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First measurement in a magnetic confinement fusion experiment
of the 3H + 3H → 5He + n intermediate two-body resonant reaction

B. Eriksson ,1,* S. Conroy,1 G. Ericsson ,1 J. Eriksson ,1 A. Hjalmarsson,1 C. R. Brune,2

M. Gatu Johnson,3 M. Nocente ,4 S. Fugazza,4 and M. Rebai 5

1Department of Physics and Astronomy, Uppsala University, Lägerhyddsvägen 1, Uppsala 752 37, Sweden
2Physics and Astronomy Department, 1 Ohio University, Clippinger Laboratories 251B, Athens, Ohio 45701, USA

3Plasma Science and Fusion Center, Massachusetts Institute of Technology, 167 Albany St., Cambridge, Massachusetts 02139, USA
4Department of Physics, University of Milano-Bicocca, Piazza della Scienza 3, Milan 20126, Italy

5Institute for Plasma Science and Technology, National Research Council, Via R. Cozzi 53, Milan 20125, Italy

(Received 14 September 2023; accepted 25 March 2024; published 23 May 2024)

We report on the first experimental measurements made at a magnetic confinement fusion device of the
tritium(T)-tritium(T) reaction T + T → 4He + 2n indicating the presence of the intermediate two-body resonant
reaction T + T → 5He + n. During the second deuterium-tritium campaign (DTE2) at the Joint European Torus,
measurements of fusion plasmas with high tritium concentrations, nT/(nT + nD) ≈ 0.99, heated with tritium
neutral beam injection, were performed using the neutron time-of-flight (TOF) spectrometer TOFOR. We detect
a peak in the neutron emission TOF spectrum consistent with the two-body resonant reaction. The TT neutron
emission energy spectrum is modeled using an R-matrix framework where the distributions of the most likely
model parameters given our experimental TOF data are determined utilizing a Markov chain Monte Carlo
approach. We compare our best estimate of the T + T neutron emission energy spectrum with results obtained at
inertial confinement fusion experiments at the OMEGA facility and find a spectral shape that is consistent with
the energy dependency in the neutron spectrum observed at OMEGA.

DOI: 10.1103/PhysRevC.109.054620

I. INTRODUCTION

Two tritons (3H, hereafter denoted T), can fuse through
the reaction T + T → α + 2n. As a consequence of the three-
body final state, the α and neutron energies create a broad
energy spectrum with a lower limit of zero up to a maxi-
mum value given by the reaction kinematics. Further, there
exists a resonant reaction occurring via an intermediate step,
T + T → 5He + n, where the 5He is either in the ground or
the first excited state. Due to the two-body intermediate state,
the neutron and 5He have well-defined energies which can
be detected as a peak in the resulting energy spectrum as
shown in [1–3]. Being able to properly model the TT neutron
emission spectrum is important in the context of magnetic
confinement fusion (MCF) and neutron spectroscopy for cor-
rectly estimating, e.g., the fusion fuel ion ratio [4] or the
behavior and confinement of T ions [5] for tritium-dominated
plasmas. Further, there exists a mirror reaction, 3He + 3He →
α + 2p, which has an influence on the solar proton-proton
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chain. An energy dependency in the proton emission spectral
shape may alter estimates of the 3He + 3He reaction rate at
solar fusion energies [6].

Measurements of the neutron emission spectrum from the
reaction have been performed at inertial confinement ex-
periments, e.g., at the National Ignition Facility (NIF) [7].
Indications of an energy dependency in the reaction channel
going via the 5He ground state have been examined by Gatu
Johnson et al. [6] where the neutron emission energy spec-
trum was measured at the OMEGA facility (Rochester, NY)
by irradiating T2 filled glass capsules with the OMEGA [8]
system. In this paper, we report on the first experimental mea-
surements of the neutron emission energy spectrum from the
T + T reaction in magnetically confined plasmas at the Joint
European Torus (JET). Our findings reveal spectral features
that are consistent with the energy dependency demonstrated
at OMEGA.

II. THEORETICAL BACKGROUND

We utilize the same R-matrix model framework, described
extensively in [9], as Gatu Johnson et al. to model the TT
neutron emission energy spectrum. The model describes the
reaction as sequential two-body decays involving the inter-
mediate T + T → 5He + n state followed by 5He → α + n.
Assuming an initial spin and parity JP = 0+, the model con-
siders transitions to the intermediate state with orbital angular
momenta l = {0, 1} resulting in three partial waves 1/2+,
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FIG. 1. The total modeled TT neutron emission spectrum is
shown as the orange line which is identical in both panels. The vari-
ous components of the spectrum correspond to the reaction channels
shown in (a) 1/2− in black, 3/2− in blue, dineutron emission in
green, and in (b) 1/2+ in red, and the net interference in purple.

