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Abstract

Laser-Plasma Interactions have strong potential as future neutron sources. Mea-
suring the neutron rate is difficult due to several issues: the very short duration of
the laser pulse and subsequent fusion events (on the order of a few picoseconds), the
corresponding short duration of the neutron pulse, and the simultaneous emission of
other ionizing particles such as protons and electrons. Discussed here is a system to
measure neutron emission by imposing a delay from the the emission of other radia-
tion by conversion of the neutrons into ortho-positronium (o-Ps), the triplet state of
positronium. Ortho-positronium has a long lifetime against annihilation of up to 142
nanoseconds compared to the picosecond lengths of these laser-plasma interactions.
This lifetime extension enables more sensitive and selective detection of neutron pulses
by time separation of the neutron component from other background signals that are
correlated with laser-plasma interactions. This approach involves sequential steps in-
cluding the thermalization of the neutrons, neutron capture and subsequent gamma
emission, pair production, and the formation of positronium; thereby creating a delay
in the signal that is dependent on the incident neutrons. Detection of o-Ps annihi-
lation is accomplished with techniques developed for Positron Annihilation Lifetime

Spectroscopy (PALS).
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Neutron Pulse-Time Extension Through Conversion To Positronium

I. Introduction

1.1 Statement of the Problem

High Altitude Nuclear Events (HANE) can cause disruption to SATCOM links
by increasing scintillation [1]. While the most severe SATCOM disruption is caused
by the gamma-ray burst from a HANE, this component is short lived [2]. Beta decay
of the lower-energy fission neutrons, however, can cause long-lasting increases in the
electron density [2], and thus have a strong effect on scintillation over a prolonged
period.

Studying RF propagation through these environments is difficult, as above-ground
nuclear testing has been banned by several treaties. Studying RF propagation in
newer laser-induced plasmas and laser fusion experiments could serve as a proxy, if
we could first characterize those environments better.

Powerful, fast lasers with ultra-intense pulses and high repitition rates are being
used in the study of laser-plasma interactions (LPI)[3] [4]. The LPI can generate
neutron pulses through acceleration of protons and ions to high energies to produce
neutrons in deuterated material targets [5]. The nature of ion acceleration in LPI
environments is still being investigated, with the idea of target-normal sheath accel-
eration (TNSA) losing ground to the newer idea of BreakOut Afterburner (BOA)
ion acceleration [4]. Resultant neutron pulses can be as short as a few picoseconds.
In laser-accelerated proton beam targets such as deuterated plastic, neutron flux as

high as 10" /(cm? s) have been reported from distances of a few millimeters from the



target [5].

The short temporal width of the neutron pulse can induce pulse pileup even in fast
detectors as the response time is much longer than the neutron pulse. Neutron flux
measurement in such a short time is difficult if the neutrons are not mono-energetic.
The mixed background of charged particles from the LPI also complicates neutron
detection, with protons and electrons emitted from the target area also being incident
on the detector. The electron and proton energies can be in the MeV range and higher
[5] [3]-

Multi-step neutron conversion can be used to lengthen the detection window and
decrease detector saturation by conversion of neutrons to positronium (Ps), a bound
state of an electron and positron. Ortho-positronium, the triplet spin state of Ps,
has characteristic vacuum lifetime of 142 nanoseconds. By moderating the neutrons,
neutron capture in cadmium can be used to create gamma rays; gamma rays can
be used to induce pair production in high-Z materials such as platinum or gold; and
positrons can form positronium in porous materials such as aerogel by capturing elec-
trons from ionized molecules in the medium and binding with the liberated electrons.
Highly porous materials will increase the ortho-positronium production fraction and
bulk lifetime, with material-dependent ortho-positronium lifetimes on the order of 50
nanoseconds. This will create a time delay in the signal from the initial LPI-induced

neutrons.

1.2 Research Objectives

The primary goal of this research is to design a detection method to investigate
neutron conversion for use in diagnostics for Laser-Plasma Interaction environments.
Specifically, this project set out to find:

* The initial flux of neutrons incident upon the conversion system for an AmBe



test source

* The length of polyethylene for optimum neutron capture in 3Cd

* The flux and delay time of the neutron pulse after moderation in polyethylene

* The gamma-ray flux and spectrum from neutron capture in *3Cd

* The efficiency of pair production in platinum or gold foils from the incident
gamma flux

* The positron flux and energies delivered to the aerogel absorber

* The absorption rate of positrons in the aerogel absorber

* The expected detection rate for the conversion system geometry of the 511 keV
annihilation gammas from ortho-positronium decay

Simulations were performed to optimize and evaluate Neutron-to-Positronium con-
version for commercially available materials. An experiment was designed using an
AmBe source for validation, and the efficiency of the neutron-to-positronium conver-

sion system was estimated based on a combination of simulations and calculations.

