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ABSTRACT
Time of flight method is used to determine the emitted pulsed neu-
tron energy spectrum from the D(D,n)3He and D(T,n)4He reactions
in the IR-MPF-100 (115 kJ, 40 kV, 144 µF), dense plasma focus device
(DPF). D-D and D-T neutrons were detected by NE-102 plastic scin-
tillator photomultiplier (PS-PM) detector. The PS-PM detector has
been located 2.5 m away from the focus region at the angle of
90° with respect to the device axis. Results display 1.51–2.75MeV
and 1.79–2.97MeV energies for D-D neutrons and 12.09± 0.4MeV
energy forD-Tneutrons. Fusion chained reactionshavebeen studied.
Scattered neutrons are detected and their energies are computed.

ARTICLE HISTORY
Received 5 September 2020
Accepted 7 September 2020

KEYWORDS
Plasma focus; time of flight;
D-D neutron detection; D-T
neutron detection; scattered
neutron; fusion chained
reactions

1. Introduction

Dese plasma focus (DPF) has always been of interest as intensive pulse neutron source. The
hot dense plasma in the pinch column produces thermonuclear and non-thermonuclear
(beam-target) fusion neutrons. In the non-thermonuclear process, high-energy ions accel-
erated away from the anode by electric fields but the high-energy electrons accelerate in
the opposite side towards the anode tip. These processes cause fusion neutrons and X-ray
emission. Up to date, there are many studies about DPF neutron production and mea-
surements (1–4). Thermonuclear fusion neutrons are generated in the plasma compression
phase and beam-target fusion neutrons are produced in plasma expansion phase (5).

The standard time of flight (TOF) spectroscopic method allows the determination of the
emitted neutron energy and the number of the particles emitted from the sourcewith high
accuracy. Since the neutrons in question are not relativistic, their energy can be directly
determined from E = 1/2mv2, where the velocity v is obtained from the distance between
the source and the detector, and time interval between HXR as a first peak and neutron as
a second peak.

M. S. Rafique et al. (6) measured 2.48± 0.04MeV and 3.00± 0.09MeV of energies for D-
D neutrons in the radial and the axial directions of DPF, respectively. V. A. Gribkov et al.
(7) measured the energy of neutrons directly arrived to the scintillator from the DPF cham-
ber equal to 2.7MeV. F. Castillo et al. (8) were performed experiments using the FN-II small
plasma focusdevice, use of the TOF technique. The energies arewidely spread form1.7MeV
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up to 3.2MeV, and in some case, up to 4MeV. M. Abdollahzadeh et al. (9) determined
the time dependent neutron energy spectrum in the Filippove type ‘Dena’ plasma focus,
for distances: 5, 10, 18 and 30m. The measured energy is in the range of 2.5–3MeV. A.
Talaei et al. (5) studied on neutron generation mechanism, they presented thermal neu-
tron production in plasma compression phase and beam-target neutron production in
plasma expansion phase. Also, Structure of double neutron pulses was obtained by TOF
measurements.

2. Experimental setup

The experiments are carried out using the IR-MPF-100 DPF with the deuterium gas at
V = 13 kV (E = 12.2 kJ) and p = 1–1.5 mbar. Schematic of the IR-MPF-100 DPF is seen
in Figure 1. Fast time-response measurements of neutron emission rate were carried out
using plastic scintillator-photomultiplier (PS-PM) detector. NE-102 plastic scintillator cou-
pled with PMT. The NE-102 crystal characterizations were listed in Table 1. To operate the
PMT, a high voltage up to 2.3 kV is applied across the cathode and anode with proper
distribution of voltages. The PS-PM detector has been located 2.5m away from the focus
region at the angle of 90° with respect to device axis (see Figure 1). All signals have been
recordedbyTektronix TDS2024C (200MHz, 2GS/s) oscilloscopeand time resolution is equal
to 1 ns.

Figure 1. Schematic of the IR-MPF-100 DPF, the PS-PM detector has been located 2.5m away from the
focus region.
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Table 1. The plastic scintillator characterizations.