1/2−, and 3/2−. The 3/2− and 1/2− partial waves represent
the ground state and first excited state of 5He, respectively. As
resonant states, they are anticipated to make a substantial con-
tribution to the neutron emission spectrum. On the contrary,
the 1/2+ partial wave is nonresonant and has been observed
to contribute less to the neutron emission spectrum. Finally,
dineutron emission (nn) is considered in which the reaction
occurs via the emission of an α particle and two correlated
neutrons. Examples of each contribution to the neutron energy
spectrum are shown in Fig. 1 including the net interference
between the various partial waves. In panel (a) the 1/2−,
3/2−, and dineutron partial waves are shown in black, blue,
and green, respectively. In panel (b) the 1/2+ partial wave and
the net interference component are depicted in red and purple.
The two (identical) orange lines in both panels depict the total
TT neutron emission spectrum, resulting from the summation
of the partial waves and interference component as presented
in the two panels.

FIG. 2. Neutron energy distributions for the partial waves, in-
cluding the primary component (red dotted line), the secondary
component (blue dashed line), the interference component (green
dash-dotted line), and the total (black solid line). Only the total is
shown for the nn case. Figure from [9].

The partial wave amplitudes are set using what is referred
to as feeding factors. One feeding factor is used for the
dineutron partial wave, here denoted Ann. For the other partial
waves a primary feeding factor, denoted A(1)

JP , and a secondary

feeding factor, denoted A(2)
JP , are utilized resulting in a total of

seven feeding factors. The primary feeding factor determines
the spectral shape of the neutron associated with the T + T →
5He + n reaction, whereas the secondary feeding factor is
related to the neutron emitted in the subsequent 5He → α + n
decay. The effect of the primary and secondary feeding factors
on the neutron energy spectrum is shown in Fig. 2 taken from
Ref. [9]. The description of the partial wave components from
the same reference is repeated here for convenience:

“1/2+ nα: The particle spectra for this channel are rather
featureless...[the neutron] spectra closely approximate ellipti-
cal energy distributions, characteristic of uniform phase space
population.

1/2− nα: The first excited state of 5He gives rise to a broad
peak in the primary neutron spectrum, while the secondary
neutron spectrum is also broad, but peaks at a lower neutron
energy. The effect of antisymmetrization is to make the over-
all spectrum narrower, with relatively little strength near the
endpoints of the spectrum....
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3/2− nα: The ground state of 5He gives rise to a narrow
peak in the primary neutron spectrum near the maximum
neutron energy. The secondary neutron spectrum shows a
double-peaked feature below 2 MeV...which implies a strong
tendency for the neutrons to be emitted in the same or opposite
directions but not perpendicular to each other. Due to the
recoil of the 5He intermediate state, this correlation affects the
secondary neutron energy distribution....

nn: In this case, the neutron energy spectrum peaks just below
4 MeV and has considerably less strength near the endpoints
compared to the 1/2+ nα channel, which has the same quan-
tum numbers.”

III. METHODS

The JET machine has operated with high-concentration tri-
tium plasmas with tritium to deuterium (2H, hereafter denoted
D) fuel densities on the order nT/(nT + nD) ≈0.99, during
the second deuterium-tritium campaign (DTE2) in 2021 and
early 2022. The neutron time-of-flight spectrometer TOFOR
[10,11] acquired data throughout these experimental cam-
paigns providing a large set of time-resolved data from which
we can create time of flight (TOF) spectra to estimate the
neutron emission energy distributions from each experimental
discharge.1 TOFOR utilizes a set of five plastic scintillation
detectors (denoted S1) placed with a collimated line of sight
passing through the core of the JET machine, followed by
a secondary set of 32 plastic scintillators (denoted S2) at a
distance of 1.2 m downstream of the S1 detectors, placed an-
nularly around the sight line axis. By performing coincidence
measurements between the S1 and S2 detectors, time-of-flight
spectra can be calculated. The time-of-flight spectrum thus
obtained can be related to the energy spectrum of the incom-
ing neutrons since more energetic neutrons will give rise to
coincidence events with shorter flight times, and vice versa.

