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• Remarkable progress has been made on the understanding the role of N2 and
H2 puffing on plasma detachment in divertor simulation experiments using
the end-loss region of the tandem mirror device GAMMA 10/PDX. These
issues have been experimentally investigated for different target angles using
the variable angle V-shaped target system.

• We have newly observed that Molecular Assisted Recombination (MAR)
processes are influenced by recycling and compression of additionally
supplied gases depending on opening angle of the target plate.

ABSTRACT

• Spatial profiles of hydrogen molecule density are calculated by 3D neutral 
particle Monte-Carlo (MC) code “MOLFLOW+” [R. Kersevan: J. Vac. Sci. Tech. A 2009] 

• The MC simulation shows the H2 density near the corner increases with 
becoming narrow the target angle. Stronger plasma-neutral interactions can 
be expected in the case of small target angle.

OUTCOME

• Understandings of the detail mechanism of the recombination process are
important for control of divertor plasma detachment.

• The target angle is expected to affect plasma detachment through the change
of hydrogen recycling processes, as well as local neutral pressure build-up
near the corner of the V-shaped target.

• Interactions between hydrogen recycling and additional gas seeding have a
growing importance in optimizing divertor configurations for Demo.

BACKGROUND

GAMMA 10/PDX tandem mirror & Divertor simulation experimental module

• High temperature end loss plasmas of GAMMA10/PDX provide a practical and
effective tool for studying detachment phenomena under equivalent
conditions for ITER SOL and divertor plasma with high temperature and strong
magnetic field.

• To uncover detailed physics mechanisms responsible for the small angle,
experiments of different target angles has been conducted using a variable
angle V-shaped target system in the divertor simulation experimental module
(D-module) at the end region of GAMMA 10/PDX tandem mirror device
[Y. Nakashima: NF 2017, M. Sakamoto: NME 2017, N. Ezumi: NF2019].
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3. Changes of H Balmer lines intensities due to the angle of V-shaped 
target during H2 gas puffing

• The intensity ratio decreases as the angle 
becomes smaller. This suggests that the reaction 
chains in the MAR process [M. Sakamoto: NME 2017] are 
changed by the different target angle, even 
though ion flux reduction for each target angle 
shows similar tendency. 

• The smaller target angle shows the delay of rising 
timing of Ha and Hb emission intensities as shown 
in Fig. 4 (b) and (c), respectively. 

• These results might be caused by compression of 
additional H2 gas at the corner of the V-shaped 
target. 

2. Spatial profile of the emissions from N2 and H-Balmer during 
combination puffing of N2 and H2

• Emission intensity ratio of Ha/Hb during combination gas 
puffs of N2 and H2 becomes smaller than the case of H2
puff only in spite of drastic ion flux reduction for the 
case of H2+N2 puffs.

• Suppression of the DA process in H-MAR and enhance of 
Nitrogen induced MAR (N-MAR) [R. Perillo: PPCF 2018] 

enhanced by the dissociative recombination of NHx
+

followed by H+ charge exchange reaction with NHx.
• Emission intensity of NH radical is increased with gas 

pressure [N. Ezumi: NF 2019, H. Gamo: PFR 2021]

• Spatial profile of the emission intensity ratio (a) IHα / IHβ and (b) IN2/IHb
observed by high-speed camera with optical band-path filters.

• IHα / IHβ becomes smaller near the corner as increasing time.
• IN2/IHb ~N2 density near the corner becomes lower for increasing H2 gas 

pressure. It is thought that N2 is consumed by NHx production. • We have newly observed that MAR processes are influenced by recycling
and compression of additionally supplied gases depending on opening angle
of the target plate.

• The importance of further understanding of atomic and molecular
processes associated with molecular gases and influence of divertor target
geometry for improving detached divertor plasma operation.

• N2 seeding is not only effective at enhancing radiation, but also promoting
detachment via N-induced MAR processes.

CONCLUSION
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1. Changes of neutral density profile and plasma parameters due to the angle of V-shaped target without gas seeding
• Experiments varying the angle of the target show 

ne and ion flux near the target corner decrease 
with reducing target angle while keeping Te
constant in spite of no additional gas seeding. 

• These ne and Gi drop are possibly due to local 
neutral pressure build-up near the corner of the 
target caused by hydrogen recycling processes. 

• Vs near the target corner decreases significantly. 
• Narrowing the target angel might enhance not only raising local neutral pressure 

but changing the plasma potential profile which lead particle loss. 

• It is expected that heat load on divertor target in next-step fusion devices such as ITER and DEMO will exceed the acceptable level
for plasma facing components. Divertor plasma detachment will be adopted for the reduction of the heat flux and particle flux, but it’s a
great challenge to achieve stable detached plasma compatible with high performance core plasma.
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Introduction

• The complex divertor plasma behavior is affected by divertor geometry and magnetic configuration. Hence, it requires to develop an
advanced divertor for more effective power dissipation.