1.3 Document Overview

This document is organized as follows. Chapter II provides an overview of relevant
background information for Positronium formation and detection, and some of the
architecture of the designed system. Chapter III details the steps of the neutron-to-
positron conversion. Chapter IV goes more in depth into these steps with calculated
results from simulations. Finally, Chapter V discusses the conclusions drawn from

the results and future experimental work to validate this method.



II. Background and Literature Review

2.1 Positronium

Positronium is a hydrogenic atom formed without nucleons by the binding of a
positron and an electron. The vacuum lifetime of the triplet state of Ps, known as
ortho-positronium (o-Ps) is 142 nanoseconds [6]. Positronium also forms in the singlet
state, known as para-positronium (p-Ps), which has a lifetime of 125 picoseconds [6].
Para-positronium is usually detected as a prompt component due to this short lifetime
and the detector impulse response time.

For this project, positrons are supplied for the formation of positronium by pair
production. Pair production is a process by which gamma rays over a threshold energy
of 2m,c? (1.022 MeV) can transfer their energy into the creation of a positron-electron
pair by conservation of momentum [7].

Energetic positrons implanted into solid materials will ionize the molecules in the
material as they pass into and through it, creating free electrons in the wake of the
positron track through the material and decreasing the kinetic energy of the positron
via inelastic collisions [8]. As the positron’s kinetic energy is decreased though these
events, the distance between these ionization events also decreases [8]. At lower
kinetic energies, the positron experiences more diffusion and its momentum changes
direction often due to elastic scattering and ionizations [8], causing ionizations to be
localized in the proximity of the theralization. The localization of the ionizations is
called a blob. As the positron energy decreases to a sub-ionizing level, it can become
trapped in this blob, known as the terminal blob. This process is shown in Figure 1
9].

Ortho-positronium cannot annihilate except via 3-photon annihilation in a pore,

but can annihilate via pickoff with electrons during near collisions with pore walls [8].
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Figure 1: Positron track as it passes through materials, leaving a wake of ionizations,
creating a blob, and forming Ps [9], used with permission

Pickoff annihilation is the result of the Ps wavefunction overlapping with the electron
cloud of molecules at pore walls [10], allowing annihilation via electron exchange. A
basic diagram (adapted from [11]) of this is shown in Figure 2, with AR as the overlap
region. This creates a repulsive exchange force between the Ps atom and pore wall
molecules; this force is balanced by van der Waals forces between the surface molecules
themselves and as well as between the Ps atom and the surface molecules [10]. This
creates a potential well that confines the Ps atom to the spaces between molecules in
material voids, or pores [8] [10]. This is the basis for the Tao-Eldrup model [?]. The
annihilation lifetime against pickoff in materials can be used to estimate the size of
the voids, as shown in equation (1) [12].

R 1 27R

Ate(R) = Aal — RIAR %Sin(m)] (1)

The formulation of equation (1) uses values for the decay rate of annihilation of
a free positron in the electron cloud (A4, approximately 2 nanoseconds), the pore

radius R, the overlap radius of the Ps wavefunction (AR, experimentally measured
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Figure 2: Ps wavefunction overlap with molecular electrons over the range AR,
adapted from [11]
to be 0.165 nanometers [12]). Arg is the decay rate of the pickoff annihilation.

Ps formation in porous SiOs has been studied by positron annihilation lifetime
spectroscopy (PALS) to examine pore size, and found to occur with high probability
[8]. This makes aerogel (a highly porous form of SiOy) a highly desirable target

medium for positrons to create localized Ps atoms.

2.2 pyPenelope Transport Code

Positron creation fractions were calculated from pyPenelope simulations. This
code is a front-end user interface for PENELOPE [13]. PENELOPE is an acronym
for PENetration and Energy LOss of Positrons and Electrons, the name owing to
it’s creation before the inclusion of photon transport. This is a Monte Carlo code
that models photon, electron, and positron transport through and interactions within
materials in it’s database.

The Monte Carlo code implements random path lengths for the modeled particle
at each step, up to a maximum step length. Then it uses a combination of numerical

databases and analytical cross-sections to determine the probabilities of interactions



between the particle and the material over the step length. The energy range of the
particles it can model is from a couple hundred eV to about 1 GeV [13].

Electron and positron transport is simulated step-by-step for interactions that
result in a scattering angle 6. or energy loss W, less than a set cutoff quantity [13].
The default value can be used, or can be set by the user. In this project, default
values were used. For scattering angles and energy losses less than these cutoff values,
PENELOPE uses multiple scattering approaches to save computation time.

