Lawrence Berkeley National Laboratory
LBL Publications

Title
Center-of-Mass Corrections in Associated Particle Imaging

Permalink

bttgs:ggescholarshiQ.orgéucgitem407g3g31g

Journal
IEEE Transactions on Nuclear Science, 70(10)

ISSN
0018-9499

Authors

Egan, Caroline
Amsellem, Ariel
Klyde, Daniel

Publication Date
2023-10-01

DOI
10.1109/tns.2023.3313873

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/07g3p319
https://escholarship.org/uc/item/07g3p319#author
https://escholarship.org
http://www.cdlib.org/

arXiv:2204.06124v3 [physics.ins-det] 25 Oct 2023

Center-of-Mass Corrections in Associated Particle
Imaging

Caroline Egan, Ariel Amsellem, Daniel Klyde, Bernhard Ludewigt, and Arun Persaud

Abstract—Associated Particle Imaging (API) utilizes the inelas-
tic scattering of neutrons produced in deuterium-tritium fusion
reactions to obtain 3-D isotopic distributions within an object.
The locations of the inelastic scattering centers are calculated by
measuring the arrival time and position of the associated alpha
particle produced in the fusion reactions, and the arrival time of
the prompt gamma created in the neutron scattering event. While
the neutron and its associated particle move in opposite directions
in the center-of-mass (COM) system, in the laboratory system the
angle is slightly less than 180°, and the COM movement must
be taken into account in the reconstruction of the scattering
location. Furthermore, the fusion reactions are produced by ions
of different momenta, and thus the COM velocity varies, resulting
in an uncertainty in the reconstructed positions. In this article, we
analyze the COM corrections to this reconstruction by simulating
the energy loss of beam ions in the target material and identifying
sources of uncertainty in these corrections. We show that an
average COM velocity calculated using the ion beam direction
and energy can be used in the reconstruction and discuss errors as
a function of ion beam energy, composition, and alpha detection
location. When accounting for the COM effect, the mean of
the reconstructed locations can be considered a correctable
systematic error leading to a shift/tilt in the reconstruction.
However, the distribution of reconstructed locations also have a
spread that will introduce an error in the reconstruction that
cannot be corrected. In this article, we will use the known
stopping powers of ions in materials and reaction cross sections
to examine the reconstruction uncertainties. We also discuss the
impact of this effect on our API system.

I. INTRODUCTION

NELASTIC Neutron Scattering (INS), in which a neutron

scatters off a target nucleus and leaves the nucleus in an
excited state, provides a unique way to analyze materials.
When the nucleus relaxes back into its ground state, a gamma
ray (or several) with a specific energy is produced which
can be used to identify the target isotope. Associated Particle
Imaging (API) is a specialized technique based on INS that
allows for the 3-D reconstruction of the position of the neutron
scattering center.

In an API system, neutrons and alpha particles are created
in a deuterium-tritium (DT) fusion reaction (DD-API is also
possible [1], but we focus on DT in this article). In the DT
reaction, the energies of the neutron and its associated alpha
particle, as well as their relative angle of 180° in the center-of-
mass (COM) frame, are fixed. By placing a position-sensitive
detector into the path of the alpha particle and by also mea-
suring the detection times for the alpha particle and gamma
ray, the INS location can be calculated. API therefore allows
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the position-resolved measurement of elemental distributions
in a target region. A unique advantage of API systems is
that due to the position measurement, background gamma
rays from other areas can be removed. This leads to a highly
improved signal-to-noise ratio for the target region. Current
applications of API include the detection of explosives [2],
illicit drugs [3], special nuclear material [4], and diamonds [5].
We are interested in applying API techniques in an agricultural
context. Specifically, we see API as an exciting opportunity
to provide accurate measurements of carbon distributions in
the top Ocm to 30cm of soil and in the rapid measurement
of the carbon content of soil cores. INS has previously been
used to measure the first 8 cm of soil [6], but API allows us
to extend measurements to deeper layers and therefore make
more accurate estimates of the total carbon in acre-sized fields.
We are developing an API-based instrument [7] for quantifying
and monitoring carbon sequestration in soil [8]. Apart from
carbon, API also measures distributions of other elements such
as iron, aluminum, silicon and oxygen, which can provide
helpful information about the soil. While we investigated the
COM correction in the context of our API system primarily
aimed at carbon-in-soil measurements, the study presented in
this article is likely more important for other API applications
that require high spatial resolution.

