuum chamber (by contrast, the Am-Be experiment was performed in a
vacuum).

As with the previous Am-Be experiment, our original intention was to monitor the
output of the Ac-Be experiment with three neutron detectors; the liquid scintillator detector
used in the Am-Be experiment and the two commercial gas filled detectors which previously
had not functioned. Unfortunately, however, a main power interruption destroyed the PMT
in the liquid scintillation detector and it was unavailable for use during the Ac-Be
experiment. Instead, the two gas detectors were reconfigured after the Am-Be experiment
and became fully operational; these two gas detectors were used exclusively for the Ac-Be
experiment.

It is unfortunate that our detector difficulties prevented us from using the same
detectors in both the Ac-Be and Am-Be experiments. The response of the two types of
detectors (gas and liquid scintillator) was quite different and the results of the experiment
would have been more robust if all detectors had been operational for both experiments.

Both gas detectors used in the Ac-Be experiment were manufactured by LND, Inc. of
Oceanside, NY. One of the gas detectors was a “He filled type (LND #253). The *He
neutron detector was cylindrical, 2.0 inches in diameter and 11.6 in. long, and it was filled
to a pressure of 3040 Torr. The second gas-filled detector was an LND #2032, filled with
1B_enriched BF 3, the detector was 2” in diameter and 12” in length, and was filled to 400
Torr pressure.

57



Two Ac-Be experiments were run in succession. In the first experiment our computer
moved the two neutron detectors to 10 positions in 20 degree increments from 180 to 0
degrees. The computer stopped the detector at each step and acquired neutron count data for
6.0 hours at each angle increment. The second Ac-Be experiment was run for 19 angular

steps 10 degrees apart (from 180 to 0 degrees), data was acquired for one hour at each
angular increment.
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Figure 4-3. Photographs of the initial assembly of the shield arrangement used for the ***Ac
experiment. The upper photograph shows one panel of the borated polyethylene shield (in
its aluminum case) being placed in its position adjacent to the optical table. The lower
photograph shows three panels of the borated shield around the optical table, as well as the
cast-iron framework to support the shields.
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Figure 4-4. Photograph of the completed shield assembly used for the **’Ac experiment. In
the upper photograph, the braced structure with warning sign attached is the door to the
experimental chamber. Also visible in the photograph are the computer workstation and
NIM and CAMAC electronic assemblies used to control the experiment.

In the lower photograph, a worker is shown configuring the detector assembly for the ***Ac
experiment. The cast iron angle bracing that supports the neutron shield is also clearly
visible in this photograph.
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Analysis of Experimental Results

The **' Am and **Ac experiments described above, resulted in relatively simple output
(a recording of the neutron count rate as a function of angle). Of course, the central question
remained: was the data consistent with our prediction of a solid state neutron generator?

To answer this question we first have to return to our computer predictions and see
how they can be manipulated to represent the data measured in the laboratory.

Recall that the output of the our simulation code for alpha particle transport in a SSNG
resulted in an output that described the distribution of alpha particles as a function of alpha
particle energy, emission angle and position. Since the experiments we performed were very
large (compared to the length scale of the alpha-emitter and beryllium absorber), we need
only consider the far-field solutions produced by the computer simulations. In other words,
we need not consider the position dependence (across the generator) of our computer
solutions as this dependence is negligible at our neutron detector position. Under the far-
field assumption, we can represent the output (intensity distribution) of the alpha transport
code as a function of two variables

Alpha particle intensity = ¥“(¢,,E ) 4.1
where E is the energy of the alpha particle and ¢, is the polar angle in spherical coordinates

(because we expect, in the far-field assumption, that alpha particle and neutron emission are
constant in the other spherical coordinate angle, 8, we will not even consider the other angle
in our analysis).

In a similar fashion, we can represent the neutron output from a beryllium absorber as

Neutron output from Be = ®"(¢,,E,.4,.E,) (4.2)
where E| is the energy and ¢, the angle of the emitted neutron.