For photons, PENELOPE can implement the following interactions:

* Photoelectric effect

* Coherent (Rayleigh) scattering

* Incoherent (Compton) scattering

* Electron-positron pair production

* Attenuation

* Atomic relaxation

* Polarized photon scattering

These interactions are modeled based on the differential cross-sections for their
interaction type, from databases such as LLNL Evaluated Photon Data Library, and
XCOM ([14] [15].

For positrons and electrons, the following interactions can be implemented by
PENELOPE:

* Elastic collisons

* Inelastic collisions

* Bremsstrahlung emission

* Positron annihilation

These interactions are based on a large variety of analytical models described in

13].



2.3 Positron Annihilation Lifetime Spectroscopy

Detection of the decay of positronium is the basis of Positron Annihilation Lifetime
Spectroscopy (PALS) and Single-Shot PALS (SSPALS). The lifetime of positrons
travelling through a medium is changed by positronium formation, and positronium
lifetimes are highly dependent on the pore sizes of the material it forms in. This makes
PALS a useful diagnostic tool for the sizes of pores and lattice defects in materials.
An example SSPALS spectrum is shown in Figure 3 [16].

The vacuum lifetime of o-Ps is the maximum lifetime seen in PALS and SSPALS
experiments [17]. Electron exchange converts o-Ps to p-Ps in materials and conse-
quently causes lifetimes in the tens of nanoseconds [16]. In PALS experiments, a
detector with a fast rise time is sufficient, but for SSPALS, measurement of the an-
nihilation lifetime requires a detector with a fast, single component response owing

to the large number of annihilation events in each shot. Typically, PbWO, (lead
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Figure 3: SSPALS spectrum of stainless steel, created with AFIT’s positron beam,
and captured with an EJ-309 liquid scintillator [16]



tungstate) and LYSO (lutetium yttrium oxyorthosilicate) detectors are used in SS-
PALS work due to their fast response time [4]. Recently, use of the EJ-309 liquid
scintillator was investigated and shown to be sufficient for use in SSPALS and positro-
nium lifetime measurements [16] by a group including this author as a demonstation
of this project. The EJ-309 has a fast response time of 3.5 nanoseconds [18], which is
fast enough to measure even o-Ps lifetimes that have been significantly curtailed by
pickoff annihilation. The pulse shape discrimination ability of the EJ-309 makes it
ideal for use in mixed gamma and neutron environments [18], such as this conversion

system will create.

2.4 Neutron Conversion

Positrons are supplied for Ps formation by pair production from gamma rays
produced in neutron capture. The technique used in this project was adapted from
that used in conjunction with the high flux reactor at the ILL in Grenoble to create
a high-intensity positron beam [19]. That setup uses the high neutron flux created
in the reactor and several steps to create a positron beam with an intensity of 3 X
10* positrons per second and a beam diameter of 20 mm [19]. A cold neutron flux

2 is incident on a 1.5 mm cadmium foil.

of 3.39 X 10? neutrons per second per cm
13Cd has a high capture cross-section of 6.46 X 10* barns for the target neutron
energy of 0.178 eV. Gamma rays released from the 3Cd(n,y)"*Cd reaction trigger
pair production in a series of 125-micron thick platinum foils, providing the positrons.

This basic architecture has been proven for a variety of positron beams around the

world [19]]20].



III. Methodology

Preamble

The neutron conversion process consists of 5 steps: moderation of neutrons, neu-
tron capture in cadmium, pair production in platinum (or gold) of gammas produced
in cadmium neutron capture, positron thermalization followed by positronium forma-
tion in aerogel from positrons created in platinum (or gold), and decay of positronium

in aerogel by annihilation. This is illustrated in Figures 4 and 5.

Neast Ngjow Y
> —_— —_—
—_— — —
> —_— —_—
_ —_— —_—
—_— — —
polyethylene 13cd Pt aerogel
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gamma(s)

Figure 4: Overview Diagram of Neutron Conversion Process

Gamma-Ray]

Neutron Capture in Cd emits High-energy gammas Detector

Neutrons moderated in PE stop

. Adnihilation gammas
Neutron PE | cd113 | Platinum || Aerogel
AmBe A/ . | ;

Source

Annihilation gammas

Pair Production in Pt emits positrons and

electrons o / )
Ps Annihilates with

Positrons form Ps in Aerogel characteristic Gamma

4.4 MeV Gamma

Gamma-Ray Detector

START

Figure 5: Step-by-step diagram of neutron conversion process
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3.1 Neutron Source

Neutrons are created in the Americium-Beryllium (AmBe) source. Americium
and Beryllium powders are placed in layers to provide intimate contact between the
constituents [21]. Americium (**!Am) decays by alpha decay into Neptunium (**"Np),
emitting an alpha particle and a 54.5409 keV gamma photon, as shown in equation

(2) [22].