Investigations into COM corrections for API systems have
been conducted previously [9], [10], mainly to investigate
the alpha-neutron angular distribution in a 1-D geometry
considering the alpha detector and neutron generator. Here
we provide further analysis into the errors introduced by the
COM effect and its dependency on beam parameters, system
geometry, 2-D alpha detection, and energy loss within the
titanium target. We quantify these errors and identify ways in
which to reduce them and examine the impact that the COM
distribution has on our current API system.

In the following section, we explain the physics involved
in API, describe the reconstruction algorithm, and lay out the
methods used in our analysis. In the final sections, we present
our results and conclusions.

II. METHODS

An API system consists of an alpha detector, gamma detec-
tors (in our case a 3” cylindrical LaBrs and a 5” cylindrical
Nal detector), and a neutron generator (comprised of an ion
source, an acceleration gap, and a neutron-production target).
In our experiments, we used an API neutron generator built
by Adelphi Technology [11], model DT108API (with a tilted
alpha detector), and therefore the calculations presented in this
article are based on this design.



Ions are generated from a microwave-driven plasma and
electrostatically accelerated towards a the neutron production
target which consists of a thin titanium layer on a copper
backing. To minimize the amount of material the alpha particle
has to travel through (and therefore avoiding potential alpha
particle scattering), the neutron production target and the alpha
detector are angled with respect to the incoming ion beam.
As we will see later, tilting the alpha detector also helps to
reduce COM effects. Once the target is beam-loaded with
accelerated deuterium and tritium ions, subsequent ions collide
with deuterium/tritium nuclei embedded in the titanium layer
resulting in nuclear fusion reactions of the form

D+ T =n(14.1MeV) + a (3.5 MeV). (1)

The products of this reaction are emitted at 180° with
respect to each other in the COM frame. Alpha particles are
detected with a position-sensitive scintillation detector located
close to the target. The associated neutrons travel in the
opposite direction of the alpha particles and towards the mea-
surement volume where they interact with the target material.
The interaction then produces gamma rays that are detected in
nearby gamma-ray detectors. For coincident alpha/gamma-ray
pairs, timestamps, energies, and alpha positions are recorded
and used to reconstruct the inelastic scattering locations of the
neutrons.

Due to the use of hazardous tritium, API generators are
constructed as a sealed source and operated with a mixture
of deuterium and tritium gas. Our neutron generator was
loaded with equal parts deuterium and tritium. The beam
extracted from the ion source consists of atomic and molecular
deuterium and tritium ions (D, T+, DJ, T4, DT*). The
actual ratio of atomic to molecular ions cannot be monitored
during generator operation and thus is not known. However,
atomic fractions in the range of 60 % to 90 % were reported
in the literature for similar microwave-driven ion sources [1],
[12].

In a basic two-particle collision, the COM velocity will be
completely defined by the beam direction and beam energy.
However, since we have a thick target, the exact COM velocity
for each fusion event in API is not known because the
incoming ions lose energy in the titanium layer before reacting
at different depths and energies. Furthermore, different ion
species in the beam will have different initial momenta when
entering the titanium layer that will also result in different
velocity distributions. Together this leads to a complex dis-
tribution of COM velocities for the fusion reactions. The
distribution, however, is still completely determined by the
initial beam energy and geometry of the setup (assuming other
parameters, such as the mixture of ion species, the target
material, etc. are fixed). We describe how we simulate this
distribution and how the X, Y, Z position errors resulting
from the COM velocity uncertainties are analyzed.

A. Reconstruction Method Including COM Motion

Reconstructing the location where the neutron scattered
requires a measurement of the position where the alpha particle
hits the detector and of the time difference between detection

of alpha particle and coincident gamma ray. Figure 1 is a not-
to-scale illustration of the reconstruction that is described in
the following paragraphs.
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Fig. 1: Left: schematic of the setup. Showing the neutron
generator, the alpha detector (positioned parallel to the ground,
i.e., to the XY plane), the ion source, and the ion beam (angled
in respect to the ground). Right: Vectors indicating positions of
a neutron and alpha particle produced in a DT fusion reaction
that then hit the alpha detector and an object where the neutron
produces a gamma ray. The schematic visualizes positions and
velocities as used in the text. Note that the angle between the
alpha vector, @45, and neutron vector, 77;4p, is less than 180°
in the lab frame due to the COM velocity, ¥.om, Which in our
setup lies in the Y Z plane. ¢, and ¢,, are the alpha and neutron
travel times, respectively.

