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Summary

The primary motivation for the fissionTPC experiment is to provide precise, accurate data for
evaluation of the 239Pu(n,f) cross section. Neutron induced fission cross sections are typically
measured as ratios, with a well known standard cross section being in the denominator. Mea-
suring a ratio removes the need to quantify the neutron beam flux which is difficult to determine
accurately. Any cross section ratio measurement is ultimately limited by the accuracy of the stan-
dard used. While the 235U(n,f) standard is well measured some light particle reactions are known
as well or better. Light particle reactions also remove some of the shared systematic uncertainties
that are present in an actinide-only ratio measurement. To this end the NIFFTE collaboration orig-
inally proposed to measure the 239Pu(n,f)/1H(n,el) cross section ratio. The 1H(n,el) reaction is well
measured, smoothly varying as a function of energy and has good theoretical support, making it
an ideal candidate for a cross section standard. Through simulation-based study and initial data
collection with the fissionTPC of a 235U(n,f)/1H(n,el) cross section ratio it was determined that the
measurement uncertainties could not be reduced sufficently to take full advantage of the high ac-
curacy of the 1H(n,el) reaction. The primary difficulties faced were the low energy of the scattered
protons which do not provide enough signal to measure the neutron time-of-flight (nToF) with
the fissionTPC fast cathode amplifier, and the the background (n,p) signals induced by the high
energy component of the WNR beam. It should be noted that these challenges would be greatly
reduced if we were to make such a measurement at a monoenergetic neutron facility.

In light of these challenges other reactions were investigated. The 6Li(n,t)α reaction was identi-
fied as a good alternative. The 4.8 MeV Q-value of the reaction provides a relatively large signal
for nToF determination and the two charged particles (t & α) released in the reaction provide a
signal well suited for background suppression in the fissionTPC. The 6Li(n,t) reaction is consid-
ered a standard up to 1 MeV and is currently evaluated up to 3 MeV incident neutron energy.
While this is a narrower energy range than the 1H(n,el) reaction it overlaps well with the fission
neutron spectrum. A mock evaluation was performed and it was estimated that a measurement
of 239Pu(n,f)/6Li(n,t) would have an impact on the 239Pu(n,f) evaluation comparable to a mea-
surement using a the 1H(n,el) reaction. While the 6Li(n,t) reaction is not as well measured as the
1H(n,el) reaction, the lack of previous measurements in the GMA database means that a new mea-
surement of 239Pu(n,f)/6Li(n,t) will have a greater weighting and therefore a large impact on a
future evaluation. In addition to providing a reduction in the 239Pu(n,f) cross section evaluation
uncertainties, a measurement of 6Li(n,t) in the fissionTPC will provide data to resolve a discrep-
ancy in previous measurements of the reaction above 1 MeV. Furthermore, the 6Li data collected
in the fissionTPC can also be analyzed to measure the 6Li(n,nd) reaction for which there is limited
discrepant data in the GMA database.

This report will focus on: the motivation for making a 239Pu(n,f)/6Li(n,t) cross section ratio
measurement; a preliminary look at 235U(n,f)/6Li(n,t) data collected which will emphasize the
capability of the fissionTPC to make an nToF measurement with the fast cathode amplifier; and
finally will provide a brief update on the 239Pu(n,f)/235U(n,f) cross section analysis.
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1 Introduction

Nuclear data plays an important role in both defense and energy related applications. These sys-
tems have become increasingly dependent on advanced simulation and modeling. Ultimately the
accuracy of these models are no better than the underlying uncertainties of the nuclear data they
use. It is therefore imperative that nuclear data uncertainties are minimized and well-understood.
Specifically, there is a need for precision neutron-induced fission cross section measurements on
fissile nuclei such as 239Pu.

The NIFFTE collaboration, comprised of two national laboratories and four universities, has de-
veloped the fissionTPC to measure energy-differential neutron-induced fission cross section ratios
with total uncertainties less than 1% (both statistical and systematic). For comparison, traditional
measurements using ionization chambers are limited to 3–5% total uncertainty.

The fissionTPC has several advantages over standard ionization chambers, most notably when
it comes to providing insight into sources of systematic uncertainties. Charged particle tracks are
reconstructed by combining the 2D information from the finely-segmented readout plane with the
relative drift time of the track. This particle tracking information can help determine sample uni-
formity, beam profile, and other parameters which were often estimated rather than measured in
previous measurements. In addition, it also enables improved discrimination of fission fragments,
alphas and other charged particles (see Fig. 1). An extensive description of the fissionTPC can be
found in Ref. [1].

Figure 1: (Left) A cut-away of the fissionTPC detector. (Right) Reconstructed charged-particle track
lengths and energies from fissionTPC data. Bands for various isotopes ranging from protons to fission
fragments are visible.

The primary goal of the fissionTPC project is to measure the 239Pu(n,f) cross section to sub-1%
accuracy. More importantly the goal is to provide an accurate measurement with a detailed uncer-
tainly analysis, including all the correlations, upload the information to the appropriate databases
and in turn have an impact on the 239Pu evaluation. Providing precision measurements requires
extensive effort and a methodical approach. To this end the fissionTPC project has made a series
of detector development and validation measurements. The 3 phases as originally planned were
to:
1. Measure 238U(n,f)/235U(n,f) cross section ratio to benchmark the fissionTPC performance. The

unnormalized data were published [2] and uploaded to the EXFOR and GMA databases.
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2. Measure the 239Pu(n,f)/235U(n,f) cross section ratio. The preliminary result for this ratio has
been released [3]. The effort to validate and normalize the results before publication contin-
ues [4].

3. Measure the 239Pu(n,f)/1H(n,el) cross section ratio. Data collection at LANSCE completed.

Ultimately the uncertainty of any cross section ratio measurement is limited by the uncertainty
of the reference standard. The 1H(n,el) cross section is the most accurate neutron standard. Af-
ter significant development, simulation, data collection and analysis it was determined that the
measurement uncertainties for 1H(n,el) with the fissionTPC at LANSCE would be too great to
effectively capitalize on the low uncertainty of the standard in an evaluation. This led to the ex-
ploration of other light-particle standards.

It was proposed to measure the 235U(n,f)/6Li(n,t)α cross section ratio as a precursor develop-
ment measurement to a 239Pu(n,f)/6Li(n,t)α cross section ratio the following year. 6Li(n,t)α has
many advantages compared to 1H(n,el) from a detection standpoint: solid, thin targets in the form
of LiF can be made with relative ease; the large Q-value of 4.8 MeV provides sufficient energy for a
fast cathode timing signal for nToF; and the two charged particles emitted in the reaction provide
an excellent event tag and background suppression in a TPC. Taken together these advantages
make sub-percent measurement uncertainties with the fissionTPC at LANSCE much more achiev-
able than for a 1H(n,el) measurement.