It is important to note that the neutron output defined in eq. (4.2) differs from the
distributions discussed in the previous section of this report. In particular, the neutron
emission distributions discussed in the last section were “thin target” distributions, i.e.; they
were the angular and energy distribution of neutrons produced when a mono-energetic beam
of alpha particles impinges on a thin (relative to the alpha-particle range) target of beryllium.
In the laboratory, of course, our beam of alpha particles strikes a thick target of beryllium. In
fact, our beryllium target is so thick (3 mm) that it is larger than the range of any alpha
particle we expect to observe in our experiment. In order to construct the thick target
neutron distributions from the thin target distributions given in the previous section, we first
note that the alpha particle transport in the beryllium can be approximated by a continuously
slowing beam that does not reduce in intensity as it slows. The “slowing down with no
attenuation approximation” is probably good to the 1% level, as the removal processes (large
angle scattering and reactions with the Be nuclei) occur with frequencies much lower than
1% of the alpha particle beam intensity. Under this set of assumptions, we can write an
expression for the thick target neutron distribution of eq. (4.2) in terms of the thin target
distribution used in Section 3
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where Y (E,)is the efficiency for producing neutrons of a given alpha energy in a thick target
(see equation (2.1). The integral in the denominator is used to normalize ®"(¢,,E,,4,.E,),
since Y(E,)itself is not normalized.

With the thick target correction and re-normalization of the neutron output complete,
we can now predict the neutron distribution in the laboratory. The neutron output of the
generator we measure in the lab should be given by the two-dimensional convolution of
alpha intensity of the generator with the thick target neutron output

"l (g B = ([ O, ~ 41, E, ~ EL b BV (B EDY(E,)AELG,  (4.4)
Because these calculations were performed numerically on the computer, we used
discrete approximations to the continuous functions, replaced the integrals with summations,
and the answers were in the form of multidimensional matrices. A visualization of the
calculations performed to simulate the Am-Be experiment is shown in Figures 4-5 and 4-6.
Both the thick target output for normally incident 5.5 MeV alpha particles from **' Am,

®"(¢, =0°,E, =5.5MeV ,¢,,E,), and the estimated output of the neutron generator
@"rredeed (g E ), s obtained by convolving the angular distribution of incoming alphas
with the neutron generator output are shown in the figures.

The results of a similar calculation for the Ac-Be experiment is shown in Figure 4-7;
here only the convolved, final result, ®"”“““ (g ,E ) ,. ,. is shown for clarity.

Unfortunately, our neutron detection apparatus was not capable of measuring the
neutron energy distribution, instead only a single count rate as a function of angle was
measured. To predict the detector count output as a function of angle we must integrate the
neutron energies over the neutron detector response function, 77(E))

N(g,) = [@" = (4, B yn(E})dE" (4.5)

Like most neutron detectors, the ones we used in this experiment were not calibrated
for efficiency at all neutron energies. Furthermore, the angular response of our detector was
not known. Our experiment was configured in such a way that the neutrons arrived at the
detector always normal to the face of the detector; thus, under these conditions, we can
eliminate the angular dependence of the detector response function. Our simple estimate of
the detector response function was

n(E,)=1-e 7" (0.1)
where o(E,)1is the neutron interaction cross-section for the interaction that led to a count

inside the detector, p is the number density of the interacting species in the detector and
d is the detector thickness. Widely accepted cross-sections (ENDF) were used in our
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detector response calculations, and together with information provided by the manufacturer
of the detector, we estimated the response as a function of energy for all three detectors used
in the study. The results of these calculations are shown in Figure 4-8.

