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The article presents the first results of applying diagnostics of charged nuclear fusion products at the Globus-M2
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The nuclear fusion products provide information on spa-
tial distribution of their source which, in its turn, depends on
velocity distributions of nuclei participating in the reaction.
In small-size tokamaks with low magnetic fields, charged
nuclear fusion products with energies of about 1 MeV are
not confined in plasma. Due to this, they may be detected
and used for the purpose of diagnostics. This article is
devoted to the first results of applying the diagnostics of
charged fusion products at spherical tokamak Globus-M2
during the 2024 winter-spring experimental campaign.

Nuclear fusion reactions in the Globus-M2 tokamak
(major radius of 0.36 m, minor radius of 0.24 m, toroidal
magnetic field Bt of up to 1T, plasma current |, of up
to 500kA) [1] proceed during interaction of fast deuterium
ions arising in injecting high-energy atoms with main plasma
deuterium ions and with each other:

T*(1.01 MeV) + p*(3.02 MeV) (x50%), (1)

D*+D"—

{3He2+ (0.82MeV)+n°(2.45MeV)(~50%) (2)
(here simple estimates of product energies obtained with ne-
glecting kinetic energies of interacting nuclei are considered;
an example of calculating energy and angular distributions
of fusion products without these neglects can be found
in [2,3]). Both branches of this reaction have approximately
the same crosssections, and, hence, their probabilities are
approximately equal. To make the calculations more
accurate, it is possible to use parameterization of differential
crosssections proposed in [4]. Most of the produced
neutrons leave the tokamak. They are being detected by
neutron diagnostic complex [5]. However, complexity of
absolute calibration of neutron diagnostics [6], problems
with reconstructing the energy and spatial distributions of
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neutrons [7], and also high cost of neutron spectrometers
make it necessary to use additional diagnostic techniques
capable of cross-checking neutron measurements and sup-
plementing them. To this end, diagnostics of charged fusion
products may be used.

The charged fusion products diagnostics used in this work
consists of semiconductor diode D1 developed at SNIIP-
Plus LLCI[8], broadband low noise amplifier, and battery
power supply. Similar detectors are used in the plasma GDT
setup (GDT is the gas-dynamic trap) [9]; this diagnostic
technique is described in [10]. In front of the detector, a
metal foil was mounted in order to protect the detector
against visible range and soft X-ray radiation, as well as
against the flux of all the ions and atoms, except for protons
of about 3 MeV. In our experiments, steel and molybdenum
foils 16 to 30 um thick and aluminum foil 10 to 42 um thick
were tested. It was found out that a steel or molybdenum
foil 16 um thick is sufficient to completely absorb X-ray
radiation, while an incident 3.02 MeV proton loses at it less
than half the energy, due to which the useful signal remains
significantly above the noise level. Foil of such a thickness
does not transmit 1.01 MeV tritons and 0.82 MeV helions,
therefore the diagnostics considered here is a detector of
fusion protons.

In the experiments, the complex of charged fusion
products diagnostics was installed on the only available
in this experimental campaign connecting pipe near the
equatorial plane at a distance of approximately 1.3 m from
the setup axis. The diagnostics coverage areas in discharges
with I, = 250kA and Bt = 0.5, 0.6 and 0.7 T are shown in
Fig. 1. To localize those areas, the reverse time motion of
the 3.02 MeV hydrogen ions in the tokamak magnetic field
was calculated using the orbital code [11]; in simulation, the
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Figure 1. Diagnostics coverage area in discharges with plasma
current of 250 kA and toroidal magnetic field of 0.5, 0.6 and 0.7 T.
The dashed line indicates the last closed magnetic surface; the
solid line depicts the chamber wall. The color map represents
the characteristic profile of the fusion proton source. The colored
figure is given in the electronic version of the article.

particle starting position was determined by the detector
position and dimensions. Areas shown in Fig. 1 differ from
each other because of the inversely proportional dependence
of the ion Larmor radius on magnetic field. The figure
also demonstrates the characteristic profile of the source of
fusion protons from the fusion reaction (1) (coinciding with
that of the source of neutrons from reaction (2)), which
was calculated as described in [11]. Calculations were
performed for a discharge with 1, = 250kA, Bt = 0.6T
and average electron density (ng) = 3 - 10" m~3; injected
particles were deuterium 28keV in energy, the injection
power was 500kW. As the figure shows, the detector
recorded protons generated outside the region with the
maximum fusion reaction intensity. The neutron detector
coverage area encompasses the entire plasma column; there-
fore, the neutron detector signal is formed predominantly by
neutrons generated in the region with the maximum neutron
yield. Because of the difference in measurement areas, the
results obtained from the charged fusion product diagnostics
supplement the data from the neutron detector.
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After the proton is detected, the signal from the detector
amplifier is transmitted to 14bit analogtodigital converter
NI PXIe-5164 with the 500 MHz sampling rate. At the
amplifier output, each proton registered by the detector
relates to a pulse about 150 mV in amplitude (in the case
of a molybdenum foil 30 um thick in front of the detector)
and < 0.1 us in duration.