To reconstruct the neutron location, we first calculate the
alpha travel time, ¢,, from the alpha-particle position, @4,
and COM velocity, Ucom

_ —Qjab * Ucom
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where Uq,com is the velocity of the alpha particle in the
COM system. Equation (2) is the solution to a quadratic
equation [13], in which only the positive branch results in
physically meaningful results. Additionally, we note that the
above solution assumes |Teom| < |Ua,com|. Which is always
true for our API generator.

Next, the alpha travel time, t,,, the COM velocity, Ucom, and
the alpha detection position, @;4p, are used to find the velocity
vector of the alpha particle in the COM frame, ¥ com

% - ﬁcom~ (3)
12

Because the alpha particle and neutron travel in opposite
directions in the COM frame, we can calculate the neutron
velocity by inverting the alpha velocity and scaling it by the
known velocity |¥, com|. Then, the COM velocity is added

back to find the neutron velocity in the lab frame, ¥y, iq5
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The measured time interval between alpha and gamma
detection is then used to find the neutron travel time, t,,. First,
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we add the previously calculated alpha travel time, ¢, to the
measured time interval between alpha and gamma detection,
tmeasured, t0 get the sum, At, of the gamma travel time, ¢, and
the neutron travel time, ¢,

At = tmeasured T Lo = tn + t,y, (6)

Next, equation (4) uses the neutron velocity in the laboratory
frame, ¥, 41, the position of the gamma detector, ﬁlaba and
the combined time-of-flight of the gamma ray and the neutron,
At, to find ¢,. Similar to equation (2), this is a solution
to a quadratic equation, and only one solution makes sense
physically (the other solution gives negative travel times for
the alpha particle, gamma ray, or neutron).

Using the travel time and the neutron velocity vector,
equation (7) finally gives the location of the scattering center,

ﬁlab = tnUn,lab~ (7)

B. Energy Loss and Reaction Probabilities in Thick Targets

In order to examine how the reconstruction algorithm
changes due to the COM movement, we first consider the
fusion reactions in the target in more detail. We have already
described the five different ions that can lead to a neutron
production event; it is important to consider that the ion im-
pinging on the target may be in a molecular state (D3, T3, or
DT*) where the molecule splits apart upon collision, forming
two ions each with a fraction of the energy when compared
to the atomic ions (DT or TT). Since no measurement of the
distribution of ion species in the extracted beam is available
for our generator and we cannot measure it ourselves since the
generator is sealed, we assume here that the proportion of each
species of molecular ion is equal, i.e., 25% D; , 25% T;r , and
50% DT™*. We make this assumption because the generator
is filled with equal parts deuterium and tritium and we also
assume here the same ionization probabilities for the different
isotopes. The reduction in projectile energy due to molecular
ions reduces the COM velocity as well as the probability of
neutron production. The ion source of our generator produces
mostly atomic ions, ranging from 50% to 90% depending on
operating conditions [12], [14]. However, because we cannot
monitor the atomic fraction in actual operation, we assume in
our calculations below that on average 70% of the ions are
atomic. We show in Section III how the position (angular)
error changes with atomic fraction.

Before weighting the contributions of reactions with dif-
ferent COM velocities, we first examined the fusion reaction
probability as a function of the depth the ion travels into the
target before it reacts. As the ion travels further into the target
material, it loses energy due to nuclear and electronic stopping,
causing the fusion cross section and the COM velocity to cor-
respondingly decrease. We modeled the energy loss with the
widely-used computer program Stopping and Range of Ions in

Matter (SRIM) [15]. To automate parameter scans in SRIM,
we used pysrim [16], a python interface for SRIM. We created
a distribution of the possible ion energies using these energy-
loss simulations. Together with the energy-dependent cross
section of the fusion reaction we obtained COM velocities and
energies for each step that the ion travels into the titanium layer
until the cross section became negligible. This was done for
all contributing ions, and the resulting distributions are shown
in Fig. 2 for an acceleration voltage of 100keV. As expected,
the fusion reactions are dominated by atomic ions, which have
higher COM velocities than molecular ions.
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Fig. 2: Neutron production probability (top) and COM velocity
(bottom) plotted as a function of depth for the six different
projectile-target combinations (DTT on T and DTT on D
are considered separately), using an acceleration voltage of
100keV and assuming 70% of the ions are atomic and a
50:50 mix of deuterium and tritium. The probability is found
by weighting the cross section according to the proportion of
atomic to molecular ions. In the listed reaction the second
particle is assumed to be at rest in the target material.