261 Am — 23"Np + 50 + 7(59.5409ke V). (2)

Some of the emitted alpha particles are incident on the Beryllium (“Be) atoms.
These incident alpha particles are captured by the °Be, creating an excited Carbon
('2C*) atom and emitting a neutron as shown in equation (3) [22]. The *C* atom

de-excites by emitting a 4.4 MeV gamma photon.

iBe + 30+ T, — ¢2C* +n + T, (3)

A typical AmBe source emits 70 neutrons per MBq of the source activity [22].
These neutrons are emitted with a spectrum of kinetic energies from 1-11 MeV, with

4.2 MeV being the most common, as shown in figure 6 [23].

11
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Figure 6: Neutron energy spectrum of AmBe and PuBe sources [23], used by permis-
sion

3.2 Polyethylene Moderation

Neutrons are moderated to access the high neutron capture cross-section in the
cadmium (1'3Cd). The peak in the neutron capture cross-section at 0.178 eV is the
target kinetic energy for the moderated neutrons, as shown in figure 7 [24].

Polyethylene (PE) was used as the moderating material. To calculate the number
of collisions necessary in PE to reach this target kinetic energy, the energy of a

scattered neutron was calculated by equation 12.7 from [7],

InE, = InEy — n(, (4)

where ( is the lethargy of each atom, calculated by equation 12.8 from [7], shown

in equation (5).

12



Neutron Capture by Cd113

1E5 : i i é——- a78ev
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Figure 7: Neutron capture cross section in '3Cd, with target kinetic energy high-
lighted [24]

(A-1)2, [A-1
(=1+"5% l“(A+1) 5)

The polyethylene molecule’s chemical formula is CoHy, with the hydrogen atoms
shielding out many of the carbon atoms as shown in figure 8 [25]. Thus, hydrogen’s
lethargy of 1 [7] is used in the scattering calculation. This leads to a calculation that
17 collisions are necessary to reach the target kinetic energy of the neutron. As the
neutron loses kinetic energy in each scattering event, the mean free path changes.
The energy dependent mean free path for a neutron in PE is shown in Figure 9
[26]. Values estimated from Figure 9 were used to find the thickness of polyethylene
needed to reach the target energy of 0.178 eV as 20.2 cm of PE. This led to a cacluated
moderation time of about 330 us as discussed in section IV.

The attenuation of the incident neutron energy by PE was calculated by equation

(6):

13



Figure 8: Characteristic structure of the polyethylene molecule [25], used with per-
mission..
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Figure 9: Mean Free Path of neutrons by energy in polyethylene [26], used with
permission.

In,exit = Ioeiztv (6)

with Iy being the incident neutron flux, I,, .;;x being the neutron flux after atten-
uation in PE, and t being the thickness of the PE. The attenuation cross-section, >,
was calculated by equation (7) [26]:

pNa

Y = M (20’0 —|—4UH), (7)

where p is the density of PE, N, is Avagadro’s number, M is the molar mass of

14



PE, and o¢ and oy are the coherent scattering cross-sections for neutrons in carbon
and hydrogen, respectively [24].

This leads to a neutron flux of 2.4 X 10° per second exiting the 20.2 cm thick
polyethylene stage. This was calculated for an AmBe source with a typical activity

of 7.49 X 10 Bq [27], at a distance of 1 ¢cm from the entrance to the PE.

3.3 Cadmium Neutron Capture

The moderated neutrons are incident on a 1.5mm thick slab of cadmium, as used
in [19]. This leads to neutron capture in the cadmium 113, as shown in equation (8).
The branching ratios for these decays were estimated from the graph in Figure 11

28], and shown in Table 1.

13°Cd +n — *Ccd (8)

3.4 Cadmium Gamma Emission

Neutron capture produces cadmium 114 in an excited state. The excited Cadmium
114 atoms relaxes to the ground state by emitting gamma rays. The energy level
diagram of the excited cadmium 114 is shown in Figure 10.

Gamma ray flux incident on the platinum foil stage was calculated for each of the
gamma energies produced from the relaxation of the excited Cadmium 114. Attenua-
tion of the gamma rays, the natural abundance of Cadmium 113, and the solid angle
of the emitted gammas were taken into account for this calculation. The total gamma
flux was calculated to be 13771 gammas per second, although calculations from this
step forward involved different fluxes for each of the respective gamma energies due
to their branching ratios.

The attenuation of these produced gamma rays in the cadmium was calculated

15
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Table 1: 113Cd neutron capture gammas and their branching ratios

Peak Label | Counts per Minute | Energy, in MeV | Branching Ratio
A 290 1.330 0.0242
B 220 2.610 0.0184
C 250 3.140 0.0209
D 190 3.490 0.0159
E 100 4.430 0.0084
F 85 4.710 0.0071
G 1000 5.170 0.0835
H 400 5.850 0.0334
I 240 6.610 0.020
J 4800 7.920 0.4008
K 2400 8.550 0.2004
L 2000 9.200 0.1670

by the mass-attenuation coefficients given by the NIST database [29] using equation

9).