The final comparison of theory with experiment was made by performing the
computation of eq. (4.5) and using the appropriate detector response function given by
€q.(4.6). The results of these calculations are shown in Figure 4-9 for the Am-Be
experiment and in Figures 4-10 and 4-11 for the two runs of the Ac-Be experiment.
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Figure 4-5. Visualization of the neutron energy distribution expected from 5.5 MeV alpha
particles impinging on a thick beryllium target. The upper plot illustrates the expected

neutron emission distribution, ®"(¢, =0°,E, =5.5MeV,¢,,E,), for a beam of alpha
particles normally incident on a beryllium target. The lower plot illustrates the expected
neutron distribution from the **'Am experiment, ®""“““/(¢ E ), . obtained by

convolving the distribution in the upper plot with the estimated angular distribution of alpha
particles expected in our experiment.
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Figure 4-6. Another visualization of the neutron energy distribution expected from the Am-
Be experiment. The upper plot illustrates the expected neutron emission distribution,

" (g, =0°E, =55MeV,¢,,E ), for a beam of alpha particles normally incident on a

beryllium target. The lower plot illustrates the expected neutron distribution from the
1 Am-Be experiment, @™t (,,E,) 4._z.» Obtained by convolving the distribution in the

upper plot with the estimated angular distribution of alpha particles expected in our
experiment.
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Figure 4-7. Two visualizations of the expected results from the *Ac experiment. Both
plots depict the expected neutron emission intensity as a function of neutron emission angle

and neutron energy, ®"”"“*““/(¢ E ), .. Note the difference in the distribution from the

results expected from the **' Am experiment and shown in Figures 4-5 and 4-6.
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Figure 4-8. Upper plot: neutron cross-section as a function of energy for nuclear reactions
occurring in the neutron detectors used in the experiments. Lower plot: estimated efficiency

of detectors used to record the emission signal in our experiments. The plots in the lower
figure are a depiction of the detector response function, 7(E,)=1-e*"* used in our

calculations.
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The agreement between the theoretical predictions and the experimental results was
very good for the Am-Be experiment, but less good for the Ac-Be experiments. The
confirmation of the non-isotropic output of the Am-Be and the good agreement between
theory and experiment for that experiment (both theory and experiment show an angular
isotropy of approximately a factor of two) stand as confirmation of the theoretical basis used
in our calculations. More importantly, the results of the Am-Be experiment provide an
absolute confirmation that solid state neutron generators with highly anisotropic output are
feasible.

The difference between theory and experiment was much wider for the Ac-Be
experiments and there could be a number of reasons for the discrepancy. Perhaps the most
reasonable explanation for the discrepancy is related to the detector response. In the Ac-Be
experiments only the *He and BF; detectors were functional. Both of these detectors rely on
“1/v” neutron cross-section interaction processes; thus these detectors are much more
sensitive to very low energy neutrons than the scintillation detector used in the Am-Be
experiment. It is quite possible that neutrons would scatter off of the large hydrogenous
neutron shield present around the Ac-Be experiment and back into the detectors. This effect
would suppress the angular dependence of the neutron output as recorded by the detectors.
Another possible reason for the difference between theory and experiment for the Ac-Be
experiment is the computation error. A very large number of steps went into the Ac-Be
particle transport simulation and it is much more likely for an error to have occurred in the
Ac-Be computation than with the simpler, essentially mono-energetic Am-Be computation.
Possible computation errors could have resulted in coding errors on our part or from a
possible erroneous cross-section or branching ratio used in the calculation.
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Figure 4-9. Comparison of the experimental results (obtained with a 2 in. liquid scintillator
detector) and the theoretical prediction (based on using the transport code described in the
text, and folding in the detector response). Considering the experimental and theoretical
uncertainties, the agreement is quite good.
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Figure 4-10. Comparison of the experimental results and the theoretical prediction for the
first run of the “’Ac-Be experiment. Experimental results are shown as discrete symbols
and the theoretical predictions are shown as continuous solid lines. The blue lines and
symbols represent the prediction and measured results for the BF; detector (LND, Inc.
#2032) and the red lines and symbols represent the prediction and results (respectively) for
the *He Detector (LND, Inc. #253). Agreement between prediction and experimental results
is less than in the Am-Be experiment. The relatively wide disparity between predicted and
measured results may be due to several reasons, including: interference from low energy
neutrons scattering from the borated polyethylene shield, and errors in the calculations used
in the prediction.
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Figure 4-11. Comparison of the experimental results and the theoretical prediction for the
second run of the **’Ac-Be experiment. Experimental results are shown as discrete symbols
and the theoretical predictions are shown as continuous solid lines. The blue lines and
symbols represent the prediction and measured results for the BF; detector (LND, Inc.
#2032) and the red lines and symbols represent the prediction and results (respectively) for
the *He Detector (LND, Inc. #253). Agreement between prediction and experimental results
is less than in the Am-Be experiment, but better than in the first Ac-Be run.