In order to correctly interpret a given time-of-flight spec-
trum, it is necessary to have detailed knowledge of the
response function of the instrument which relates the energy
spectrum of incoming neutrons to the time-of-flight spectrum
that these neutrons give rise to. For TOFOR, the response
function has been determined using Monte Carlo calcula-
tions with the GEANT4 code [12]. Some key features of the
response function are illustrated in Fig. 3, which shows the
time-of-flight spectrum expected for monoenergetic neutrons
of various energies, equally spaced in the interval 1.5–10.5
MeV. The figure shows that each neutron energy gives rise to
a distinct, Gaussian-like peak centered around a well-defined
time-of-flight value. Due to the inverse square relationship
between energy and flight time, the peaks—despite being

1In this study, and within the context of JET, the term “experimental
discharge” refers to the controlled confinement of a fusion plasma
within the JET experimental setup. A discharge in this setting is a
specific mode of operation under which the plasma has been stud-
ied, involving, e.g., a given heating scheme, plasma density profile,
temperature profile, fuel ion mixture, etc., under which the plasma is
maintained. Typically, an experimental discharge at JET spans tens
of seconds.

FIG. 3. Simulated response of TOFOR to monoenergetic neu-
trons between 1.5 MeV and 10.5 MeV.

equally spaced in energy—become more narrowly spaced for
shorter flight times. As a consequence, the resolution of TO-
FOR is better for lower neutron energies and gets gradually
worse as the neutron energy increases. Furthermore, due to
the design of the TOFOR instrument, which was optimized
for DD operation, the detection efficiency is highest around
2.5 MeV and drops rapidly towards zero for neutron energies
lower than approximately 1.5 MeV. This effect is visible from
the low intensity of the lowest energy peak in Fig. 3.

This section explains how we process and model the
experimental TOF data. We begin by outlining the details
surrounding the experimental discharges and the process of
selecting data to create a summed TOF spectrum in Sec. III A.
Next, in Sec. III B we describe how we model the fuel tritium
velocity distributions to determine the center-of-momentum
(c.m.) energy, Ec.m., for a given T + T reaction. Finally, in
Sec. III C, we discuss how we determine the model feeding
factors using Markov chain Monte Carlo methods.

A. Experimental

To gather a large number of counts with TOFOR, we se-
lected 90 experimental discharges from the tritium campaigns
which utilized tritium neutral beam injection (NBI) [13,14]
to heat the tritium bulk plasma. The selected discharge num-
bers and time windows are given in Appendix A. The time
windows for each TOFOR data set were chosen to coincide
with the NBI heating phases (with the start and stop time
provided by the NBI system) of the experimental discharges.
The TOFOR data from the 90 discharges are summed to
form the total spectrum shown in Fig. 4. Due to residual
deuterium in the machine from previous experiments, we
expect to see signatures from the D + T → α + n reaction,
which produces 14 MeV neutrons, in addition to the neutrons
produced by T + T reactions. As indicated by the black
horizontal arrows, a peak due to 14 MeV DT neutrons is
visible around tTOF = 27 ns, followed by the broad continuum
between 30 < tTOF < 100 ns produced by TT neutrons in the
range 0–9.5 MeV. An estimate of the background, created
by random coincidences between the S1 and S2 detectors,
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FIG. 4. Experimental time-of-flight spectrum of the 90 summed
discharges. The green dashed line corresponds to the estimate of
the background due to random coincidences between the S1 and S2
detectors. A bin width of 0.4 ns is used.

is included as the green dashed line using the methods de-
scribed in [11,15]. The data reduction techniques employed
to produce the TOF spectrum are described in Appendix B. In
addition to TOFOR, the neutron spectra from these discharges
were also measured with two other spectrometers, based on
single crystal, synthetic diamonds [16,17]. The analysis of
the data from these spectrometers is still ongoing, but the
measurements have been seen to be broadly consistent with
the TOFOR spectra presented here. A detailed analysis of
the diamond spectrometer data will be the topic of a future
publication.

B. Determining the effective Ec.m. distribution

In addition to the various feeding factors, the R-matrix
framework described in [9] requires the center-of-momentum
energy, Ec.m., for the T + T system as an input parameter
to calculate the neutron emission energy distribution. In our
case, there is strictly speaking not one unique c.m. energy that
describes all the reactants; rather, there is a distribution of c.m.
energies that depends on the ion temperature and the slowing
down distribution of the NBI ions. A proper calculation of
the T + T neutron energy spectrum from the JET discharges
considered in this paper should therefore consist of calcula-
tions of spectra from a large number of c.m. energies, which
should then be added together with weights proportional to
the number of reactions expected from each respective c.m.
energy. However, the R-matrix feeding factors—which are
the basic parameters that we aim to determine from the TO-
FOR measurements—are also expected to vary with the c.m.
energy, and it is not possible to determine this energy de-
pendence from the available TOFOR data, since all data was
collected from similar experimental conditions. We, there-
fore, follow the same approach as Gatu Johnson et al. [6]
and determine an effective c.m. energy, representative of the
T + T reactant distribution as a whole, and base all spectrum
calculations off this single value of Ec.m..