Crucially, we also performed a mock data evaluation to understand the impact of a 239Pu(n,f)/
6Li(n,t)α measurement on a future ENDF evaluation and compared it to the potential impact of a
239Pu(n,f)/1H(n,el) measurement [5]. It was found that while the 6Li based evaluation is possible
over a narrower energy range of ≈ 0.15 – 3 MeV, the reduction in uncertainties would be compa-
rable and in some cases better than for a 1H based measurement. Figure 2 shows the results of the
mock evaluation of 239Pu(n,f) with either 6Li or 1H standard. The figure shows the reduction in
evaluation uncertainty that would be expected with the introduction of new data. The various col-
ored lines represent different evaluations when altering assumptions about two key measurement
uncertainties: the background (b) and the normalization (N).

Figure 2: The change in evaluation uncertainty of 239Pu(n,f) with new fissionTPC data from measure-
ments in ratio to either the 6Li(n,t)α standard (Left) or the 1H(n,el) standard (Right). The vertical scale is
the ratio of the evaluation uncertainty with the additional data to the uncertainty without the new data,
where <1 is the fractional decrease in uncertainty and >1 would be an increase. The various colored
lines represent different evaluations when altering assumptions about two key measurement uncertain-
ties: the background (b) and the normalization (N).
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Figure 3: Measurement uncertainties from the fissionTPC measurement of the 238U/235U fission cross
section ratio [2]. These uncertainties were used as the basis for the assumptions in the mock evaluations
of 239Pu/6Li and 239Pu/1H cross section ratios shown in Figure 2.

The assumptions about measurement uncertainties are based on previous experience measur-
ing 238U/235U fission cross section ratios [2] which can be seen in Figure 3. The background un-
certainty was varied as it is expected to be one of the largest and has the least in common with
our assumptions, which are based on an actinide-only ratio measurement. The correction for a
light charged particle background will be considerably different than for a fission fragment back-
ground. The target atom number normalization will also have either a relatively large uncertainty
or will not be feasible at all. This is a result of the fact that we can not use α-counting to determine
the 6LiF target mass. Other measurement techniques of target density and thickness are difficult in
the context of the fissionTPC and will typically have uncertainties greater than 1% or not be pos-
sible at all. Figure 2 shows that even with a shape only measurement the reduction in evaluation
uncertainties will still be considerable.

The uncertainties for a 239Pu/6Li measurement are comparable to a 239Pu/1H measurement
of similar precision as a result of the lack of previous 239Pu/6Li measurements in that energy
range reported in the GMA database [6]. With no other data points present a single measurement
has a stronger weighting on the evaluation. It should be noted that our mock evaluation does
not include the impact of “Unrecognized Systematic Uncertainties” (USU) [7]. These were not
included as they are applied to an evaluation a-posterior and are not included in the standards
database. Furthermore, it is our understanding that the USU formalism is planned to be revised [5]
and a fissionTPC measurement could have an impact on that outcome.

Our mock evaluation also indicates that ratio measurements of 6Li(n,t) with the fissionTPC will
have a considerable impact on the 6Li evaluation above 1 MeV. Figure 4 shows a comparison be-
tween ENDF and the 2017 Standards for 6Li(n,t) cross section above 1 MeV and the anticipated
reduction in uncertainties for that cross section resulting from our mock evaluation. The poten-
tial for such a considerable reduction in uncertainties is a result of discrepancies in the existing
6Li(n,t) data. Figure 5 (taken from Ref. [7]) shows the overlay of the standards and some of the
contributing data. One contributing factor to this disagreement is the result of an effect termed
“particle leaking” which was noted by Giorginis et al. [8,9]. Particle leaking refers to a kinematic
effect whereby, for certain outgoing angles of the triton, both the t and α products are emitted at
forward angles. For detectors that cannot resolve the particles, this effect causes a misidentifica-
tion of the products as a t + α composite particle with the sum of the individual energies. In turn,
this can cause a systematic underestimation of the 6Li(n,t) cross section. The fissionTPC is well
suited to resolve this discrepancy as it has nearly 4π coverage and can distinguish particle types
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Figure 4: (Left)The evaluation of the 6Li(n,t) reaction from ENDF and the 2017 Standards [7]. (Right) The
decrease in the 6Li(n,t) evaluation uncertainties based on our mock evaluation. The significant reduction
is a result of our estimation that fissionTPC data will help address the discrepant data and evaluations.

in multi-particle reactions.
Another potential source of the data discrepancies is the 6Li(n,nd)t break-up reaction. Figure 6

shows the evaluations of the various 6Li+n reactions. As the (n,t) reaction begins to roll off at
≈ 2.5 MeV the (n,nd) reaction cross section rises steeply. Deuterons and tritons can be difficult to
distinguish and one reaction could be attributed as the other leading to a systematic error. The par-
ticle distinguishing ability of the fissionTPC should be able to distinguish these reactions. While
helping to improve the 6Li(n,t) measurement above 1 MeV a measurement with the fissionTPC
has the added benefit of contributing data to the 6Li(n,nd) reaction. Figure 6 includes an overlay
of the data included in the 6Li(n,nd) evaluation. The dataset has large uncertainties, is discrepant
below 7 MeV and limited above that energy. A fissionTPC measurement at LANSCE could have
a significant impact on the 6Li(n,nd) evaluation.

Figure 5: Figure taken from Reference [7]. The 6Li(n,t) reaction is considered a standard up to 1 MeV.
Above that energy the uncertainties increase and contributing data sets are discrepant.
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Figure 6: The evaluations of the various 6Li+n reactions from ENDF/V and ENDF/VII. Data for the
(n,nd) and (n,el) reactions are over-layed. Note that the (n,nd) reaction (blue) cross section is rising
steeply as the (n,t) reaction (purple) is rolling off. The difficulty in distinguishing deuterons from tri-
tons experimentally could contribute to the observed data discrepancies seen in Figure 5. A fissionTPC
measurement of 6Li(n,t) at LANSCE will also contribute data to the 6Li(n,nd) cross section.
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2 Measuring the 6Li(n,t)α Reaction in the fissionTPC

2.1 Efficiency

The target for measuring the 235U(n,f)/6Li(n,t) consists of an approximately 0.4µm thick 6LiF de-
posit and a 0.1 µm thick 235UF4 deposit on a 1 µm thick aluminum backing. The Al foils were
mounted on 0.5 mm thick target rings by the Lebow corporation. The 6LiF was vapor deposited
at LLNL and the 235UF4 was vapor deposited at Oregon State University. The 235U thickness was
based on previous experience at LANSCE and the 6Li thickness was set to match the expected
statistical rate of the 235U(n,f) at 5 MeV. The Al backing is transparent to alphas and tritons from
6Li(n,t). Figure 7 shows an example of the energy-angle distribution of alphas and tritons, which
are approximately back-to-back, though the kinematics of the reaction for non-thermal neutron
energies means they are not precisely so. To take advantage of the two-particle background sup-
pression both particles must be identified. Even with a thin backing there will be some angular
ranges for which the tritons and/or alphas lose most or all of their energy outisde of the fissionTPC
active volume. An efficiency correction is therefore required. Figure 8 shows the results of a SRIM
simulation for the fraction of detectable energy that enters the gas volume of the fissionTPC. The
efficiency corrections will be a modification of the current fissionTPC efficiency model which is
described in Ref. [2]. The energy-loss/efficiency model takes into account the mass and charge of
the emitted particle and the angular distribution resulting from anisotropy and kinematic boost.