%
£, = fpe " rcat (9)

where f, is the gamma flux exiting the cadmium foil, £, is the gamma production
rate, pcq is the density of cadmium (in g/cm?®), pca/pca is the mass attenuation
coefficient of the cadmium at the individual gamma energies (in cm?/g), and t is the

thickness of the cadmium foil (in cm).

3.5 Platinum Pair Production

Pair production takes place in two 125-micron thick platinum foils, separated
by 2.1 cm of aerogel. This creates positron-electron pairs within the platinum foil.
The positrons from pair production are emitted from the platinum foils into the
aerogel layers to promote the formation of positronium, which has a lifetime against

annihilation of 10’s of nanoseconds in this material.

17



The positron creation fractions calculated in pyPenelope simulations (see Back-
ground) was compared to the fraction that would be calculated using the pair produc-
tion cross-sections available from NIST [14]. Linear interpolation was used to find the
cross-section coefficients for the specific energies of the gammas from the cadmium
neutron capture. The gamma ray attenuation from pair production was calculated

by equation (10),

R (10)

where I,o and L, are the incident and exit gamma flux, p is the density of platinum
in cm? per gram, opp are the energy dependent cross-sections for pair production in
platinum, and t is the thickness of the platinum.

The pair production fraction from NIST was then calculated by equations (10)
and (11).

Lo—1,

(11)

Lo.

This was compared to the fraction of the incident gammas that resulted in positrons
in the pyPenelope [13] simulation, shown in Figure 12. While pyPenelope simula-
tions show a greater positron production efficiency than is calculated by NIST pair-
production cross-sections, the trends align.

Positrons are then absorbed in the aerogel, a fraction of which will form o-Ps.
Modeling was carried out in pyPenelope to find the absorption positions. As positrons
were created in both platinum foils, this was run as two separate simulations. The
first simulation modeled positrons created in the first platinum foil and transported
through the entire model. The second simulation modeled positrons created in the

second platinum foil and transported through half the model. As the positrons created
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4 Positron production efficiency Comparison

10 | © NI R R

| E E EE 1ElE | E E | E 1E 1E IE

| E £ E £ EE E £ £ £ £ £

[l g lgla@ lgla | & I @ I'g I'g I'g I @

[N 12 oe ;a2 > 2 N I A

[ 13 1313 A [ 3 13 13

£ (= s 1SI= (=1 :JE 1= = 1= 1= I =

= 18 %% SR 8 ' & 8 8

= 1 [Ny I S 1 I~ 2@
© | | [ [ | | 1 | |
= | | [ [y | - | | |
L oL | [ | I/.'/)\ | L | | |

c 10 | | [ —T T/ | | T | | | B
E | | | A [ Al | — T |
| | | [T L — | | |
,_g | I /\ o I I I | I
1 | [ —1 | | | | 1 |
8 I / (= [ | | | | | |
= | AT [ | | | p | |
| I [ | | |— |
g | _'/\” [ [ | | | pyrenelope |
= | | [ [ | | I — |
“E,’ | _'/'\ [ (I | | | NIST |
D I Yy [ [ I I I I I I
= | N [ [ | | | | | |
o 10°%F // | [ (B | | | | | | ]
c | | [ [ | | | | | |
o "/ | [ [ | | | | | |
[y | [ [ | | | | l |
'ﬁ 1/ | [ [ | | | | 1 |
1/ | [ [ | | | | | |
DCE 4 | [ [ | | | | | |
1/ | [ [ | | | | | |
v | [ [ | | | | | |
| | [ [ | | | | l |
1 | [ [ | | | | 1 |
| | [ [ | | | | | |
1o L | TN B P N R I " L 1 L
1 2 3 4 5 6 7 8 9 10

Gamma Energy, in MeV

Figure 12: Comparison of pyPenelope and NIST positron production in 125-microns
of Platinum.

in the second foil are emitted in all directions, these positrons will also be emitted back
into the identical first half of the model, thus the results of the second simulation were
doubled. The backscattering of the positrons by the foil was also used to calculate
a few additional absorbed positrons. The results of these simulations are shown in
Figures 13 and 14, respectively.

The gamma-to-absorbed-positron efficiency was calculated as the ratio of positrons
absorbed in the aerogel to the number of incident gamma rays. A total of 1377090
gammas yielded 43 aerogel-absorbed positrons, for an efficiency of 0.00312% in these
simulations.