The obtained oscillograms were processed with the
algorithm for signal separation based on the pulse shape,
which is realized in the DeGaSum code [12]. Using this
algorithm instead of the technique of simple threshold
discrimination allows separation of pulses superimposed
on each other, avoiding detection of false events in the
case of emergence of highamplitude noise, and also more
accurate determination of the pulse amplitude and, hence,
the detected proton energy. Fig. 2 presents a case of a raw
signal from a fusion proton detector in discharge #44071. It
also presents a case of measured signal from a separately
detected proton and illustrates processing of this event with
the DeGaSum code.

Fig. 3, a presents a case of processed data obtained using
the fusion proton diagnostics in discharge #44116. The
toroidal magnetic field in this discharge was 0.7T; the
average electron density was about 4 - 10! m~3. The plot
illustrates the time evolution of plasma current |p, soft X-
ray signal, count rate of the neutron detector based on the
BC-501A scintillator, and count rate of the fusion proton
detector. Injection of 40 keV deuterium with power of
about 700kW was started at the stage of current ramp
up at the moment of 130ms. As shown in the figure,
time dependences representing the evolution of neutron and
proton fluxes are similar to each other but still have slight
differences. First, detection of protons begins only 6ms
after the start of injection, when |, reaches 200 kA. This is
due to the fact that in the vicinity of the plasma boundary,
where a significant part of the proton detector signal comes
from, injected fast particles get lost at low |,. The losses
occur in a short time because of collisions between ionized
atoms and tokamak wall (the so-called firstorbit losses) [13].
Second, the proton detector signal stops growing at 155 ms,
which is approximately 6 ms earlier than the end of growth
of the neutron detector signal. This feature is associated
with the fact that the fast ion deceleration time in the
center, where a significant part of detectable neutrons are
generated, is approximately 2 times higher than in the more
peripheral region, where the detectable fusion protons are
generated. This is why the fast ion distribution in the
central plasma region gets into equilibrium later than at the
periphery. Third, the neutron signal decreases sharply at
164ms. The reason for this decrease is redistribution of
fast and thermal ions in the central plasma region during
reconnection. The proton detector signal does not exhibit
a similar decrease. This is most likely associated with the
fact that concentration of ions (both fast and thermal) in the
more peripheral region, where the detectable fusion protons
are generated, varies insignificantly during reconnection.

In the experiments there was also obtained a dependence
of the number of neutrons registered by the detector
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Figure 2. Raw signal from the fusion proton detector in discharge #44071 and results of using the algorithm for proton signals separation

by pulse shape.
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Figure 3. a — discharge #44116 oscillograms. Top to bottom: plasma current, soft X-ray detector signal, neutron detector count rate,
proton detector count rate. The rectangle in the bottom panel indicates the time interval during which high energy atoms were being
injected. b — dependence of the number of detected neutrons on the number of detected protons for two magnitudes of the toroidal
magnetic field. Error bars correspond to one standard deviation under the assumption that detected protons and neutrons follow the

Poisson distribution.

based on the BC-501A scintillator on the number of
protons registered by the diagnostics of fusion protons
in discharges with Bt = 0.5 and 0.6 T. This dependence
is presented in Fig. 3,b. The discharge plasma current
was 250kA. Each point of the curve corresponds to the
number of particles detected in the same discharge in
the interval of 130 to 180ms. The fusion reaction rate
was varied by simultaneously varying the injection energy
and power from 30 to 40keV and from 300 to 700 kW,
respectively. As the figure shows, the dependence obtained
in the experiment for each value of By was linear, which
most likely means that the profile of the fusion protons

source changes only slightly with gradually increasing the
injection energy from 30 to 40keV. The difference in the
slopes of the linear dependences is explained by changes
in the region wherefrom the protons enter the detector
(Fig. 1).

Thus, the diagnostics of charged fusion products was
successfully tested at the Globus-M2 tokamak. In the
next experimental campaign, we will change the diagnostics
complex arrangement in order to to increase the proton flux
to the detector. Later we are going to consider the possibility
of mounting several fusion proton detectors for the purpose
of restoring the spatial distribution of fusion proton source.
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