Figure 7: The energy vs. angle distribution for alphas and tritons emitted in the 6Li(n,t)α reaction. This
distribution is an example at an incident neutron energy of 2 MeV.

The primary difference between the detection of the fission fragments and the 6Li reaction prod-
ucts is that the fission fragments are much more energetic. This has no implications for the detec-
tion efficiency of the particles on the anode, which has a gas gain stage. The fast cathode signal,
which is used for the neutron time-of-flight determination, has no gas gain stage however. The
long range and low energy density of the alpha and triton tracks will make them difficult to de-
tect above the beam-induced background and signal noise, complicating the efficiency calculation.
The gas mixture and pressure affect the energy density (range) of the charged particle tracks in the
fissionTPC. Increasing the pressure decreases the track length and increases the charge density,
thereby improving amplifier performance. Beam time will be required to fully study the optimum
settings, particularly in the case of gas mixtures and pressure, as the 6Li(n,t)α reaction cannot be
replicated in the lab and the in-beam behavior of the MICROMEGAS gain stage is dependent
on the gas type. Our previous efforts with fissionTPC development for the detection of 1H(n,el)
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Figure 8: A simulation of the fraction of detectable energy in the fissionTPC after accounting for energy
loss in the target and backing. The two plots represent two different orientations of the target and
backing with respect to the beam. The triton preferentially travels in the direction of the neutron beam
and is the more penetrating of the two particles. It is therefore optimal to orient the target backing
downstream in the beam direction. The apparent discontinuities in the plots are a result of both particles
traveling into the same volume of the detector.

reactions has been instructive. The amplifier was designed and gas studies [10] performed in an-
ticipation of detecting low energy proton tracks. If the energy of at least one of the particles and
the angles of both are known the reaction kinematics can be used to infer the incident neutron
energy. There is a dependence on the sin2θ of the reaction however which will significantly limit
the neutron energy resolution. This calculation is intended to only be used as a cross check for the
nToF measurement but it could be relied upon in the case of severely limited cathode amplifier
performance.

2.2 Preliminary Data

The 235U(n,f)/6Li(n,t) has been deployed in beam at LANSCE. Preliminary data is being used to
explore the optimum operating conditions for the fissionTPC. These include adjustments to gas
mixture, pressure and gain. The α tracks from the 6Li reaction preferentially travel upstream of the
beam direction and are of an energy range of 2–3 MeV (see figure 7). The target was placed such
that the 6Li deposit is upstream of the Al foil backing allowing the lower energy α tracks to be
emitted without having to pass through the foil backing, while the much more penetrating tritons
will predominately pass through the foil backing. Figure.... shows data and simulation for the two
volumes (up and downstream) of the fissionTPC. Beam off data shows the spontaneous decay αs
from the 235U deposit. The αs have lost energy in the upstream volume after passing through the
relatively thick 1 µm Al foil. The simulation shows the reaction products of the 6Li(n,t)α reaction.
The simulation in the downstream volume also includes some gas scatter proton tracks for illus-
trative purposes. The beam on data includes several particles not included in the simulation such
as Argon gas recoils and fission fragments. When comparing the beam off, beam on and simu-
lation data of the upstream volume in particular, the presence of the αs from the 6Li reaction are
distinctly visible. In the upstream simulation a region of particles referred to as “leaking” is also
visible. These are 6Li reactions where both the triton and α are at a shallow angle with respect to
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each other and almost perpendicular to the beam. The opening angle is such that they both appear
in the same volume as a single long track. Particle leakage was discussed in section 1 as a possible
problem for previous measurements. The fissionTPC is well suited to identifying these events.

Figure 9: Track length vs. track energy fissionTPC data with the 235U(n,f)/6Li(n,t) target for both beam
off and beam on. Also included is a simulation of the 6Li(n,t)α reaction products. Upstream and down-
stream refer to the volume with respect to the neutron beam direction. The downstream simulation also
includes beam induced proton scatters to clarify the position of the αs relative to the high energy tritons.
The proton scatters are fully contained while the tritons and protons labeled p* & t* leave the active area
of the detector and only deposit a fraction of their total energy. The αs from the 6Li reaction are clearly
visible in the upstream beam data.

Figure 10 shows to waveforms from the high-speed cathode signal that is used to reconstruct
the nToF. The panel on the left shows the waveform associated with an 6Lireaction. The panel on
the right shows on for a fission event. The need for a wide dynamic range is clear, the fission event
deposits over 10x as much energy on the cathode as that of the 6Li reaction. The signal-to-noise
ratio for the 6Li reaction is sufficient to determine a nToF, however it is not clear that the cathode
will be 100% efficient for detecting the 6Li reaction products.

Preliminary 235U(n,f)/6Li(n,t) has been collected in beam at LANSCE. The 6Li(n,t)α reaction
products are clearly visible in the fissionTPC data. Initial analysis indicates that the high-speed
cathode will be able to produce signals sufficienc to reconstruct nToF though further analysis is
required to determine the efficiency of the cathode to detect 6Li(n,t) reactions. Data collection and
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Figure 10: High-speed cathode waveforms for an 6Lireaction (left) and a fission event (right). The fission
event is over 10x the strength of the 6Li signal. The 6Li signal is sufficient for the determination of nToF.

analysis is ongoing to determine the optimum settings for the fissionTPC gas and gain.
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3 Status of the 239Pu(n,f)/235U(n,f) Cross Section Measurement

As with any precision measurement careful validation of the results and rigorous quantification of
the uncertainties is required. Our approach has been to make multiple experimental configuration
changes and to use several analysis techniques to test both data correction models and detector
performance.