Positrons transported through the platinum foil and absorbed in the aerogel layer
will seek out voids in the material, and be trapped there. These positrons can then
form positronium (Ps) in either the ortho or para state, with their respective 142

nanosecond and 125 picosecond lifetimes.
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Figure 13: Positron Transport simulation for the whole model in pyPenelope.
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Figure 14: Positron Transport simulation for the second half of the model in pyPene-
lope.

Different aerogel compositions have been shown to have differing ortho-positronium
creation fractions and lifetimes against pickoff annihilation. A list of some of these
appears in [30]. For this project, the quoted 29% o-Ps fraction of Standard Cabot
Aerogel and it’s o-Ps lifetime of 58.8 seconds was chosen [30] as it is believed by
the author to be the closest to the Hydrophobic Silica Aerogel discs to be used in

validation experiments.
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IV. Results and Analysis

Calculations and simulations were carried out to explore the concept of a neutron-
to-positronium conversion scheme. This was done to gain a quantitative understand-
ing of the parameters of the system in terms of the various particle fluxes at each
layer, time delays introduced, and the overall conversion efficiency.

A proof-of-concept experiment was designed using an AmBe neutron source to
determine viability. The Air Force Institute of Technology has neutron sources for
detection research, one of which was an AmBe source. The activity of a typical
AmBe source (749 GBq [27]) was used for calculations. An estimate of 70 neutrons
per million 2! Am alpha decays [22] was used to calculate the neutron activity of the
AmBe source. This led to a neutron production rate calculated to be 5.245 X 107 Bgq.

As the conversion system has very low overall efficiency, it was decided to position
the source only 1 cm from the entrance to the conversion system to increase neutron
flux. The solid angle of the 6.25 cm? polyethylene surface and the neutron-specific
source activity were used to calculate the flux of neutrons incident upon the PE
surface at the 1 cm distance. This yielded a neutron flux at the PE surface of 2.6 X
107 neutrons per second.

Moderation makes the neutrons travel slower as they lose kinetic energy. This
aids in the separation of the neutron signal from the particle background inherent
in laser-plasma interactions. The velocity of the neutrons was calculated after each
scattering event. Using these velocities in conjunction with their respective mean
free paths, neutron time-of-flight (TOF) was calculated for transport through the PE
moderator as 330 us. The changing velocity of the neutrons as they pass through the
PE is shown in Figure 15.

Next, calculations were performed to determine the thickness of PE needed to

reach the target neutron kinetic energy of 0.178 eV for maximum neutron capture

21



Neutron velocity change during moderation

10°

107 £ \‘\-\ Total Neutron time-of-flight 0.00033114
o .
E ~
£ 10° s
Z N
5 .
s] ~
@ .
o .
5
£ 405 ~
£ 10 .
@ ™~
=4 .

\.\\\
10" F ™
103 L I I I
0 5 10 15 20 25

Distance traveled in polyethylene, in cm
Figure 15: Neutron velocities after scattering events

in 13Cd. The number of scattering events needed was calculated using equation (4)
and a lethargy of 1 for the polyethylene [7], and the average kinetic energy of the
neutrons from an AmBe source of 4.2 MeV [22]. This was calculated to be 16.97,
or 17, scattering events. Using a graph of the neutron mean free path (MFP) in PE
[26], the neutron kinetic energy was calculated by equation (4) after each scattering
event. Then that neutron energy was matched to the MFP in the graph. All MFP’s
for each of the 17 scattering events were then summed to get the optimal thickness
of PE to moderate neutron kinetic energy to the desired 0.178 eV. The result of this
calculation was 20.2 cm of PE.

Once the moderator thickness was calculated, the total scattering cross-section of
polyethylene was used to determine the attenuation of the neutron flux as it passed
through the PE by equations (6) and (7). The total scattering cross-sections of the
hydrogen and carbon atoms in the PE molecule used were given by the Nuclear Data

Center at KAERI [24] for the target neutron kinetic energy of 0.178 eV. This led to
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a calculation of 2.4 X 10° moderated neutrons per second exiting the PE moderator
stage and being immediately incident upon the cadmium foil for neutron capture.

This neutron flux incident upon the cadmium foil was used to calculate the gamma
ray flux from neutron capture in 3Cd. The natural abundance of '3Cd is 12.2%,
which was taken into account in the gamma flux calculation. The cross-section for
neutron capture in cadmium [24] was used to determine the attenuation of the neutron
flux by neutron capture in the 1.5mm thick cadmium foil. This was subtracted from
the incident neutron flux and multiplied by the natural abundance of '**Cd to give
the number of neutron capture events in the cadmium foil.