FIG. 5. Fuel ion energy distributions normalized to the same
peak value where the thermal tritium population (blue dashed line)
is modeled as a Maxwell-Boltzmann distribution and the tritium
NBI slowing down distribution is calculated using a Fokker-Planck
equation.

In order to determine the c.m. energy distribution for the
T + T system, we first need to model the tritium energy
distributions present for the selected discharges. The primary
contribution to the neutron emission spectrum comes from
reactions between the thermal tritium population and a pop-
ulation of NBI tritons slowing down in the thermal plasma.
The thermal tritium population is easily modeled using a
Maxwell-Boltzmann distribution with an associated ion tem-
perature Ti. Here, we make the approximation Ti = Te, where
Te is the electron temperature, and use the high-resolution
Thomson scattering (HRTS) system [18,19] at JET to deter-
mine the average electron temperature for each experimental
discharge time window. An example of the estimated en-
ergy distribution of the thermal tritium population for one
experimental discharge is shown as the blue dashed line in
Fig. 5. The approximation Ti = Te is valid in this work for
three reasons. First, the approximation is generally valid for
low-heating power scenarios (NBI power �15 MW and neu-
tron rates �1016 s−1) [20], which the vast majority of the
chosen discharges adhere to. Second, the subset of discharges
for which Ti measurements are available from the charge ex-
change recombination spectrometer at JET [21,22] confirms
the similarity of the electron and ion temperature. Third, the
few discharges in which the approximation may not hold will
not affect the calculation of Ec.m. to a large degree. Indeed,
performing a sensitivity test in which we increase the electron
temperature by a factor 2 affects the calculated Ec.m. by less
than 10%. Clearly, the center-of-momentum energy is domi-
nated by the higher-energy NBI triton population. Next, the
energy distribution of the NBI tritons is calculated using a
Fokker-Planck equation [23] which describes the evolution of
the NBI-injected tritons, for the given injection energy, slow-
ing down in the thermal tritium plasma. The resulting NBI
tritium distribution for the same discharge is shown in Fig. 5
as the orange line. We can now sample triton energies from
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FIG. 6. The black dashed line shows the center-of-momentum
(c.m.) energy distribution of the T + T system for one experimental
discharge where the interacting particle energies are sampled from
the thermal and NBI populations shown in Fig. 5. The product of
σv (red dash-dotted line) and the c.m. energy distribution yields the
solid black line.

the two distributions to create the c.m. energy distribution
shown as the dashed black line in Fig. 6, again for the same
discharge. Finally, since we only observe neutron-producing
reactions, and the reaction rate is proportional to both the
reaction cross section and the reactant relative speed, we need
to weight the c.m. energy distribution by the product σ (v)v,
where σ (v) is the energy-dependent reaction cross section,
and v = |v2 − v1| is the relative T ion velocity of the T(T,2n)α
reaction. σv is shown as the red dash-dotted line in the same
figure. The product of the c.m. energy distribution and σv
yields the final adjusted c.m. energy distribution shown as the
solid black line. The process described above is repeated for
all 90 discharges resulting in the black lines shown in Fig. 7. A
weight is applied to each distribution in the figure to calculate
the weighted average distribution shown as the orange solid
line. The weights are calculated from the relative contribution
of each experimental discharge to the measured TOF spectrum
that is shown in Fig. 4. From the weighted distribution, we cal-
culate the average effective c.m. energy, shown as the orange
dashed line, to Ec.m. = 44.9 keV with a standard deviation of
16.0 keV.