The analysis focus to this point has been on a correction for beam and target nonuniformities
and the fission fragment detection efficiency, which are both relatively complex and rely in part
on modeling. The ability to directly measure inputs for the determination of these two correc-
tions were motivations for developing the fissionTPC in the first place since past fission chamber
measurements relied upon experimental design to minimize their impact. Using relatively simple
fission chambers it is not possible to directly correct for these effects. The primary data vali-
dation used here is rotation of the fissionTPC with respect to the neutron beam direction. This
configuration change has the largest possible impact on the efficiency and beam / target overlap.
Two analysis techniques were employed in this work that use the tracking capabilities of the fis-
sionTPC: a tracking based correction of the beam / target overlap and a binned vertex analysis
that bypasses the beam / target overlap correction. While both methods rely on reconstruction
of α-decay and fission fragment track vertices the methods for computing the final result are not
mathematically equivalent. The rotation validation and two analysis techniques are currently
in agreement. These are the primary validations for the fissionTPC cross section measurement
and the agreement indicates that we have successfully measured a cross section shape. Some
effort remains to validate the overall target normalization.

In the FY17 and FY18 [3,4] reports an MCNP-based correction of the beam / target overlap was
used. It was determined that adding the additional step of an MCNP simulation in the analysis
added no quantitative value to the result. It is however a useful qualitative validation of the beam
nonuniformity. No significant changes were seen when using a data-only method for the overlap
term as compared to an MCNP-based method.

The major finding in the FY18 report was that the so called overlap correction and binned analy-
sis methods were not in agreement. This disagreement was traced to the method with which the
efficiency correction was being applied to the binned analysis. The binned and overlap analyses
used different fission fragment selection cuts. The efficiency correction must be adjusted for each
cut selection. However, a single efficiency correction was being used for both analyses. We have
adjusted the cut selections for the current analysis so that the same efficiency correction applies to
both. A clerical error was also identified in which the incorrect target normalization was being ap-
plied. Efforts to perform an extensive internal audit of the analysis and uncertainty quantification
are still ongoing.

3.1 The Overlap Correction

In a typical fission chamber measurement an attempt is made to place two actinide targets in the
same neutron beam. When constructing a cross section ratio the neutron flux term then divides
out and eliminates the need to measure it. This method still works if one of either the beam or
targets has nonuniformities. When both the beam and a target have nonuniformities the cross
section ratio must have an energy dependent normalization correction applied. It is the case for
the fissionTPC data that the 239Pu target and the beam were both nonuniform. An image depicting
variation in the 239Pu target thickness is shown in Fig. 11, and a Monte Carlo calculation (MCNP)
of the neutron intensity, showing spatial nonunifomity, is shown in Figure 12.
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Figure 11: Spontaneous α-decay track start vertices for the 239Pu target. The rate of α-decay is propor-
tional to the target thickness.

Figure 12: The spatial distribution of neutrons incident upon the upstream actinide target in the fis-
sionTPC, as determined by the MCNP model of the 90L beam line: (left) En =100 keV and (right)
En =10 MeV. The nonuniformity is a result of the choice of collimator design which creates a pinhole
camera effect. Note the change in the shape along the x-axis is parallel to the direction of the proton
beam incident on the spallation target.

The overlap term arises in recognition that a given shape of target and beam intensities, while
the same in aggregate to a different shape, may result in differing rates of induced fissions. For
example, if the most intense regions of the beam and target coincide, the fission rate is enhanced
relative to the case where the beam and target intensities are anti-correlated. If this overlap term
is not corrected, the result is a systematic shift in the measured (n,f) cross section.

Because the fissionTPC can reconstruct α and fission fragment starting vertices, the nonunifor-
mity of both the beam and target can be characterized, and the overlap term corrected. Alterna-
tively, the beam shape can be calculated, as described above, though there is no similar method
for calculating the target shape, apart from simply assuming any given distribution. The overlap
term is motivated by the well-known equation describing the fission rate:

f = σnL
T
V

(1)

where σ is the interaction cross-section, n is the neutron flux, L is the depth of the target, T is
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the number of target nuclei, and V is the volume. The ratio T/V is simply the number density
of the target actinide, and is therefore a physical constant. The term LT/V is therefore the areal
density of the target, which itself can vary over the extent of the target. Because the overlap term is
meant to be a normalized correction factor, the constants of the term drop out, and normalizations
are applied to ensure the n and T terms by themselves do not change the overall cross-section
measurement, but only their cross-terms. The resulting normalized equation is

OT = Overlap Term

= B ∑
i

ni

∑j nj

Tt

∑k Tk
(2)

= B
1

∑j nj

1
∑k Tk

∑
i

niTi (3)

In the the above equation the value B is the number of bins into which the data is divided. This
term is necessary to remove the dependency of bin size on the final calculation. ni is the number
of neutrons traversing bin i in any given length of time, and Ti is the number of target nuclei in
bin i. Note that in Eq. (2) the term is normalized by the total number of neutrons and the total
number of target nuclei, to ensure that only the interplay between ni and Ti are corrected in the
final calculation. In Eq. (3) the normalizations, being constant, are brought outside the summation
over i.

The summation over nj is a measure of the total neutron beam, and can be obtained in multiple
ways. One way is via Monte Carlo calculation, as shown in Fig. 12. Another approach is referred
to as the “self-calibrating” method, where the shape of the target, given by the α start vertices, is
used to infer the beam shape from the distribution of fission fragment starting vertices from the
same target. We point out, however, that once known, the beam shape can be applied to any in situ
beam target, allowing us to determine the beam shape from one target and apply it to a second
target in the same beam. The mathematics governing these different approaches are explored later
in this section.

Eq. (3) can be recast in terms of the experimental observables fi, the number of fission fragments
detected in bin i in a given length of time, and αi, the number of alpha particles detected over that
same length of time in the same bin:

fi = σniLi
T
V

⇒ ni =
1
σ

fi

Li

1
ρ

(4)

where the ratio T/V has been replaced by the constant ρ. In a similar vein, the number of target
nuclei in any given bin can be related to the thickness of the target in that location:

Ti = ρLi Abin (5)

where Abin is the area of bin i. Substituting Eqs. (4) and (5) into Eq. (3) gives
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OT =
1

1
σρ ∑j

f j
Lj

1
ρAbin ∑k Lk

B ∑
i

1
σ

fi

Li

1
ρ

ρLi Abin (6)

=
1

∑j
f j
Lj

1
∑k Lk

B ∑
i

fi (7)

Note that the terms σ, ρ, and Abin have all cancelled, leaving behind a term purely governed by
the shapes of the target and beam.

