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A fusion burning plasma is sustained by deuterium-tritium (DT)-born energetic alpha particles. Therefore,
energetic alpha particles must be well confined. In a deuterium experiment, 1 MeV tritons are created by D(d,p)T
reactions. 1MeV triton is regarded as simulated DT-born alpha particles because their kinetic parameters are
almost same. A study of 1 MeV triton confinement has been widely and intensively performed in fusion devices in
order to understand alpha particle confinement. To understand 1 MeV triton confinement/loss in EAST plasmas,
1 MeV triton orbit analysis is performed in various plasma current (/) cases using LORBIT codes. It is shown

that the number of lost tritons decreases with an increase in /,. The number of lost tritons rapidly increases at
107 s; then, it is almost saturated at 10~ s regardless of /,. The pitch angle distribution of confined 1 MeV triton
shows that tritons that exist in a wider pitch angle range can be confined in the higher /, case compared with the

lower I, case.

© 2020 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: EAST, Triton burnup, energetic particle confinement, Lorentz orbit analysis

DOI: 10.1585/pfr.15.2402022

1. Introduction

The confinement of energetic particles has been inten-
sively studied in magnetic confinement fusion machines
because fusion burning plasma is sustained by deuterium
(D)-tritium (T)-born alpha particles. Therefore, energetic
alpha particles must be confined well in order to realize
a fusion reactor [1]. In a deuterium plasma experiment,
the following two reactions mainly occur: D(d,n)*He and
D(d,p)T. By the former reaction, 2.45MeV neutrons are
created, whereas 1 MeV tritons are created by the latter re-
action. It is worth noting that the number of two reactions
is almost the same. DD-created 1 MeV triton can undergo
a secondary reaction with bulk deuteron if the triton slows
down in the plasma to approximately 100keV where the
DT cross section has a peak. The confinement property of
1 MeV tritons is intensively studied as DT-born alpha par-
ticles because their kinetic parameters (e.g., Larmor radius
and precession the frequency of the tritons) are almost the
same as those of alpha particles. In addition, 1 MeV tri-
tons have the isotropic birth profile as alpha particles. In
the abovementioned studies, the triton burnup ratio, which
is the DT neutron yield divided by the DD neutron yield,
is one of the common indices in 1 MeV triton confine-
ment [2—-11].

In EAST, integrated neutron diagnostics (e.g., neutron
flux monitor, radial neutron camera, and neutron spectrom-
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eters) are installed and successfully work [12]. From the
2018 experimental campaign, the neutron activation sys-
tem (NAS) was newly installed in order to evaluate the
shot-integrated neutron yield [13]. Triton burnup mea-
surement was initiated with NAS. Secondary DT neutron
was measured using 10 g silicon foil. Initial measurements
showed that the DT neutron yield was approximately 10'!
n/shot. The measurement continued in order to obtain
neutron yield for various configurations. In this paper, a
1 MeV triton orbit analysis is reported in order to under-
stand 1 MeV triton confinement in EAST.

2. Setup for the Triton Orbit

Calculation

We surveyed 1MeV triton confinement in various
plasma current (/,) conditions in EAST plasmas. Figure 1
shows the flowchart of this analysis. The equilibrium is
given by EFIT results, which are reconstructed on the ba-
sis of the experimental results (shot numbers of #78401,
#78343, #75266, #79866, and #34128 for I, of 300kA,
450kA, 600kA, 800kA, and 1 MA, respectively). Elec-
tron temperature and electron density in the plasma center
are 6.0keV and 3.2x 10" m=3, respectively. The radial
profiles of electron temperature and electron density are
assumed to have a parabolic profile. The triton emissiv-
ity profile is calculated by the NUBEAM code, where we
assumed that the co-injected neutral beam injector (NBI)
is used with the same injection power (4 MW) and accel-
eration voltage (80keV). Here, the calculation time is set
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to be one second with one millisecond time bin [14]. Fig-
ure 2 (a) shows the radial profile of triton emissivity calcu-
lated by the NUBEAM code in /, of 450kA. Triton emis-
sivity has a peaked profile. Most tritons are created in the

Plasma parameter, equilibrium

1. and n,, EFIT

Teo =6.0keV, no = 3.0x10'° m-3
parabolic profile

Birth profile of 1 MeV triton

NUBEAM

Co-NBI is considered.

Collisionless Lorentz orbit

LORBIT

Orbit following time = 1 ms << slowing down time,
TF ripple is not considered.

Fig. 1 Flowchart of the 1 MeV triton orbit analysis. Collision-
less Lorentz orbit are followed using the LORBIT code
according to the birth profile of 1 MeV triton calculated

r/a < 0.5 region. The collisionless Lorentz orbit of 1 MeV
tritons is followed by the LORBIT code [15]. The orbit
following time is set to one millisecond, which is much
shorter than the Spitzer slowing down time (typically more
than 100 ms). Toroidal field ripple is not considered in this
calculation. The velocity of triton is randomly distributed
using random numbers. We randomly launched 10° 1 MeV
tritons using a random number according to the 1MeV
triton emissivity calculated using the NUBEAM code as
shown in Fig.2 (b). When the triton reached the vacuum
vessel of EAST shown with blue lines in Fig. 2 (b), we de-
termined that the triton was lost.