When neutron capture in 13Cd occurs, the nucleus gains a neutron which results
in the creation of an excited **Cd nucleus. The 4Cd relaxes the excitation by
gamma emission. Experimental observation of the relaxation of the excited 14Cd
[28] was used to estimate the branching ratios for the different energy gammas given
off during de-excitation. Twelve different gammas are produced from this relaxation

28], shown with their respective branching ratios and production rate in Table 2.

Table 2: ''3Cd neutron capture gammas, their branching ratios, and production rates

[28].

Gamma Energy, in MeV | Branching Ratio | photons produced per second
1.33 0.024 700
2.61 0.018 531
3.14 0.021 603
3.49 0.016 459
4.43 0.008 241
4.71 0.007 205
5.17 0.084 2414
5.85 0.033 966
6.61 0.020 579
7.92 0.401 11587
8.55 0.200 5793
9.20 0.167 4828
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The calculated total gamma flux exiting the cadmium foil and incident on the
platinum foil (summing over all of the gamma energies) is calculated by equation (9)
to be 13771 gammas, accounting for a solid angle of the platinum of one half due to
direct contact between the exit surface of the cadmium and the entrance surface of
the platinum.

Positrons are created in the platinum foil via pair production from the incident
gammas. This step was investigated by simulation in pyPenelope [13]. Incident
gammas were simulated in twelve individual simulations in numbers proportional to
the incident gamma rates calculated for each of the gamma energies. A model was
constructed in pyPenelope with layers consisting of: a 125-micron thick platinum
foil, followed by a 2.1 cm thick layer of aerogel (SiOy at a density of 0.1 g/cm?),
followed by a second 125-micron platinum layer, followed again by a second 2.1 c¢cm
aerogel layer. The simulated gamma transport in this model had 3 exit conditions:
absorption, transmission, or backscattering.

The simulated gamma absorption data was analyzed to find the absorbed gammas
whose final collision data indicated pair production. This data was collated with the
final position of the gammas to find the positions of created positrons. Histograms
for this data were created with respect to position for each gamma energy. The bin
widths of these histograms were chosen to be the thickness of the platinum foils to
be able to clearly separate the simulated positron creation in the platinum foils from
those in created in the aerogel. The combined histogram of positron creation from
all the simulated gamma energies is shown in Figure 16.

The positrons created in the platinum foils were counted for each energy and the
quantity for each was used in later simulations of positron transport in the model. The
simulations in pyPenelope showed higher pair production rates than those calculated

by NIST, as shown in Figure 12, but the overall shape is consistent enough to use as
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Figure 16: Positron creation in platinum calculated by pyPenelope simulations

a benchmark of the pyPenelope simulations.

The final energy of the gammas before pair production was also checked, but they
so rarely varied from their initial energy that it was assumed that the initial gamma
energy participating in the pair production process was the full energy of the incident
gammas. Positron kinetic energies were then calculated by subtracting the rest mass
of the positron-electron pair from the incident gamma energy and dividing the leftover
energy by two, as shown in equation (12). This step assumes the positron-electron

pair split the available kinetic energy evenly to simplify calculations.

B E, - 2mc?

T
+ 2

(12)

The entire process was also simulated for a conversion system that replaced the
platinum foils with gold foils of the same thickness. The histogram for positron

creation in this simulation is shown in figure 17.
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Figure 17: Positron creation in gold calculated by pyPenelope simulations

Platinum showed a better ratio of positron creation at 1.72% vs. the ratio in Gold
of 1.58%.

Transport for the created positrons in either model was then calculated by sim-
ulations of each of the twelve positron kinetic energies. The number of positrons in
each simulation was proportional to the number of each energy that led to a pair
production event in the platinum foils from the previous simulation. Positron trans-
port simulations for each material were carried out in two steps. The first simulated
the positrons created in the first foil, and the simulation used an identical model to
the pair production simulations. The final position of these absorbed positrons for
platinum is shown in the previous figures 13 and 14.

The positrons absorbed in the aerogel layers (between the foils) were counted for
each simulation, but the counts in the second simulation were doubled to account
for positrons being emitted in both directions from the foil. The backscattering
fraction of each positron energy was also applied to the absorbed positrons counted

for that energy, and added to the total. This resulted in 43 positrons absorbed
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in the aerogel layers for the platinum foil model from 1377090 incident gammas,
for a 0.00312% gamma-to-absorbed-positron efficiency. For the gold foil model, 80
positrons were absorbed in the aerogel layers from 1377090 incident gammas, for a
0.00581% efficiency.

While simulations using a platinum foil showed better pair production efficiency,
simulations using the gold foil showed better positron absorption efficiency in the
aerogel layers. Total positron absorption rate in the aerogel was calculated by taking
the incident gamma flux on the foils and multiplying it by the gamma-to-absorbed-
positron efficiency from the pyPenelope simulations. The total positron absorption
rate for the conversion system using platinum foils was 0.43 absorbed positrons per
second, while the rate using the gold foils was 0.80 absorbed positrons per second.