Li can be defined in terms of the rate from any given region of the target via

Ri = alpha rate in bin i

=
dT
dt
|t=0 =

ln2
τ1/2

T0i

=
ln2
τ1/2

ρLi Abin

⇒ Li =
τ1/2

ln2
1

ρAbin
Ri (8)

By recognizing that Ri = t αi, where t is the length of time over which data is acquired, Eq. (8) can
be substituted into Eq. (6) to give

OT = B

[
∑

j

f j

αj

∑k αk

∑i fi

]−1

(9)

Depending on the method used to determine the beam shape, we may want to work either in
simulation space, where the independent observables are the ni and Ti, or experimental space,
where the independent variables are fi and αi. In the former case, we employ Eq. (3), while in the
latter we use Eq (9). We also have the option of transforming our independent terms according to
the equations

Ti =
τ1/2

t ln2
αi (10)

ni =
Abin

σ

t ln2
τ1/2

fi

ai
(11)

Even though terms such as τ1/2 and σ that are specific to any given actinide are present in these
equations, in practice they tend to cancel when calculating a ratio of overlap terms. As an example,
we examine the case where the target (Ti) terms are taken from a plutonium target, but the beam
terms (ni) are taken from a correlated uranium target. Beginning with Eq. (3) we derive:

OTPu = B
1

∑j nU
j

1
∑k TPu

k
∑

i
nU

i TPu
i

=
1

∑k αPu
k

1

∑i
f U
i

αU
i

∑
j

f U
j

αU
j

αPu
j (12)
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where the superscripts are used to denote the nature of the experimental target that are used to
originate the term. This OTPu term is described as the “uranium-corrected plutonium overlap
term”. As previously mentioned, this plutonium overlap term can be self-corrected (if the reader
prefers, “plutonium-corrected plutonium overlap term”), or corrected by the Monte Carlo calcu-
lations (“MCNP-corrected plutonium overlap term”). A ratio of OTPu / OTU will have the sum
over i cancel, and in the OTU term the α terms in the sum over j will also cancel. This leaves the
final ratio as

OTPu

OTU =

1
∑k αPu

k
∑j

f u
j

αU
j

αPu
j

1
∑i αU

i
∑l f U

l

(13)

where again, the physical constants and non-experimental terms have cancelled, leaving a purely
shape-dependent expression for the overlap term.

Because the beam is largely stable from run to run, by rotating the target within the beam, the
overlap term can be made to change. This stems from a region of greater or lesser target density
being inserted into a region of greater or lesser neutron beam flux. The result of such a rotation is
shown in Fig. 13.

Figure 13: The overlap correction for “Before” and “After” rotation of the fissionTPC. The two orien-
tations were 180◦ about the vertical axis with respect to the beam direction, which had the effect of
reversing the beam and target maxima with respect to each other.

3.2 The Binned Analysis

The binned analysis bypasses the need for an overlap correction by taking a back-to-back cross
section ratio in each spatial bin such that the bin size is small enough that the beam and/or target
is relatively uniform over the bin size. The target-atom ratio has to be scaled for each bin using the
α-decay data. The total cross section is then determined by averaging each binned cross section
result. One has to take care in how the averaging is done. The arithmetic mean is the incorrect
choice for averaging ratios as

〈σ0/σ1〉 6= 〈σ0〉/〈σ1〉 (14)

where the subscripts 0 and 1 refer to the back-to-back targets. A geometric mean
(
ΠN

i=1ri
)1/N is

the appropriate operation for averaging ratios, which respects taking the inverse. We can switch
between arithmetic and geometric mean formulations using logarithms and exponentials

e∑ ln ri = Πri. (15)
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The generic weighted geometric average formulation is then

ln
σ0

σ1
=

∫
w(x) ln F0(x)ρ1(x)

F1(x)ρ0(x)dx∫
w(x)dx

, (16)

where w(x) is a weight, Fv(x) are the fission fragment counts and ρv(x) are the target atom densi-
ties all with spatial coordinate x. The target atom density ρv(x) is proportional to the autoradio-
graph alpha counts αv(x) where the proportionality constant is determined from the atom number
counting measurements. The weight was chosen such that bins with the lowest uncertainty will
have the highest weight. The main uncertainty that varies between bins is the counting statis-
tics of the fragment Fv and alpha counts αv. The statistical uncertainty on a particular bin due to
counting fluctuations in F0 for example is ∂F0 =

√
F0 is

δ2
F0
=

(
∂F0

∂

∂F0
ln

F0ρ1

F1ρ0

)2

=

(
∂F0

F0

)2

=
1
F0

. (17)

The uncertainty is likewise for other components. The total statistical variance is the sum of the
independent counting variances and the weight for each bin is 1/δ2, thus

δ2 =
1
F0

+
1
F1

+
1
α0

+
1
α1

(18)

and
w(x) =

1
1
F0
+ 1

F1
+ 1

α0
+ 1

α1

. (19)

The treatment above assumes our binning discretization leaves plenty of counts for Fv and αv in
each bin, above where we need to worry about small-number fluctuations. The weighting function
in Eq. 19 assigns a weight of zero to any bins with zero counts in any category. It does, however,
introduce some systematic bias to the answer due to being correlated with the counts in the ratio.

The residuals between the cross section result when applying the overlap correction and when
using the binned analysis are shown in Figure 14. A residual of zero across all energy bins indi-
cates that the results of the two methods are consistent. Figure 14 represents a cross-validation for
the two methods of addressing the beam and target nonuniformity.

Figure 14: The residual between the cross section results using the overlap correction compared to us-
ing the binned analysis for the two orientations of the fissionTPC. The results of the two methods are
consistent. The error bars are statistical only for the binned analysis.
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Applying an overlap correction is the preferred method for calculating a final cross section result
as it is not subject to increased uncertainties from binning the fission fragment statistics and is not
subject to the weighting bias in the binned analysis. The effects of the weighting bias can be seen
in Figure 15. The results were found to be stable over a wide range of bin sizes from 0.64 mm2

(square bins 0.8 mm on a side) to 4.0 mm2, wherein the statistics are sufficiently high and the
beam is relatively uniform. Below 0.64 mm2 bin size a bias at high and low energy can be seen.
The bias at these energies is a result of the decreasing cross section ratio and low fission statistics.
Above 4.0 mm2 bin size the results are shifted systematically across all energy bins which is to be
expected as the beam is no longer uniform over the bin.

Figure 15: The Overlap-Binned residual for different bin sizes used in the binned analysis. The residual
for bin sizes of 0.36 mm2 (left) and 16.0 mm2 (right) are shown in the figure to illustrate the bias at small
bin size and the systematic shift at large bin size. A 1st order polynomial fit is shown to further illustrate
the effect. The bias at small bin size is a result of low statistics while the shift at large bins is a result
of the beam no longer being uniform over the bin width. The results are stable between a bin size of
approximately 0.64 mm2 and 4 mm2.