C. Parameter fitting

The four components shown in Fig. 8 are included in the
model of the time-of-flight data. Three of these are constant
throughout the fitting procedure, namely the background com-
ponent due to random coincidences (green dashed line), the
DT peak (blue loosely dashed line), and the scatter component
[24] (black dash-dotted line) which is calculated to estimate
the contribution to the spectrum of neutrons scattering into
the TOFOR sightline. An example of the modeled T + T
reaction component is shown as the orange line in the same
figure. The sum of the four components constitutes our best
estimate of the modeled TOF spectrum. The scatter and DT
component should in principle be calculated for each new fit

FIG. 7. The black lines show the c.m. energy distributions of
the T + T system adjusted by σv for each of the 90 experimen-
tal discharges. The weighted average distribution and its mean are
shown as orange solid and dashed lines. The weights are given by the
relative contribution of each discharge to the measured time-of-flight
spectrum shown in Fig. 4.

to the data rather than being held constant. However, to save
computation time it is calculated using an initial fit to the data
deemed adequate for describing these components.

The neutron emission spectral shape from the T + T reac-
tion is modeled using the seven feeding factors described in
Sec. II. As is done in [6,9], all parameters are allowed to vary
except the A(2)

1/2+ channel which is set to zero. Consequently,
the model has six free parameters which we vary to achieve
the best fit to the TOF data. A Markov chain Monte Carlo
algorithm [25] is utilized to perform a broad search of the

FIG. 8. Components of the modeled time-of-flight spectrum, in-
cluding the DT neutron emission peak (blue loosely dashed line),
the broad TT neutron spectrum (orange line), the background due to
random coincidences (green dashed line), and the contribution due to
scattered neutrons (black dash-dotted line). A bin width of 0.4 ns is
used.
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FIG. 9. Sampled feeding factors in the Markov chain for
(a) A(1)

3/2− , (b) A(2)
3/2− , (c) A(1)

1/2− , (d) A(2)
1/2− , (e) A(1)

1/2+ , and (f) dineutron
emission. The stationary state of the Markov chain is achieved after
approximately 20000 iterations. The samples are shown in blue, and
the running average and running standard deviation are overlaid as
the orange line and the orange band, respectively.

parameter space. For each proposed sample of feeding factors,
a TT neutron emission distribution is calculated and folded
with the detector response function resulting in a modeled
time-of-flight spectrum. The Cash statistic [26] is used as a
figure of merit of the fit to the data. The analysis code is
available in [27].

IV. RESULTS

The accepted samples from the Markov chain are shown
in blue in Fig. 9. The primary and secondary feeding factors
A(1)

3/2− , A(2)
3/2− and A(1)

1/2− , A(2)
1/2− are shown in panels (a), (b) and

(c), (d) respectively. The primary feeding factor A(1)
1/2+ and the

dineutron emission feeding factor, Ann, are shown in panels (e)
and (f). The running averages and standard deviations of the
samples are overlaid as the orange line and band. The Markov
chain reaches a steady state after approximately 20000 itera-
tions. The samples from the steady state are selected and used
to estimate the Markov chain stationary distributions shown in
the diagonal of the corner plot in Fig. 10 as one-dimensional
histograms for each feeding factor. The 50th percentile (me-
dian) of each distribution is indicated by the black dashed line,
and the gray shaded areas encompass the 16th to 84th per-

centiles of the distributions. The feeding factors determined
in [6] for three average effective c.m. energies are included
for comparison. These correspond to 18.5 keV (blue dash-
dotted line), 45.1 keV (orange dotted line), and 58.6 keV
(green loosely dashed line). For clarity, it is important to note
that in the paper by Gatu Johnson et al., the stated values
correspond to the peak values (in contrast to the averages)
of the c.m. distribution, which are consequently lower there
(16 keV, 36 keV, and 50 keV, respectively). The off-diagonal
figures are two-dimensional histograms indicating the covari-
ance between the feeding factors. As an example, in the
bottom row, the covariance between the Ann and the remaining
feeding factors is indicated. We observe a low covariance with
the feeding factor A(1)

1/2+ , as evident from the circular shape of
the two-dimensional histogram. In contrast, we observe a high
degree of covariance with the A(1)

3/2− factor, indicated by the
elliptical shape of the two-dimensional histogram.

We randomly select 100 samples from the stationary dis-
tributions of the feeding factors (iterations >20000 in Fig. 9)
and plot the corresponding total TOF models on top of our
data. The result is shown in Fig. 11 which includes the
same constant components displayed in Fig. 8. Here, we have
zoomed in on the region dominated by TT neutrons. We find
an excellent fit of the model to our data. The width of the line
corresponding to the TT component (orange) and, as a conse-
quence, the width of the total component (red), is a result of
overlaying the 100 modeled TT emission spectra. The average
neutron emission energy spectrum used to fit the data is shown
as the black line in Fig. 12, the gray shaded area corresponds
to the standard deviation in each point. The neutron emis-
sion spectra modeled in the experiment at OMEGA [6] are
illustrated in the figure by the blue dash-dotted, orange dotted,
and green dashed lines with average effective c.m. energies of
18.5 keV, 45.1 keV, and 58.6 keV, respectively. In concordance
with the OMEGA paper, the neutron emission spectra are
normalized between 4–6 MeV. The inset figure contains an
enhanced display of the peak around 9 MeV produced mainly
by the intermediate reaction going via the 5He ground state,
the strength of which is determined to a large degree by the
A(1)

3/2− feeding factor.