• EMC3-EIRENE code showed that plasma and neutral particle density distributions depend on the target plate structure [1].

• SOLPS-EIRENE edge code analysis predicted that reducing the target angle reduces the electron temperature at the outer strike
point in a small angle slot divertor [2], and tests on the DIII-D tokamak showed that SAS can improve divertor power dissipation for a
large range of plasma conditions [3].

• GAMMA 10/PDX(a) [4, 5] is a tandem mirror device that has axisymmetric four
sections. Typical confined hydrogen plasma density, ion temperature, and
electron temperature at a central cell are ~ 1018 m-3, 4 keV, and 100 eV, utilizing
ICRF heating system.

• To understand how the target angle affects the plasma parameters, we
experimented to change the target angle in D-module. However, the upper
target angle is fixed (6.5 degrees) to prevent the position of probes from
changing for the magnetic field line. The plasma in central cell, in other words,
“upstream plasma” has constant diamagnetism and electron line density.

• The plasma flows into end regions utilizing an open magnetic field configuration
and the plasma in end regions, so-called “end-loss plasma”, has kept high ion
temperature of several hundred eV. The high temperature plasma is suitable for
simulating divertor and edge plasmas.

Central-cell Anchor-cell

Plug/Barrier-cell
End-region

(a) (b) Upper and Lower target angle: 22.5°(c)

• The amount of hydrogen molecules generated by recycling was estimated from
the ion flux at the probe of the target (~ 2 × 1021 m-2 s-1) and we calculated the
behavior of hydrogen molecules desorbed from the target in D-module by 3D
Monte-Carlo calculation code package Molflow+ [6].

• The hydrogen molecule density at the corner of the target increased with the
reduced target angle(b).

13° 30° 40°

• There are two possible causes for these phenomena to occur when the angle is
narrowed.

1. Hydrogen molecules tend to stay in the corner and easily collide with ions.
Ions are dissipated outside the corner due to collision, and the plasma density
decreases.

2. By narrowing the target, ion collides with the target further upstream due to
Larmor motion. Ion’s surface recombination reduces the plasma potential
downstream and electrons are repelled. Then the plasma density decreases at
the corner of the V-shaped target.

• The most responsive process in which the
electron temperature doesn’t change is the
elastic collision between ion and hydrogen
molecule(a) generated by recycling. Because
the mean free path becomes appropriate, this
collision can be explained if the hydrogen
molecule density order is ~1019 m-3.

• The plasma potential of the probe near the corner decreases with the angle
narrowed.

• To understand how the target angle affects the plasma parameters, we
experimented to change the target angle in D-module. When the target angle is
narrowed, the plasma density decreases with the electron density constant at
the corner of the V-shaped target.

• At higher plasma density, different reaction processes increase, which may be
effective in lowering the electron temperature. We plan to investigate the effect
of the target angle on plasma with high density and/or detached.

[1] T. Kuwabara et al., Contrib. Plasma Phys. 56, No.6-8, 598-603 (2016)
[3] H.Y. Guo et al., Nucl. Fusion 59, 086054 (2019)
[5] N. Ezumi et al., Nucl. Fusion 59, 066030 (2019)

This work is partly supported by JSPS KAKENHI Grant Number 19K03790, and NIFS Collaboration Research
program (NIFS19KUGM137, NIFS19KUGM146 and NIFS20KUGM148).

[2]

• It was interesting to find that narrowing the target angle reduces the electron
density(b) and ion flux(c) at the target corner probes while keeping the electron
temperature(a) constant. This tendency of the electron temperature is different
from the simulation result by SOLPS-EIRENE.

• Hα-emission(e) were also decreased with the target angle narrowed. Hα intensity
per electron density(f) which indicates hydrogen atom density is small only when
the angle is narrowed. Incidentally, Hβ showed the same tendency.

(a) (b) (c)

(d) (e) (f)

• The hydrogen molecule density order is ~ 1019 m-3.

• Molflow+ creates a structure with a 3D CAD
program(a), sets desorption of particles from the
facets, and calculates.

(a)

• The simulation was performed by setting the target
angle to suit the experimental conditions.

(b)

• A calculation was performed by estimating the amount of hydrogen molecules
generated by recycling from the ion flux. The results showed the hydrogen
molecule density at the corner of the V-shaped target increases with the target
angle narrowed.

Experimental Setup Monte-Carlo calculation

Discussion

Experimental Results

Summary and Future Plans

• For a deeper understanding of the effect of the target angle, we will simulate 3D
distributions of plasma and neutrals.

[2] H.Y. Guo et al., Nucl. Fusion 57, 044001 (2017)
[4] M. Sakamoto et al., Nucl. Mater. Energy 12, 1004 (2017)
[6] https://molflow.web.cern.ch/
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• To simulate divertor region, the divertor simulation experimental module (D-
module)(b) is installed at the west end region. D-module has a variable angle V-
shaped target(c) made of tungsten. For diagnostics, Langmuir probes are
mounted on the V-shaped upper target (#1-9) and the emissions are measured
with a spectrometer.