Demonstration of Fabrication Technologies

Our demonstration through computer simulation and later through experiment showed
clearly that micro-machined solid state neutron generators are feasible and would have
interesting properties (notably the anisotropic neutron emission). What was equally
important to demonstrate in our research project was that parts could be fabricated with the
requisite properties for use in micro-fabricated neutron sources.

Our investigation into fabrication technologies was divided into two areas, an
examination of motion control devices for moving the small alpha particle barriers, and-
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more importantly- an investigations into fabrication processes for making suitable alpha
particle barriers.

Our investigation of motion control devices involved an examination of commercially
available “micro translators” and their applicability to SSNGs. We found that there were a
variety of commercially available devices that would be suitable in this application. The two
most suitable motion control technologies that we found were miniaturized forms of
classical electromagnetic translators (motors and solenoids) and piezo-electric transduction
devices. A demonstration unit was fabricated from a simple electromagnetic rotary solenoid
actuating a beryllium shutter. Photographs of this demonstration unit are shown in Figure
4-12. This demonstration unit actually comprised a working switchable solid state neutron
generator. However, the output of the generator was barely measurable due to the very low
intensity of the 21 Am source used in the unit (10 pnCi).

Our investigation of micro-manufacturing techniques to produce parts for solid state
generators was vigorous and successful. We were eventually able to demonstrate fabrication
processes that produced parts with nearly ideal specifications for use in micro-SSNGs.
Figures 4-13 and 4-14 outline manufacturing processes for producing alpha particle
blocking layers for the “pumpkin teeth” generator topology. Figures 4-15 and 4-16 show
photographs of parts that were fabricated from gold using these processes.

Summary of Experimental Results

Two large-scale experiments were performed that confirmed the operation of solid
state neutron generators. One experiment used a simple configuration of a nearly mono-
energetic alpha emitting source- “*' Am- and the other used a much more complicated short-
lived alpha particle emitter- ***Ac. Agreement between theory and experiment was quite
good for the first experiment and less so for the Ac-Be experiment. The fabrication
experiments were quite successful; we demonstrated that it was possible to build parts of the
correct dimensions to function in micro-machined, solid state neutron generators.

4
m
m
w [ *
3
x
g

Figure 4-12. Photograph of a simple prototype solid state neutron generator. Referring to
the labels in the photograph: (a) indicates the **' Am alpha emitting source, (b) is a small
rotary solenoid used to rotate the beryllium plate (c¢) in front of the alpha source. The
generator is shown in the “off” state (beryllium plate away from source). When activated,
the rotary solenoid places the beryllium source in close proximity to the **' Am alpha particle
source.
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Figure 4-13. Diagrammatic illustration of the steps used to fabricate the micro-machined
parts for use in a solid state neutron generator. The diagram illustrates the process steps
used to fabricate the alpha particle source and its micro-channel gold plate used in the
“pumpkin teeth” design.
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Figure 4-14. Diagrammatic illustration of the steps used to fabricate the beryllium target
assembly for use in a “pumpkin teeth” design solid state neutron generator.
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Figure 4-15. Scanning electron micrograph of a micro-channel gold plate fabricated using
the process outlined in Figure 4-13. The long slots in the electroplated gold foil are 1000
um long and 50 pum wide. The gold between the slots is 60 um wide and the gold support
ribs (at right angles to the slots) are 100 um wide. The black discoloration is a residue from
the plating operation used to produce the gold foil.

25 um 4003
Figure 4-16. Scanning electron micrograph of a micro-channel gold plate. This photograph
is taken at higher magnification than Figure 4-15 and reveals the structure of the apertures in
the 20 um thick electroplated gold foil.
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