From the probabilities shown in Fig. 2, an average COM
velocity can be calculated for a given acceleration voltage by
weighting the COM velocities for a certain depth with the
reaction cross section for that depth. This calculated average
COM velocity for each of the potential reactions is shown in
Fig. 3 as a function of ion beam energy. The solid black line
in Fig. 3 shows the weighted average assuming 70% atomic
ions and a 50:50 mixture of deuterium and tritium that is used
later on in the reconstruction.

In this work we investigate two different methods of includ-
ing the effect of the COM velocity. The first method is to use
the weighted average shown in Fig. 3 which gives a single
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Fig. 3: Average COM velocity for each projectile-target com-
bination as a function of ion beam energy. The average shown
is weighted by the cross section assuming 70% atomic ions
and a 50:50 mixture of deuterium and tritium.

value for the COM velocity at a given ion beam energy, and
therefore the reconstruction can be performed with this average
velocity. The second, more detailed method is to use the results
shown in Fig. 2 which gives a distribution of probabilities and
velocities for a given ion energy. The reconstruction can then
be done for the distribution of COM velocities and then be
weighted and averaged later to gain a single neutron position
and also to calculate a spread in reconstructed positions.
The differences between the two reconstruction methods are
described in detail later.

III. RECONSTRUCTION ANALYSIS AND ERROR
ESTIMATION

In this section, we conduct the reconstruction in order
to investigate the impact of the COM movement. First, the
two reconstruction methods were applied to a single event
with a given alpha position (X = lcm, ¥ = lcm) and
travel time (fmeasured = 15ns). These reconstructions were
calculated using the aforementioned assumptions for ion beam
compositions, an acceleration voltage of 100kV, and an angle
between beam and alpha detector, otherwise known as the
COM angle, of 67.5° which is the angle used in our system
(see Fig. 1).

Figure 4 shows the results of the two reconstruction ap-
proaches. A single position is calculated using the average
COM velocity (solid blue line) while the second method
results in a distribution of X, Y, Z positions. The average
position of the distribution (dashed black line) differs only
slightly from the values calculated using the averaged COM
velocity. The distributions, seen in Fig. 4, exhibit peaks
relating to the underlying COM velocity distributions for each
of the reaction types. We define the error in the reconstructed
position to be the interval covering 90% of the distribution,
taken from the leading edge (marked by dashed red lines in
the figure). We use this measure because the distribution has
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Fig. 4: The distribution of scattering locations of a neutron
scattering event for a given alpha detection position and time
interval. For the AY scattering locations, we plot distributions
representing the main contributions from the different beam
ions (plotted separately in black in the middle plot for the main
projectile-target couples). The mean, u, and width of 90% of
the distribution are given by the black and red dashed lines,
respectively, and the solid blue lines represent a reconstruction
using the averaged COM velocity from Fig. 3.

a strong non-Gaussian shape. As a result of this, resolution
measurements that quote Gaussian 1-o values cannot directly
be compared to this measure. As expected, the largest offset
(9.40cm) as well as error (6.12cm) is in the Y-direction
since it is the largest component of the COM velocity for our
API system. The errors in Z (1.22cm) and X (0.20 cm) are
much smaller than the error in Y for the given alpha position
and travel time. It should be noted that although the COM
velocity has no X component, it still introduces an error in X
during the reconstruction. This is due to the COM corrections
causing a variation in alpha travel time, which affects all three
Cartesian components in the reconstruction.

We note that the Y distribution (~30x wider than the X-
and ~5x wider than the Z-distributions) looks the same for
all alpha positions, whereas the distributions in X and Z can
exhibit different shapes (not shown, but example plots are
available in [17]). For example, although all distributions show
multiple-peaks as seen in Fig. 4, for some alpha positions
the X and Z distributions can appear very narrow or flipped.
This effect results from the fact that the alpha position directly
affects the alpha travel time; changes in the alpha travel time
affect the neutron travel time, which then results in a different
distribution of scattering centers.

In order to capture this effect across the entire volume that
we aim to measure with the API system, we created an equally
spaced mesh of alpha positions and times between alpha and
gamma detection to generate many data points and carry out
the same calculations as done for Fig. 4. For each point, the
90% interval in the three directions were added in quadrature,
then the square root was taken to get a total position error
which is plotted in Fig. 5.