3. Result of the Calculation

Figure 3 shows the typical 1 MeV triton orbit in 1,
of 300kA, 450kA, and 1 MA cases. Here, the toroidal
magnetic field strength is approximately 2.3 T, and the ion
grad-B drift is directed upward. Co-going transit 1 MeV
triton with the pitch angle of 175 degrees is launched at (R,
Z) of (2.25m, 0.0m). Counter-going transit 1 MeV triton
with the pitch angle of 5 degrees is launched at (R, Z) of
(2.05m, 0.0 m). Banana 1 MeV triton with the pitch angle
of 80 degrees is launched at (R, Z) of (2.15m, 0.0m). In
I, of the 300kA case shown in Fig. 3 (a), none of 1 MeV
tritons have a confined orbit. All tritons directly go to the
vessel. Not only co-going transit triton but also counter-
going transit triton are confined in I, of the 450 kA case, as
shown in Fig. 3 (b). However, banana triton has lost orbit.
In I, of 1 MA case shown in Fig. 3 (c), all 1 MeV tritons are

by the NUBEAM code. confined. The behavior of orbit is consistent with that ex-
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Fig. 2 (a) Radial profile of 1 MeV triton emissivity calculated by the NUBEAM code. (b) Two-dimensional triton birth profile used in
the LORBIT calculation. Blue line shows the vacuum vessel of EAST.
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Fig. 3 Typical 1 MeV triton orbit calculated by the LORBIT code. The deviation of orbit from the flux surface decrease with an increase

in Ip. Purple line shows the vacuum vessel of EAST.
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Fig. 4 (a) Time evolution of number of lost 1 MeV tritons. Number of lost ions is almost saturated at t of 107 s. (b) Pitch angle

distribution of confined 1 MeV tritons.

pected by classical theory [16]. An increase in /, induces
the reduction of orbit deviation from the flux surface owing
to an increase in the poloidal magnetic field. The confine-
ment of 1 MeV triton becomes better with an increase in
I,. Although the deviation of orbit from the magnetic flux
surface becomes smaller with an increase in I,,, the devia-
tion is relatively large even in the 1 MA case owing to the

high energy. The Larmor radius of banana orbit is more
than 10% of the plasma minor radius.

The confinement of 1 MeV ftriton is surveyed at I, of
300kA, 450kA, 600kA, 800kA, and 1 MA cases. Fig-
ure 4 (a) shows the time evolution of the 1 MeV triton loss.
The number of lost 1 MeV tritons rapidly increases from
10~ s and then almost saturates at 1073 s in all the cases.
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Fig. 5 Distribution of the strike point of 1-MeV tritons. Because the ion grad-B drift is directed upward, strike points are mainly located
on the upper panel of the vacuum vessel. Strike points are almost unchanged regardless of I,.

The loss that occurred at ¢ of less than 1073 s is classified
as a prompt loss. This time evolution shows that prompt
loss is dominant up to 1073 s. The prompt loss ratio at I, of
300kA, 450kA, 600kA, 800kA, and 1 MA reached 85%,
73%, 55%, 46%, and 33%, respectively. The prompt loss
ratio decreased with an increase of I,,, as expected. The
pitch angle distribution of confined 1 MeV tritons are plot-
ted in Fig. 4 (b). Here, the bin size of pitch angle is set to
be 2 degrees. The black line shows the pitch angle distri-
bution of launched particles. The confinement of co-going
transit particles is better than that of counter-going tran-
sit and banana particles. 1 MeV tritons existing in a wider
pitch angle range can be confined in higher I, cases. Some
of the co-going transit particles are confined even if I, of
300 kA, whereas none of counter-going transit and banana
particles are confined in /I, of the 300kA case. Most ba-
nana particles are lost even in I, of the 1 MA case because
the banana width is comparable with that of a minor radius
of the plasma.

The strike points of 1 MeV tritons in I, of 300kA,
600kA, and 1 MA cases are plotted in Fig.5. The strike
points of 1 MeV tritons are mainly located at the upper
panel of vacuum vessel because the ion grad-B drift is di-
rected upward. Although the number of particles decreases
with an increase in /,,, the major strike points of 1 MeV tri-
tons are almost unchanged. The strike points of the 1 MeV
triton are located at the lower panel if we changed the di-
rection of toroidal magnetic field. As expected, the loca-
tions of strike point are consistent with the direction of the
ion grad-B drift.

4. Summary

A study of 1 MeV triton confinement is performed us-
ing the Lorentz orbit code LORBIT in order to understand
1 MeV triton confinement characteristics in EAST plas-
mas. Typical 1 MeV triton orbit shows that the deviation
of orbit from the flux surface decreases with an increase in
I, as expected. The Larmor radius of banana particle is
comparable with that of the minor radius of plasma owing
to the high-energy of tritons. The time evolution of the 1
MeV triton loss shows that the prompt loss of the triton
occurs at ¢ < 107 s in all I, cases. 1 MeV tritons, which
exist in the wider pitch angle region, are confined in higher
I, cases compared with lower I, cases. The strike points
of the 1 MeV triton show that most particles are lost on the
upper panel of the vacuum vessel, which is consistent with
the direction of the ion grad-B drift.
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