Crystal type NE-102
Crystal size 4.9 cm× 5.7 cm
Density (g/cm3) 1.032
Light output Anthracene % 65
Wavelenght of maximum emission (nm) 423
Decay constant (ns) 2.4
Reflective index 1.58
Threshold voltage (V) 1900
Operating voltage range (V) 2000–2300
Maximum voltage (V) 2500

3. Results and discussion

(a) D-D Neutrons

The neutron energy was measured by the PS-PM detector located at 2.5m away from
the focus region at the angle of 90° with respect to device axis. It is worth to mention
that the shorter line of sight will provide higher flux incident on the detector and at
the same time acceptable sensitivity to the higher energy neutrons. By calculating the
time interval between the neutron signal and HXR signal, the velocity and consequently
the energy of neutrons are calculated. D-D neutrons were detected with clear and high
signal to noise ratio in these experiments. Figure 2 shows the recorded signals for neu-
tron and HXR. Neutron TOF has been measured from the time differences between HXR
peak time as a first peak and neutron peak time as a second peak. Also, X-ray traverses
the 2.5m distance between source and detector in 8 ns. So the neutron TOF is equal to
120 ns+ 8 ns = 128 ns. The energy of neutrons can be calculated by 128 ns of time and

Figure 2. Detecting D-D neutrons using the PS-PM detector housed 2.5m away from the focus region.



4 A. RAEISDANA ET AL.

Table 2. FWHM and intensity for neutron beam
and HXR beam (Exp.1).

FWHM (ns) Beam intensity (a.u.)

HXR 38 52
D-D neutron 57 44

Figure 3. Signals are maximum compression (pinch), HXR and D-D neutrons respectively.

2.5m of distance. Calculation indicates 1.9966∼2± 0.03MeV kinetic energy for neutrons:

E = 1
2
mv2 = 1

2
(1.67 × 10−27) ×

(
2.5

128 × 10−9

)2

= 2.0MeV

In Figure 2, the measurement of FWHM for neutron signal and HXR signal results 57 and
38 ns, respectively, which the neutron pulse is clearly wider. For recorded signals by PS-PM
detector, area under the curve indicates the beam intensity. In Figure 2, the measurement
of neutron intensity and HXR intensity illustrate 52 and 51 a.u. respectively (Table 2).

In experiment 2 (Figure 3), the first signal is the HXR signal with the large amplitude and
the second signal is the neutron signal with smaller amplitude. Similar to the previousmea-
surement, TOF is equal to 120+ 8 = 128 ns and En = 2.0± 0.03MeV. Before theHXR signal,
a small peak is seen. Probably, it can be related to pinch formation (maximumcompression)
and its radiations such as soft X-ray (SXR) emission.

(b) D-T Neutrons

D-D fusion reactions are done in two ways 3He+ n and T+p. The Produced tritium can
be reacted with deuterium and generates 14.1MeV neutrons. We carried out consecutive
deuterium shots (5 shotswithout chamber vacuuming) until T atoms increase enough soD-
T reactions can be detectable. Using thismethod,we generated 14.1MeVneutronswithout
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the tritium injection. In this process, fusion chained reactions are performed. The following
equations display fusion chained reactions:

Increasing tritium atoms can lead to significant amount of D-T reactions. We were able
to detect D-T neutrons in a few shots (see Figure 4). In Figure 4, regarding to velocity of
beams, the observed signals are HXR, D-T neutrons, direct D-D neutrons and scattered D-D
neutrons respectively. Time processing displays the interval between the second peak and
the first peak is equal to 44 ns so results TOF = 44+ 8 = 52 ns and neutron energy equal to
12.09± 0.46MeV which is close to the energy of D-T neutrons. The energy of D-T neutrons
and direct D-D neutrons are calculated as:

Δt = 44 ns + 8 ns → ED−T = 12.09 MeV

Δt = 112 ns + 8 ns → ED−D direct = 2.27 MeV

That X-ray TOF (8 ns) has been added to time interval between HXR peak and neutron
peak. In addition, FWHM and the area under the curve were computed for each pulse in
Figure 4 and listed in Table 3. If the intensity value for the neutron signal (the area under
the neutron signal) is calibrated using the known neutron counters such as BF3, 3He or
Geiger–Mueller activation counter then it would represent the total yield of neutrons.

Figure 4. The emitted D-D and D-T neutron signals.
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Table 3. FWHM and beam intensity for neutron and HXR (Exp.3).

FWHM (ns) Beam intensity (a.u.)

HXR 33 93
D-T neutron 20 37
Direct D-D neutron 48 29
Scattered D-D neutron 33 23

In this experiment, the HXR intensity is more than the D-T and D-D neutron flux. More-
over, D-T neutron pulse is sharper thanD-D neutron pulse. In the similar work, D-T neutrons
were detected by B. L. Freeman et al. (1) in the deuterium shots for TAMU dense plasma
focus device and reported the 14.1MeV daughter neutron pulse.