The total error of the reconstructed neutron locations ap-
proaches a maximum error of about 6 cm at a depth (defined as



the Z-distance) of 1.2 m as shown in Fig. 5. Again, this error is
defined as a 90% interval of the distribution and therefore not
directly comparable to the 1-0 or FWHM of a Gaussian-like
distribution. The error increases in Y Z due to the direction
of the COM velocity in our setup. The angular resolution
of an API system is limited by several factors apart from
the COM effect we are discussing here: mainly the size of
the beam spot on the target and the alpha detector position
resolution. The quoted beam spot size for our generator at
full acceleration voltage is 2mm in diameter. However, at
lower operating voltages, it can be significantly larger which
results in an angular resolution between 2° and 4° for our
generator [7]. Furthermore, the timing resolution between
alpha and gamma-ray detectors, 1.25ns for our system [7],
corresponds to a depth resolution of 6 cm. This uncertainty
also contributes to errors in X and Y, since theses values are
coupled to the measured time in equation (4). The error from
the distribution of COM velocities is of the same magnitude
(but still smaller) compared to the uncertainties from the
system’s angular and depth resolutions in Y, but in X and
Z the COM contributions are much smaller. We also note that
the resolution measurements [7] were taken with an earlier
version of the Adelphi API neutron generator with slightly
different geometry. We expect the newer version to have
a better resolution (for example, due to less neutron target
material and therefore less scattering in the target), but have
not quantified this in detail.

The direction of the COM velocity has a significant impact
on the magnitude of errors in the neutron scatter location
reconstruction. These errors can be improved by reducing the
COM angle. Figure 5 shows that at 0° the errors are greatly
reduced compared to our current setup at 67.5°. However,
achieving smaller angles is not straight forward, since the
alpha detector cannot be allowed to block the ion beam.
Minimizing the error may be possible by placing the alpha
detector at 0° (orthogonal to the ion beam) and using a small
hole in the detector for the ion beam to pass through. A small
angle has the additional benefit of decreasing alpha scattering
in the neutron production target.

We additionally explored the effect of varying multiple
parameters which we kept fixed in our previous simulations,
such as changing the acceleration voltage between 20kV and
150kV, changing the COM angle between 0° to 90°, and
changing the proportion of atomic ions from 10% to 90%.
To compare the results, we averaged the total error in X and
Y (assuming a 5cm x Hem detector) and plotted the error
at Z = 100cm for the varying parameter values, as well
as the resulting shift/tilt. As seen in Fig. 6 (top), the error
and shift/tilt increased with the energy. In Fig. 6 (middle),
the effect of the COM angle can clearly be seen such that the
error was reduced by decreasing this angle. In Fig. 6 (bottom),
the error in the reconstruction depended only weakly on the
ratio between atomic and molecular ions in the beam. For
this reason, the results presented in this article for the specific
value of 70% will be also valid for an ion beam with an atomic
fraction above 50% and therefore most API systems that use
a microwave-driven ion source.
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Fig. 5: A contour plot of the error in the reconstruction within
the measurement volume in Y Z and XY for COM angles of
67.5° and 0°. The vertical red line on the Y Z plots shows the
location of the XY slice.

IV. EXPERIMENTAL DATA

We attempted to measure the effect of COM on our recon-
struction using a thin carbon (graphite) slab (1 cm x 10 cm x
20 cm) aligned with the short width in the direction of interest
(i.e., the 1cm x 20cm face was in the XY plane and the
1cm edge aligned in X- or Y-direction) . The slab was thin
enough compared to our resolution to give a good estimation
of resolution of our API system. We aligned the center of the
slab directly below the neutron source at X =0 and Y =0
and positioned it 51 cm below the neutron source. The carbon
slab was placed on low-density foam material to separate it
from the high-density floor.