3.3 Cross Section Shape Validations and Sensitivity Studies

3.3.1 Rotation

The primary validation for the fissionTPC analysis is the rotation validation. The detector was
rotated 180◦ about the vertical axis in the beam line. The rotation flipped the targets with respect
to being upstream or downstream of the beam. The rotation acts as a validation for the efficiency
model which is sensitive to the angular distribution of the fission fragments. The angular distri-
bution is driven in large part by the kinematic boost of the incident neutrons which is sensitive
to the direction of the actinide and backing with respect to the beam direction. Figure 16 shows
the fission fragment detection efficiency for the two targets in both orientations of the fissionTPC.
The change in detection efficiency with rotation is significant, approaching 4% at 20 MeV incident
neutron energy.

Figure 17 shows the residual between the measured cross section for before and after rotation
(BR and AR). The residual is shown for both the overlap corrected and binned analyses. A 1st
order polynomial fit of the data is shown for illustrative purposes. Generally the residual is con-
sistent with zero. The fit indicates there may be a slight bias approaching 20 MeV, although the
scatter in the data and the size of the error bars do not significantly support a bias. The current
iteration of the efficiency model includes the use of FREYA, which our analysis indicates underes-
timates the energy given to the fission neutrons beginning at second chance fission. Furthermore
FREYA is not expected to be accurate above 20 MeV. Our efficiency model is not dependent on
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Figure 16: The calculated fission fragment detection efficiency of the fissionTPC. The detection effi-
ciency in this plot is lower than the absolute detection efficiency because energy and angular cuts are
taken into account. For a given orientation of the detector the fission fragments are either kinemati-
cally boosted into or away from the thick Aluminum backing, resulting in a large change in detection
efficiency. BR and AR in the legend refer to before and after rotation. Also apparent in the plot is the
quantum anisotropy introduced near 7 MeV or second chance fission.

FREYA, which was used only as an additional validation of the efficiency model. In the coming
year we will explore the effects of the use of FREYA on any possible bias in the BR and AR analy-
sis. A final cross section result would be the weighted average of the two rotation data sets which
will average out any remaining bias not fully captured by the efficiency model.

Figure 17: The residual between the measured cross section for before and after rotation, for both the
overlap correction and binned analysis. A 1st order polynomial fit of the data is shown for illustrative
purposes. The residual is consistent with zero within the error bars and scatter.

3.3.2 Radius Cut

The rotation also acts as an additional validation of the overlap correction as it flipped the region of
greater or lesser 239Pu target density being inserted into a region of greater or lesser neutron beam
flux and had a significant impact on the overlap calculation as shown in Figure 13. In addition
to the rotation validation an analysis was conducted making several radius cuts on the target.
A radius cut has a large impact on the overlap calculation as the edge of the target represents
a significant area of the target and also behaves as a large nonuniformity. Figure 18 shows the
change in the magnitude of the overlap correction when cutting out the edge of the target. The
overlap term moves by nearly 5% with a cut at 0.9 cm radius which is a reduction of 10% of the full

19



FissionTPC FY2019 Report LLNL-TR-788566

1 cm radius. Figure 19 shows the results for three radius cuts. The residual between the overlap
correction based analysis and the binned analysis is shown along with the rotation residual for the
overlap correction analysis. The results are stable with radius cut and do not change from those
shown in Figures 14 and 17.

Figure 18: The overlap correction for BR and AR data sets and shown for two target radius cuts. The
target is 1 cm in diameter. A cut of 0.9 cm is inside the target edge. The magnitude of the overlap term
changes significantly as the edge represents a large area of the target and can be interpreted as a large
target nonuniformity.

Figure 19: Residual plots for three different radius cuts: 1.2 cm encompasses the full target while 0.9 cm
and 0.7 cm are within the targets 1 cm radius. (Left) The residual between the cross section results
using the overlap correction compared to using the binned analysis for before rotation only. (Right) The
residual between before and after rotation for the overlap-based analysis. These plots show that the
cross section shape is stable with radius cuts.

In addition to acting as a validation for the overlap correction the radius cut acts as a validation
of the vertex tracking in general. Not only are the overlap correction and binned analysis explicitly
dependent on vertex tracking, but the overall mass ratio is significantly changed as a result of the
large nonuniformity in the 239Pu target. A cut of 0.9 cm radius (where the full target is 1 cm radius)
results in an approximately 7% change in the target atom ratio which must be accounted for when
calculating the cross section ratio. Figure 20 shows the residual between the cross section for each
of the radius cuts (for BR and overlap correction only). The residual is consistent with zero which
shows that not only is the shape stable, which is illustrated in Figure 19, but the normalization
change is also properly accounted for by the α vertex tracking.

20



FissionTPC FY2019 Report LLNL-TR-788566

Figure 20: The residual between the cross section results for the three radius cuts. When applying a
radius cut the overall target normalization must be adjusted as a result of the nonuniformity in the
239Pu target. The zero residual is a validation of vertex tracking which must be used to adjust the target
normalization.

3.3.3 Polar Angle, θ, Cut & Track Vertex Bias

The vertex tracking is subject to some bias resulting from the 2 mm pitch hexagonal pad struc-
ture of the anode. The tracking algorithm has a focusing procedure that on average eliminates
the tracking bias, however in certain polar angle ranges the bias can become apparent. While the
calculations for the overlap correction and binned analysis are done on the full polar angle range
there is the potential for a systematic error from track vertex bias. A sensitivity study was per-
formed on three track polar angle ranges that show the potential effects in the most extreme cases
of the track biasing. Figure 21 shows the effects of track biasing on the 239Pu target distribution,
the hexagonal pattern is readily visible in two of the three polar angle ranges. Figure 22 shows the
effect of the track vertex bias on the overlap correction and binned analysis. There is no change in
the shape of the cross section, the residual between the overlap correction and the binned analysis
is zero. The residual between cross sections resulting from the different biasing show the potential
for a normalization shift of 0.5% in the most extreme case; the most extreme case being the differ-
ence between the cos(θ) ranges of 0.2–0.4 and 0.6–0.8 where the hexagonal biasing reverses from
rings to points.

Figure 21: The tracking algorithm can bias vertices toward the edges or centers of the hexagonal anode
pads of the fissionTPC. The algorithm is adjusted so that this effect is averaged out for all tracks but
selecting a subset based on polar angle cuts can make the biasing apparent. The three plots show track
vertices for cos(θ) cuts in the range of 0.2–0.4, 0.4–0.6, and 0.6–0.8 out of a full 2π range of 0–1.