V. CONCLUSIONS AND DISCUSSION

We have made the first measurements of the T + T →
α + 2n neutron energy spectrum at a magnetic confinement
fusion device, showing the presence of the intermediate two-
body resonant reaction T + T → 5He + n. Measurements
using the TOF spectrometer TOFOR were performed at the
Joint European Torus for fusion plasmas with high fractions
of tritium, nT/(nT + nD) ≈ 0.99, heated with tritium NBI.
The neutron emission spectrum from reactions between two
tritons is modeled using the R-matrix framework from [9]. The
model effectively captures the spectral details in the TOF data,
accurately fitting the peak associated with the intermediate
reaction involving the ground state of helium-5 (T + T →
5He +n). While the fitted spectrum agrees remarkably well
with the TOFOR data across the entire time-of-flight range, it
is important to note that TOFOR is virtually insensitive to neu-
trons with energies below approximately 1.5 MeV (see Fig. 3).
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FIG. 10. Corner plot showing the one-dimensional Markov chain stationary distributions of the feeding factors along the diagonal and the
covariances between all feeding factors in the off-diagonal two-dimensional histograms. The parameter values determined by Gatu Johnson
et al. are indicated in the figure for effective average c.m. energies 18.5 keV (blue dash-dotted line), 45.1 keV (orange dotted line), and
58.6 keV (green loosely dashed line).

Consequently, the region of the modeled neutron spectrum be-
low this energy level should not be considered experimentally
validated by the results presented in this paper.

As seen in Fig. 12, our best estimate of the modeled
ground state peak intensity is consistent with the measurement
made at a similar average effective c.m. energy (45.1 keV at
OMEGA shown as the orange dotted line compared to our
measurement at 44.9 keV shown as the black line). The con-
sistency with the 45.1 keV measurement at OMEGA is further
demonstrated in the one-dimensional histogram labeled A(1)

3/2−

in the fourth column in Fig. 10 by the proximity of the orange
dotted line to our best estimate of the A(1)

3/2− factor given by the
black dashed line.

By utilizing a Markov chain Monte Carlo algorithm in this
paper, we observe covariances between the feeding factors,
e.g., an inverse correlation between A(1)

3/2− and Ann: increasing
the intensity of the dineutron partial wave results in a smaller
value for A(1)

3/2− . This effect is demonstrated in Fig. 13 which

shows the various partial wave components used to produce
the total TT neutron emission spectrum for two samples se-
lected from the Markov chain. The solid and dashed lines
indicate the two selected sets of feeding factors. In panel (a)
the 1/2−, 3/2−, and dineutron partial waves are shown in
black, blue, and green, respectively. In panel (b) the 1/2+ par-
tial wave and the interference component are depicted in red
and purple. The orange lines in both panels depict the total TT
neutron emission spectra, resulting from the summation of the
partial waves and interference component as presented in the
two panels. For the first set of feeding factors (indicated by the
solid lines), Ann is selected from the right-hand (high-value)
side of the Markov Chain stationary distribution, whereas for
the second set (indicated by the dashed lines) Ann is selected
from the left-hand (low-value) side of the distribution. The
anticorrelation with the A(1)

3/2− factor becomes apparent in the
corresponding solid and dashed blue lines, where the large
value of Ann is compensated by a small value of A(1)

3/2− , and
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FIG. 11. Total modeled time-of-flight spectrum (red line) over-
laid on experimental data in the region dominated by TT neutrons,
including the subcomponents corresponding to TT neutrons (orange
line), DT neutrons (blue loosely dashed line), and scattered neutrons
(black dash-dotted line). The background due to random coinci-
dences has been subtracted from the spectrum. A bin width of 0.4 ns
is used.

vice versa. Further, the dineutron partial wave is largely com-
pensated by the interference component for the two cases in
the area between 2–6 MeV, yielding similar total TT spectra
for different values of Ann.