Data was taken at acceleration energies of 50keV and
80 keV with run times of 5 hours and 2 hours respectively. We
then reconstructed the XY Z-positions both with and without
COM corrections. For the data analysis, only counts inside
a region of interest around the carbon-slab (selected by X,
Y, and Z ranges) and an energy interval around the carbon
peak of 3MeV to 5 MeV were tallied. From Fig. 7, we can
see that the COM correction causes a shift in Y but not in
X, which conforms to the fact that our ion beam moves in
the Y Z plane. Although the center of the slab is placed at
X =0 and Y = 0 for each respective profile, we measure
a reconstructed center position that is slightly off (roughly
1cm to 2cm). We attribute this to other effects that influence
our reconstruction, such as the beam not being centered on
the target, the alpha detector not being level with the floor,
etc. Overall the reconstructed position agrees with the XY
origin within our measurement errors. As expected, we see that
ignoring the COM-based reconstructions leads to a shift in the
Y data of several centimeters. However, we expected to see a
1.6 cm larger shift for 80 keV than for 50keV in Y that we do
not see in our measurement. We attribute this to a change in
the beam position on target as a function of the acceleration
voltage (which is expected if the beam is not directly on axis)
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ingly.

that could counteract the COM shift. We also see a broader
peak in Y at 80keV than at 50keV with FWHM values
of 4.6cm and 3.0 cm, respectively. However, the increase is
larger than we expect from our COM calculations. Most likely
the observed change in FWHM is dominated by a varying ion
beam spot size (which is not surprising, since beam focusing
and thus beam spot size likely vary with acceleration voltages).

V. CONCLUSION

We have described COM corrections in an API setup
and analyzed the dependencies of the corrections and their
associated errors on ion beam energy and atomic fraction, and
on the angle between ion beam and alpha detector.

We compared using an average COM velocity in the scatter-
ing position reconstruction to first calculating the full distribu-
tion and then taking its mean. As can be seen in Fig. 4, using
the average COM velocity gives almost the same position as
the mean of the full distribution. Over our volume of interest
(in our case 50 cm to 120 cm in Z and roughly 50 cm x 50 cm
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Fig. 7: Histograms of carbon-slab data taken at different
voltages and orientations. As expected, the plots show that
the resolution is worse in the Y-direction than in the X-
direction and worse at 80 keV than at 50 keV. The FWHM of
the X -profile was 2.2cm and 3.1cm at 50keV and 80keV,
respectively. Meanwhile, the Y -profile had a FWHM of 3.0 cm
and 4.6cm at 50keV and 80keV. We also plot the data
without the COM correction, and it showed a visible shift
in Y but not X. The carbon slab location is indicated by the
dashed black line.

in X and Y at Z = 50cm), the largest difference between
the two reconstruction methods is less than 0.15mm [17]
and is therefore insignificant (compared to a resolution of
several centimeters). Since using the average COM velocity
and performing only a single reconstruction is computationally
much faster than calculating the full distribution, the former
method ought to be preferred for analyzing experimental data.

Using the averaged COM velocity to reconstruct scattering
locations can correct for a shift/tilt of the image as much
as 12 centimeters at a distance of around 1m from the
neutron source (see Fig. 6, top plot at 100keV). Event-by-
event calculations, in contrast, allowed us to quantify the
impact of the distribution of COM velocities on the spatial
resolution. The additional uncertainty in the FWHM arises due
to multiple factors — the presence of atomic and molecular ions
in the beam, whether a deuterium ion impinges on a tritium
ion or vice versa, and the variation of the ion’s energy due to
the energy loss within the target.

In our current setup, the COM error in the reconstructed
position is largest in the beam direction (Y axis) as seen in
Fig. 5 (top left). The Y-position error (defined as a region
spanning 90% of the distribution) is about 3.4 cm at a distance



of 60cm from the neutron source [17]. In the X- and Z-
directions, the COM correction error is an order of magnitude
less than in Y (and the error in X is normally much smaller
than in Z). For our existing API system, the measured position
resolution (FWHM) is about 4cm in X and Y and about
6cm in Z at a distance of 60 cm [7]. Therefore, the errors
in X and Z introduced by the COM movement uncertainty
are small compared to the overall error and can be ignored
for our setup and data analysis. In the beam direction (Y)
the error is the largest, but in practice our measurements have
shown that for our system it is only a small contribution to our
measured resolution. Other effects, most likely beam spot size,
have a greater effect on the resolution. Future improvements
in alpha-detector and timing resolution as well as ion beam
spot size on the target may make the error due to the COM
velocity spread more relevant. This error can be reduced (see
Fig. 6) by decreasing the COM angle, i.e., the angle between
alpha detector and ion beam, and future API neutron generator
designs might need to incorporate a smaller COM angle to
achieve a higher resolution. In summary, for current API
systems, the COM correction should be included to correct
for a shift/tilt, but contributions to the resolutions can currently
still be ignored. To correct for the COM shift/tilt the averaged
COM velocity can be used and a detailed calculation is not
necessary.
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