• Plasma potential(d) behaves differently for each probe. In case the angle is
narrowed, plasma potential decreases significantly at probe #1, but on the other
hand that of the other probes increases.

(a)

a) 13 deg b) 30 deg c) 40 deg

• It is expected that heat load on divertor target in next-step fusion devices such as ITER and DEMO will exceed the acceptable level
for plasma facing components. Divertor plasma detachment will be adopted for the reduction of the heat flux and particle flux, but it’s a
great challenge to achieve stable detached plasma compatible with high performance core plasma.
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effective in lowering the electron temperature. We plan to investigate the effect
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of the target angle on plasma with high density and/or detached.
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• It was interesting to find that narrowing the target angle reduces the electron
density(b) and ion flux(c) at the target corner probes while keeping the electron
temperature(a) constant. This tendency of the electron temperature is different
from the simulation result by SOLPS-EIRENE.

• Hα-emission(e) were also decreased with the target angle narrowed. Hα intensity
per electron density(f) which indicates hydrogen atom density is small only when
the angle is narrowed. Incidentally, Hβ showed the same tendency.
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program(a), sets desorption of particles from the
facets, and calculates.
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• A calculation was performed by estimating the amount of hydrogen molecules
generated by recycling from the ion flux. The results showed the hydrogen
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• To simulate divertor region, the divertor simulation experimental module (D-
module)(b) is installed at the west end region. D-module has a variable angle V-
shaped target(c) made of tungsten. For diagnostics, Langmuir probes are
mounted on the V-shaped upper target (#1-9) and the emissions are measured
with a spectrometer.

• Plasma potential(d) behaves differently for each probe. In case the angle is
narrowed, plasma potential decreases significantly at probe #1, but on the other
hand that of the other probes increases.
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• It is expected that heat load on divertor target in next-step fusion devices such as ITER and DEMO will exceed the acceptable level
for plasma facing components. Divertor plasma detachment will be adopted for the reduction of the heat flux and particle flux, but it’s a
great challenge to achieve stable detached plasma compatible with high performance core plasma.
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Introduction

• The complex divertor plasma behavior is affected by divertor geometry and magnetic configuration. Hence, it requires to develop an
advanced divertor for more effective power dissipation.

• EMC3-EIRENE code showed that plasma and neutral particle density distributions depend on the target plate structure [1].

• SOLPS-EIRENE edge code analysis predicted that reducing the target angle reduces the electron temperature at the outer strike
point in a small angle slot divertor [2], and tests on the DIII-D tokamak showed that SAS can improve divertor power dissipation for a
large range of plasma conditions [3].

• GAMMA 10/PDX(a) [4, 5] is a tandem mirror device that has axisymmetric four
sections. Typical confined hydrogen plasma density, ion temperature, and
electron temperature at a central cell are ~ 1018 m-3, 4 keV, and 100 eV, utilizing
ICRF heating system.

• To understand how the target angle affects the plasma parameters, we
experimented to change the target angle in D-module. However, the upper
target angle is fixed (6.5 degrees) to prevent the position of probes from
changing for the magnetic field line. The plasma in central cell, in other words,
“upstream plasma” has constant diamagnetism and electron line density.

• The plasma flows into end regions utilizing an open magnetic field configuration
and the plasma in end regions, so-called “end-loss plasma”, has kept high ion
temperature of several hundred eV. The high temperature plasma is suitable for
simulating divertor and edge plasmas.
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• The amount of hydrogen molecules generated by recycling was estimated from
the ion flux at the probe of the target (~ 2 × 1021 m-2 s-1) and we calculated the
behavior of hydrogen molecules desorbed from the target in D-module by 3D
Monte-Carlo calculation code package Molflow+ [6].

• The hydrogen molecule density at the corner of the target increased with the
reduced target angle(b).
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• There are two possible causes for these phenomena to occur when the angle is
narrowed.

1. Hydrogen molecules tend to stay in the corner and easily collide with ions.
Ions are dissipated outside the corner due to collision, and the plasma density
decreases.

2. By narrowing the target, ion collides with the target further upstream due to
Larmor motion. Ion’s surface recombination reduces the plasma potential
downstream and electrons are repelled. Then the plasma density decreases at
the corner of the V-shaped target.

• The most responsive process in which the
electron temperature doesn’t change is the
elastic collision between ion and hydrogen
molecule(a) generated by recycling. Because
the mean free path becomes appropriate, this
collision can be explained if the hydrogen
molecule density order is ~1019 m-3.

• The plasma potential of the probe near the corner decreases with the angle
narrowed.

• To understand how the target angle affects the plasma parameters, we
experimented to change the target angle in D-module. When the target angle is
narrowed, the plasma density decreases with the electron density constant at
the corner of the V-shaped target.

• At higher plasma density, different reaction processes increase, which may be
effective in lowering the electron temperature. We plan to investigate the effect
of the target angle on plasma with high density and/or detached.
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