Positronium creation in aerogel has been experimentally measured [30]. See [30]
for the o-Ps fractions and lifetimes measured in that study.

For calculations, the Standard Cabot Aerogel o-Ps fraction was used. An EJ-309
liquid scintillator was used for detection of positronium decay. The efficiency of this
detector with a typical 511 keV annihilation gamma is 29% [31], shown in Figure 18.
The solid angle of a 37 EJ-309 put directly up against this conversion system was
calculated to be 0.4306 steradians. These values were used to calculate a counting rate
of annihilation gammas from o-Ps of 0.0156 per second in the platinum foil system,
and 0.0290 per second in the gold foil system. Shown in table 3 are calculated count

times needed to reach different count totals for o-Ps for this scheme.
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Figure 18: Gamma Detection Efficiency of the EJ-309 [31], used with permission.

Table 3: "3Cd neutron capture gammas and their branching ratios

type Total Counts | Days | Hours
125um Pt 1x 105 |473.360 | 17841
125um Pt 1x10° 74.336 | 1784.1
125um Pt 1x 10% 7.434 | 178.41
125um Pt 1x 10° 0.743 | 17384
125umAu 1 x 10° 399.550 9589
125pumAu 1 x 10° 39.960 | 958.9
125pumAu 1 x 10? 3.996 |  95.89
125umAu 1x 103 0.400 | 9.589
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V. Conclusions

The overall conversion process has a calculated efficiency for detection of 6 X
1071 for a given neutron source, independent of souce activity. The polyethylene
thickness needed was calculated by means of the energy-dependent mean free path of
neutrons in polyethylene (PE). The neutron intensity attenuation was calculated for
this length of PE. The rate of gamma production in cadmium for the various gamma
energies associated with neutron capture in **Cd and their attenuation through the
bulk of the cadmium was calculated and adjusted for the natural abundance of *3Cd.
Gamma-induced pair production in platinum and gold foils were simulated, as well as
positron transport through those foils. Positron absorption in aerogel was simulated.
Total detection of o-Ps decay gammas was calculated by absorption rate of positrons,
the o-Ps formation rate, the solid angle of the detector, and the efficiency of the
EJ-309 detector for 511 keV gammas from o-Ps annihilations.

The simulated neutron conversion process shows promise for use in difficult neu-
tron detection environments. While the low efficiency prohibits its use in low neutron
flux applications, some of the environments this was designed to measure can have
a neutron flux of up to 10" neutrons per second per cm? [5]. A neutron flux this
large would still have an estimated detection rate of 6 X 10° annihilation gammas
from Ps per second, making this scheme quite viable. As the characterization of the
ion acceleration mechanisms in LPI environments is still ongoing [4], additional tools
such as this conversion system would help the investigation of these mechanisms.

The delay time of the polyethylene moderation step was calculated to be about
331 ps. This is sevaral orders of magnitude longer than the delay inherent from
the ortho-positronium lifetime. These calculations were done with rough estimates
of the mean free path of a neutron in PE, and using the lethargy of the dominant

hydrogen portion of the PE molecule as a stand in for the lethargy of the material
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as a whole. These simplifications have likely induced error into this value. More
in-depth calculations will be required using neutron transport modeling such as with
MCNP or GEANT4. However, experimental measurement will be used to determine

the neutron delay from moderation.

5.1 Future Work

This simulated conversion scheme will be tested in the near future, using the
geometry and methods described within. An AmBe source with a weaker neutron
production rate of 5 X 10° neutrons per second will be used to test the system.
With the large delay introduced by the polyethylene moderation, a start signal from
the gamma rays produced during neutron capture in the cadmium may be used
to determine the positronium lifetime instead of the gammas correlated with the
neutron’s production. The initial 4.4 MeV gamma produced in the AmBe source
would still make a good start signal to experimentally determine the delay imposed
by the moderation step. Higher efficiency detectors with slower response times could
be employed due to the low activity of the AmBe source during the validation process.
Multiple detectors could also be used to increase the solid angle for detection. These
improvements could help increase overall detection efficiency, thus decreasing the
needed count times.

Validation of this system with decay-based neutron sources will hopefully allow
it’s use for better measurement of neutron creation through laser-plasma interactions
and LPI ion acceleration. Due to the very prompt nature of these interactions and
their high neutron flux, faster detectors such as the discussed EJ-309 will be needed
in these environments.

As the characterization of these LPI environments progresses, the ability to expand

the scope of investigations will similarly progress. Introducing RF signals into these
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environments and measuring their interactions could help build understanding as how

nuclear event environments will affect RF propagation.
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