The effect of track vertex biasing as a result of cos(θ) can be exaggerated by applying a radius
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Figure 22: (Left) The residual between the cross section results using the overlap correction compared
to the binned analysis for before rotation only. The zero residual indicates there is now shape change
when applying a tracking bias (Right) The residual between the cross section results for the three cos(θ)
cuts using the overlap correction (BR Only). The residual shows the potential for a 0.5% normalization
bias in the most extreme case of vertex biasing.

cut in addition. Figure 23 shows the residual between different overlap correction-based cross
section measurements using different track bias inducing cos(θ) cuts and a 0.9 cm radius cut. This
can be compared to the right side of Figure 22 which had no radius cut. The radius cut combined
with the angle cut shows a potential normalization bias of up to 1.5%. This shift however is
almost entirely a result of the target-atom renormalization and not a change in the magnitude of
the overlap correction. This can be understood if one visualizes a ring representing the radius
cut which is then intersecting with the maxima and minima of the hexagonal grid pattern in an
irregular fashion, resulting in a bias in how many tracks fall in and out of the radius cut.

Figure 23: (Right) The residual between the cross section results using the overlap correction for the
three cos(θ) cuts and a 0.9 cm radius cut (BR Only). The residual shows the potential for a 1.5% normal-
ization bias in the most extreme case of vertex biasing. This shift is a result of the target ratio renormal-
ization procedure and not a change in the magnitude of the overlap correction shift as evidenced by the
magnitude of the overlap correction (Right) which moves by <0.5% for the most extreme biasing case.

The polar angle cut or track vertex biasing sensitivity study shows that the shape of the cross
section is robust against track biasing that results from the hexagonal pad layout of the fissionTPC
anode. There is however some potential for an overall normalization bias that must be accounted
for in our uncertainty analysis. This uncertainty is likely less than 0.5%. While this is less than
the 1.5% bias seen for the example of a radius and polar angle cuts shown in Figure 23, that figure
should be interpreted in the context of the results from section 3.3.2 which discussed the radius cut
sensitivity study. The stability of the result both in shape and normalization when performing radius
cuts should be interpreted not only as a validation of the overlap correction but the accuracy of

22



FissionTPC FY2019 Report LLNL-TR-788566

the vertex tracking which is being used to correct for target normalization changes of greater than
5% to an accuracy much better than 1% (see Figure 20). While there is a dependence between track
vertexing and track angle, the tracking algorithm’s focusing setting is effectively averaging out the
bias. Any remaining uncertainty from the track biasing would result in an overall cross section
normalization uncertainty and be negligible for the shape uncertainty as evidenced by Figures 22
and 23.

3.3.4 Target Alignment

Another potential source of systematic error is the alignment between the two volumes of the
fissionTPC. While the anode pad planes are precisely constructed printed circuit boards and are
identical from one volume to the other, their alignment is not necessarily perfect as a result of the
way the fissionTPC is assembled. The anodes are held in place by dowel rods that have approxi-
mately 200 µm of play. This means that the coordinate system from one volume is not necessarily
aligned with the other, which would have an obvious impact on the overlap correction and binned
analysis. The misalignment is corrected for by observing beam induced α tracks that have enough
energy to pass through the cathode plane and deposit energy in both volumes. By observing the
offset of the track vertices where they should intersect the alignment correction can be determined.
The alignment correction to be applied to volume 1 was found to be -167 µm along the x-axis and
-131 µm along the y-axis, well within the expected 200 µm maximum.

To understand the potential impact of an inaccurate alignment measurement a sensitivity study
was conducted with the track vertices for both the α and fission fragment tracks being shifted by
200µm in one volume with respect to the other. The shift for fragments and αs were synchronized
however as the data sets for target radiograph and cross section were taken without a disassem-
bly of the fissionTPC in between. Figures 24 and 25 show the results. The cross section shape is
stable with respect to the shift. A systematic normalization shift of approximately 0.5% between
the overlap correction and the binned analysis was observed for some of the shifts. Similar re-
sults were shown for the residual between different shifts for an overlap correction-based cross
section. This sensitivity study is the worst case potential misalignment for the data. Using the
high energy α punch-through analysis for the volume alignment, we expect the cross section un-
certainty from a target alignment uncertainty to be negligible for the shape and less than 0.5% for
the normalization.

3.3.5 Space Charge Scaling

The high α-decay activity of the 239Pu target results in a sustained space-charge of positive ions
drifting towards the cathode in the fissionTPC drift volume. The space-charge causes a distortion
in the drift field and the start vertices of the fission fragment and α distributions are drawn towards
the center of the fissionTPC. The distortion produces a target distribution that appears smaller in
the data than the target is in reality. Using an analysis of a photograph of the target, the 239Pu data
can be corrected by scaling the track vertices out radially. The correction was approximately 2%
of the total radius. The size of the target and location of track vertices has obvious implications
for the overlap correction and binned analysis as has been discussed throughout the previous sec-
tions. For a sensitivity study the space-charge correction was simply turned off. The space-charge
correction has a 1.5% effect on the cross section normalization and no effect on the shape. This
effect on normalization only occurs for an analysis of the entire target. When a radial cut is ap-
plied the normalization effect is no longer present. This can be understood in the way the overlap
correction is calculated (see Section 3.1). The space-charge scaling has no effect on the beam size,
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Figure 24: Residual plots for 4 different shifts of the target volumes with respect to each other, compared
to the nominal alignment. (Left) The residual between the cross section results using the overlap cor-
rection compared to using the binned analysis for before rotation only. (Right) The residual between
before and after rotation for the overlap-based analysis. These plots show that the cross section shape is
stable with target shifts, with less than a 0.5% systematic disagreement introduced between the overlap
and binned analysis for some shifts.

Figure 25: The residual between the cross section results (overlap correction, BR only) for 4 different
shifts compared to the nominal alignment. The shape is stable with up to a 0.5% normalization system-
atic shift.

the scaling effectively changes the amount of area, and therefore the total number of neutrons, the
target is exposed to. The correction does not change the number of target atoms, only the apparent
density of the target. The overlap calculation normalizes the target distribution within whatever
the cut radius is, therefore when a cut radius inside the scaling correction is applied the general
shape of the target is largely unaffected and the target density is unchanged. In other words, turn-
ing off the space-charge scaling correction breaks the radial cut stability described in Section 3.3.2
and illustrated in Figure 26. This is a validation that the space-charge scaling correction is needed
and being applied correctly. The uncertainty in the space-charge correction is a normalization
uncertainty and has a negligible effect on the cross section shape.