It should be noted that the R-matrix model used in
this paper calculates the TT neutron spectra in the center-
of-momentum frame of the T + T system. In the JET
experiments considered in this paper, the reactions were
primarily of beam-target type, which means that the center-
of-momentum frame does not coincide with the rest frame of
TOFOR (where the spectrum is measured). Furthermore, the

Ec.m. = 44.9 keV.

Ec.m. = 18.5 keV.

Ec.m. = 45.1 keV.

Ec.m. = 58.6 keV.
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FIG. 12. Modeled neutron emission spectrum (black line) cor-
responding to the average spectrum used in the fit to TOFOR data
including the standard deviation (gray shaded area). Results from
the OMEGA experiment [6] for three different c.m. energies are
included.
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FIG. 13. Two TT neutron emission spectra [orange lines in
(a) and (b)], generated using two sets of feeding factors correspond-
ing to the dashed and solid lines, including the various channel
components and the interference contribution.

NBI tritons slowing down in the thermal tritium plasma con-
form to an anisotropic velocity distribution, which is expected
to give rise to an anisotropy in the neutron emission energy
spectrum. These effects might distort the spectrum shape
somewhat, compared to the calculations presented in this pa-
per. However, since the calculated spectra agree very well
with the measured TOFOR data, any effects introduced by
such anisotropic distributions are likely to be small but might
introduce minor corrections to the best-fit feeding factors.
This assumption is also supported by previous calculations
[5], which indeed indicate that the use of NBI only has a minor
effect on the shape of the neutron energy spectrum from the
T + T reaction.

For future studies, it would be interesting to attempt to
measure the low energy side of the T + T neutron spectrum
in greater detail, since neither the TOFOR measurements pre-
sented in this paper nor the measurements in Gatu Johnson
et al. [6] were sensitive to neutrons in this region. In particular,
it would be interesting to investigate whether the peak-like
structure around 1.5 MeV (caused primarily by the 3/2− and
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the interference contributions (see Fig. 12) could be confirmed
by measurements. Also, it would be interesting to perform
measurements at even higher c.m. energies, to obtain further
insight into the dependence of the spectral shape on the c.m.
energy of the T + T system. However, it is unlikely that any
of these investigations could be carried out at JET, both due
to the inherent limitation of the TOFOR efficiency and due to
the fact that JET will be decommissioned during 2024 and no
more pure tritium plasmas are foreseen before then.

To conclude, our measurements of the TT neutron emission
energy spectrum are consistent with the measurements made
at OMEGA by Gatu Johnson et al. This provides further
evidence of the energy dependency in the spectral shape,
specifically in the intensity of the A(1)

3/2− feeding factor, i.e., the
peak around 8.5 MeV associated with the 3/2− partial wave
involving the ground state of 5He.
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APPENDIX A: TABLE OF EXPERIMENTAL DISCHARGES

Table I shows the list of experimental discharges with the
corresponding JET pulse numbers (JPN) and time ranges used
for the analysis of this paper. The discharges are selected
using three selection criteria: (i) the plasma is heated only
through Ohmic heating and neutral beam injection of tritium,
(ii) the tritium concentration, nT/(nT + nD), as measured by
the Penning gauge diagnostic KT5P at JET [28], is on average
>99% throughout the experimental discharge, and (iii) the
total neutron yield, as measured by the 235U / 238U fission
chambers, for the experimental discharge is >1014 neutrons.
The discharges are selected from a set of experiments with
varying plasma currents (ranging between 1.3–2.6 MA, with
a majority around 2.3 MA), toroidal B fields (ranging be-
tween 1.7–3.4 T, with a majority around 2.5 T), average
NBI powers (ranging between 1–17 MW, with a majority
around 10 MW), average electron temperatures (ranging be-
tween 1.5–3.5 keV, with a majority around 2.7 keV), and
electron densities (evenly distributed between 4×1019–8×
1019 m−3).

TABLE I. JET time windows for the selected experimental dis-
charges with the indicated JET pulse numbers (JPN) and times given
in seconds.