(c) Scattered Neutrons

In many other experimental shots, two, three or more signals were detected for D-D neu-
trons that related to the direct neutrons and the scattered neutrons by the surrounding
environment (10–14). Neutrons can be scattered by the chamber, the polyethylene shield
and the steel table under the PF. Regarding to the location of the detector (Figure 5), the
scattered neutrons from the chamber can reach to the detector.

Neutrons are scattered from all parts of the chamber in all solid angles and reach to the
detector but the number of neutronswith the large scattering angles are very lowandmore
neutrons are scattered with the small angles so paths to the detector are approximately
equal.

In Exp. 4 (Figure 6), two D-D neutron signals were detected. Time processing results the
energy of the direct D-D neutron equal to 2.80± 0.05MeV.

For computing of the energy of scattered neutrons, the path is divided into two parts:
AB′ andB′C (see Figure 5). The incident neutrons have the energy of 2.8MeV in theAB′ path,
so:

Ein = 2.8 MeV , AB′ = 0.2 m → tAB′ = 8.6 ns → tB′C = 164 – 8.6 = 155.4 ns

Figure 5. The top view of pinch, chamber and detector, scattered neutrons by chamber are detected in
PS-PM detector.
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Figure 6. Consecutive neutron signals, including direct neutrons and scattered neutrons.

Table 4. Emission duration and intensity for neutron beam
and HXR beam (Exp.4).

FWHM (ns) Beam intensity (a.u.)

HXR 31 96
Direct D-D neutron 52 31
Scattered D-D neutron 53 29

That Ein is the energy of the incident neutrons. For small angle of scattering can be write
B’C∼BC = 2.3mand the error is very small. By having the time and thedistance, the energy
of scattered neutrons Esc can be calculated for the B’C path:

B′C ∼ 2.3 m , tB ′C = 155.4 ns → Esc = 1.14 MeV

The similar computations for Figure 4 results Esc =0.86MeV.
For this Figure, FWHM and the beam intensity were also measured (Table 4). Similar

to the previous experiments, FWHM of neutron signals are longer than the FWHM of HXR
signal while HXR intensity is more than the neutron intensity.

4. Conclusion

In this work, D-T neutrons were generated by consecutive deuterium shots and detected
by PS-PM detector. Repeating deuterium shots increase the rate of tritium atoms and it
is enabled the D-T fusion reactions. The element of novelty of this work is the generation
of D-T neutrons by deuterium shots. 2.5m distance between detector and focus region
was caused the separation between HXR signal and neutron signals. Shorter selected line
of sight causes higher neutron flux incident, good visibility and acceptable sensitivity for
HXR and neutron signals. Besides that, D-D neutrons and scattered D-D neutrons were
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detected and their energies were measured. The measurement of neutron energy results
(2–2.8)± 0.05MeV for D-D reactions and 12.09± 0.46MeV for D-T reactions when detector
is at the angle of 900 with respect to device axis. Multiple neutron signals are detected due
to neutron scattering from the surrounding environment.

Duration of neutron emission can be derived using FWHM of neutron pulse and FWHM
of HXR pulse. For HXR pulse, all photons travel with light velocity c, therefore the pulse
broadening is due to the duration of the HXR emission. About neutron pulse, neutrons are
notmonoenergetic andpulse broadeningoccurs due to bothduration of the neutron emis-
sion and non-monoenergetic neutrons. HXR and neutron are emitted in plasma expansion
phase and we can consider their duration of emission is equal. So, we can result:

Broadening of neutron pulse due to non-monoenergetic neutrons = FWHMn – FWHMx

That FWHMn is the FWHM of neutron pulse and FWHMx is the FWHM of HXR pulse.

According to above equation, the range of neutrons energy can be obtained. For exam-
ple in Figure 2, broadening of neutron pulse = 57–38 = 19 ns which results the neutron
energy in the range of 1.51MeV to 2.75MeV. For Figure 4, the broadening of neutron
pulse = 48–33 = 15 ns which results the neutron energy in range of 1.79–2.97MeV. For
Figure 5, neutron pulse broadening is equal to 21 ns and the range of neutrons energy is
equal to 1.96–4.32MeV.

Scattered neutrons from chamber were detected and studied. TOF method results 1.14
and 0.86MeV of energies for scattered neutrons.
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