3.3.6 Tracking Resolution

The overlap correction is sensitive the the interaction between the beam and the target edge as evi-
denced by the large change in the overlap correction with radius cuts (see Figure 18). The tracking
resolution could produce a systematic error in the overlap correction. The tracking resolution was
determined by fitting the edge of the target plotted in radial coordinates and was found to be
200 µm for fission fragments and 300 µm for α tracks. The different resolution of the two particle
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Figure 26: The residual between the cross section results for no radius cut and a 0.9 cm radius cut, with
the space-charge scaling correction turned on and off (overlap correction, BR only). The shape is stable.
When the scaling is turned off however the stability of the normalization for radius cuts is broken.

types is related to the charge cloud diffusion. The much greater charge deposited by a fission
fragment results in a larger charge cloud that is less subject to vertex biasing induced by the pad
plane pixels. The overlap correction was calculated using track vertex square bins ranging from
0.2 mm to 2.4 mm on a side, the results are shown in Figure 27.

The overlap term is stable up to a bin size of 0.8 mm with a 0.1% systematic shift at a bin size of
1.2 mm. At a bin size of 2.4 mm there is a 1% systematic shift in the overlap correction. The fact
that the overlap correction is stable to 0.8 mm and has only a 0.1% shift at 1.2 mm, or 4 times the
size of the tracking resolution, is a good indication that the resolution is sufficient to calculate the
overlap correction for the edge of the target. Furthermore a change in the overlap correction with
bin size is not unexpected as eventually the bin size will approach the size of the nonuniformities,
and it is in fact encouraging that the shape is so stable. Figure 28 shows the 239Pu target shape at a
0.4 mm and 1.2 mm bin size. Any uncertainty from tracking resolution appears as a normalization
uncertainty and has a negligible effect on the cross section shape. When a radius cut is applied the
overlap correction has only 0.1% shift at 2.4 mm bin size, further supporting the assertion that the
uncertainty is entirely in the normalization.

Figure 27: The overlap correction for various track vertex histogram bin sizes with two radius cuts. Any
changes with bin size appear as an overall normalization shift and have no effect on the cross section
shape. With no radius cut (Left) a shift of 1% is seen with a 2.4 mm square bin size. A shift in the overlap
correction is to be expected as the bins become larger as the information about the target edge is being
lost. With a radius cut of 0.9 mm (Right) the overlap correction is stable even through the 2.4 mm bin
size as the edge no longer plays a role.
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Figure 28: The 239Pu target shape with a 0.4 mm bin size (Right) and a 1.2 mm bin size (Left). Information
about the target edge begins to be obscured significantly at a bin size of 1.2 mm.

3.4 Cross Section Normalization

The target atom ratio normalization procedure is described in detail in the two previous NIFFTE
cross section reports [3,4]. The targets were analyzed with mass spectrometry and α-counted
both with a Silicon detector and the fissionTPC. The Si detector design was based on a NIST
prescription for high precision counting. Because the target backing could be mounted with either
actinide target facing the detector we were able to measure the target atom ratio directly to high
precision without the need to account for the detector efficiency. The Si detector data collection
and analysis took place in FY17. An independent analysis of the same data was conducted in FY18
and showed the same result N235U/N239Pu = 1.742 ± 0.006. The fissionTPC analysis produced
a result of 1.724 ± 0.021, which is in agreement with the Si detector measurement within the
uncertainty reported. The results of the fissionTPC normalized cross section ratio compared to
ENDF/B-VII.1 evaluation is shown in Figure 29.

Figure 29: (Left) The normalized fissionTPC cross section ratio results shown with the ENDF/B-VII.1
evaluation. (Right) The residual between the ENDF and the fissionTPC results. The line is a 1st order
polynomial fit to the data points and is for illustrative purposes only.

The results appear to be in good shape agreement with ENDF and approximately 2% system-
atically high on average. Figure 30 shows the fissionTPC results alongside those from Refer-
ences [11,12]. The Tovesson [11] measurement was on the same flight path (90L) at WNR-LANSCE
that the fissionTPC data was collected on. The Lisowski [12] measurement was also measured at
WNR-LANSCE, but on a different flight path. The Lisowski measurement was normalized with α-
counting while the Tovesson measurement was normalized to the thermal cross section. Figure 31
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shows the three measurements and the residual between the fissionTPC result and the Tovesson
and Lisowski data. The results are largely in shape agreement at low energy and share many
similar features when compared to ENDF/B-VII.1. The shape of all three measurements begin to
diverge starting in the region of 10–20 MeV. It is interesting to note that the fissionTPC approach
to detector efficiency is considerably different than in previous measurements, and its impact will
be greatest at higher energy where kinematic boost and partial linear momentum transfer effects
are at their greatest.

Figure 30: (Left) The normalized fissionTPC cross section ratio results and two other experimental re-
sults [11,12] shown with the ENDF/B-VII.1 evaluation. (Right) The residual between ENDF and the
various data sets.

Figure 31: (Left) The normalized cross section ratio results from the fissionTPC, Tovesson [11], and
Lisowski [12] for 0.2 – 100 MeV. (Right) The residual between the fissionTPC results and the Toves-
son [11] and Lisowski [12] data.

While it is not the objective of the experiment to validate ENDF, and there is a need to be cau-
tious of confirmation bias, the 2% systematic is well outside of the reported ENDF uncertainties.
The fissionTPC results also appear to be systematically high when compared to the Tovesson
measurement [11] which was made on the same beam line. While several of the sensitivity stud-
ies described in Section 3.3 indicate that we likely have a normalization error related to vertex
tracking, none of those studies would indicate an error greater than 1%. This has led us to the
conclusion that further analysis and measurement of the normalization is required. An additional
normalization uncertainty will be determined based on the sensitivity studies reported here.
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3.4.1 Summary

The large nonuniformity in the 239Pu target combined with an energy dependent beam nonuni-
formity lead to the need for both normalization and energy-shape corrections. While these effects
were anticipated prior to the measurement, and were estimated to be small, the magnitude of the
target nonuniformity combined with a less than optimal beam-target alignment greatly exacer-
bated the effects. Fortunately the fissionTPC was designed specifically to understand the effects
of such nonuniformities. The complexity of the data and the precision demands not only ne-
cessitated but allowed for an unprecedented and extensive validation effort (the NIFFTE reports
include many studies not specifically referenced here [3,4]). While previous measurements made
every effort to minimize nonuniformities and take advantage of the experimental arrangement of
a ratio measurement (particularly for efficiency), it is likely that some unaccounted for systematic
uncertainties were present. While the effects on nonuniformity were likely much larger in the fis-
sionTPC data as compared to previous measurements, our ability to directly quantify and correct
for them gives us great confidence in the shape measurement. Some questions remain over the
normalization and will be addressed in the coming year. Currently an effort is underway to remea-
sure the target with the Silicon detector. Additionally, an extensive internal audit of the analysis is
ongoing. Futhermore an effort is currently underway to produce a new 239Pu target through the
vapor deposition process, which will produce highly uniform targets. Lastly, LANL is producing
a detailed model of the WNR beam lines and designing collimation for 90L to maximize beam
uniformity.
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