JPN t0 t1

98694 7.55 11.22
98695 13.10 18.96
98696 13.10 18.96
98697 7.56 13.11
98699 7.65 11.32
98788 7.55 12.01
98791 7.58 12.67
98792 10.05 12.09
98794 10.11 16.96
98795 10.10 17.75
98885 7.60 12.32
98891 7.59 12.43
98892 7.60 12.24
98906 12.44 20.83
98934 6.24 12.95
98935 6.02 6.93
98936 6.16 10.49
98937 6.14 11.09
98938 6.13 10.50
98939 6.32 11.06
98969 8.34 16.39
98975 6.01 6.50
98977 6.14 12.92
98978 6.22 12.74
98979 6.12 11.11
98980 6.07 11.26
98981 6.07 9.29
98983 6.13 12.28
98984 6.13 12.72
98985 6.18 12.80
98986 6.29 12.92
98987 6.21 14.88
98990 6.23 12.88
98991 6.16 10.16
98992 6.18 12.10
98994 6.97 11.24
98995 7.08 13.82
98996 6.44 12.20
98997 6.30 10.64
98998 6.30 11.93
98999 6.35 8.55
99003 10.13 18.89
99137 7.59 11.12
99138 7.64 12.30
99140 6.12 14.93
99157 4.05 7.70
99159 4.03 5.99
99173 13.10 18.94
99182 7.07 13.75
99185 7.18 18.03
99187 6.04 9.36
99194 5.32 8.92
99208 7.55 8.82
99221 9.20 13.28
99223 4.02 5.43
99224 4.07 9.35

054620-9



B. ERIKSSON et al. PHYSICAL REVIEW C 109, 054620 (2024)

TABLE I. (Continued.)

JPN t0 t1

99225 4.07 8.75
99267 9.20 17.79
99269 9.14 14.84
99280 9.11 14.03
99283 9.16 14.24
99288 10.13 15.96
100108 7.62 12.59
100110 10.13 15.96
100130 6.08 10.94
100131 6.06 10.96
100133 9.07 19.01
100134 9.08 17.99
100143 9.06 13.96
100164 7.28 21.68
100165 7.12 20.50
100166 7.16 21.40
100167 7.16 21.84
100168 7.14 19.47
100169 7.11 16.40
100170 7.16 21.84
100182 10.05 12.63
100186 10.09 15.95
100195 8.33 20.66
100196 8.33 20.66
100197 8.33 20.66
100198 8.30 18.67
100201 8.23 18.78
100202 8.29 20.70
100204 8.42 22.14
100205 8.29 20.53
100206 8.23 18.77
100225 15.34 23.92
100226 15.28 23.92
100227 15.28 23.93

APPENDIX B: DATA REDUCTION TECHNIQUES

Panels (a) and (b) of Fig. 14 show two-dimensional his-
tograms for detector sets S1 and S2 respectively, with the
electron equivalent (ee) energy deposited in the detector set on
the vertical axis and the measured flight time on the horizontal
axis. The main features of the two-dimensional histograms
in panels (a) and (b) are now discussed. A γ peak is vis-
ible around tTOF = 4 ns, the flight time of which is given
by the distance between the S1 and S2 detectors and the
constant speed of light. A peak due to 14 MeV DT neutrons
is visible around tTOF = 27 ns, followed by the broad contin-
uum between 30 < tTOF < 100 ns produced by TT neutrons
in the range 0–9.5 MeV. A smooth background, created by
random coincidences between the S1 and S2 detectors, is
visible across the full spectrum. The red lines in the top two
panels are included to show the cuts applied to the data. The
cuts are calculated by examining the kinematics associated
with the maximal and minimal scattering angles given by the
elastic, two-body (n − p) reaction in the plastic scintillators
and the TOFOR geometry. In panel (a) there is an upper and

FIG. 14. Two-dimensional histograms of the 90 summed exper-
imental discharges with the deposited energy on the vertical axis
and flight time on the horizontal axis for (a) the S1 detectors, and
(b) the S2 detectors. Kinematic cuts are shown as the red lines; any
events between the lines in (a) and below the line in (b) are projected
onto the horizontal axis in (c) to form a time-of-flight spectrum. The
estimated background due to random coincidences is shown as the
blue dashed line.

lower kinematically allowed limit to the energy deposited in
an S1 detector for a given flight time. In panel (b) there is,
however, only an upper limit. Any event violating the limits
set in panels (a) and (b) is discarded; the remaining events are
projected onto the horizontal axis to form a TOF spectrum.
Consequently, the resulting spectrum, shown in panel (c), is
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strongly background suppressed. A clear example of this can
be seen in the absence of the gamma peak in the projected
TOF spectrum. The background due to random coincidences
which does adhere to the kinematic cuts in (a) and (b) can be
estimated and included as a component when modeling the

TOF spectrum; it is indicated in panel (c) as the green dashed
line. Kinematic cuts and the random background estimate are
fully described in [11]. The DT neutron peak and TT neutron
continuum are indicated in panel (c) by the black, horizontal
arrows.
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