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The HIT-PSI is a linear plasma device built for physically simulating the high heat flux environment of future reactor
divertors to test/develop advanced target plate materials. In this study, the geometry-modified SOLPS-ITER program is
employed to examine the effects of the magnetic field strength and neutral pressure in the device on the heat flux experienced
by the target plate of the HIT-PSI device. The findings of the numerical simulation indicate a positive correlation between
the magnetic field strength and the heat flux density. Conversely, there is a negative correlation observed between the heat
flux density and the neutral pressure. When the magnetic field strength at the axis exceeds 1 tesla and the neutral pressure
falls below 10 Pa, the HIT-PSI has the capability to attain a heat flux of 10 MW ·m−2 at the target plate. The simulation
results offer a valuable point of reference for subsequent experiments at HIT-PSI.

Keywords: HIT-PSI, heat flux, linear plasma, SOLPS-ITER device
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1. Introduction and device description
Reduction of heat load at the divertor target is a substan-

tial and widely concerned issue in current tokamak research
due to its impact on the lifespan and operational characteris-
tics of future fusion reactors, such as ITER and CFETR.[1] The
application of linear plasma devices (LPDs) is an important
adjunct in the investigation of divertor physics and plasma-
surface interaction (PSI). Comparing with tokamak divertors,
LPD has significant advantages in cost-effectiveness, conve-
nience of disassembly and target plate replacement, facilitat-
ing the evaluation of experimental data, and ability to operate
under high heat load conditions with extended pulse durations.
Consequently, numerous institutions have devised restrictive
LPDs including Magnum-PSI,[2–4] MAGPIE,[5,6] GyM,[7,8]

Proto-MPEX,[9,10] and MPS-LPD,[11,12] with the purpose of
studying the physics underlying PWI and advancing divertor
target materials. According to the heat load estimate of the
ITER divertor, the target should be capable of withstanding at
least a heat flux of 10 MW ·m−2. Hence, the primary objective
of LPD research is to develop methods for the target to surpass
such a heat load.

To investigate the phenomena of PWI for establishing
a controlled experimental setting to evaluate available diver-
tor target materials, the linear plasma device parameters are
needed to replicate as closely as possible the conditions in the
tokamak divertor. Currently, only a few devices are available

to simulate the divertor parameters or heat load in an ITER-
like manner, e.g., Magnum-PSI,[2–4] Proto-MPEX,[9,10] and
GAMMA10/PDX.[13,14] Recently, HIT-PSI, a linear plasma
device with tesla magnetic confinement, has been developed
at the Harbin Institute of Technology,[15] as depicted in Fig. 1.
Dimensions of the vacuum chamber are 2.16 m in length and
0.46 m in diameter. An arc plasma source is positioned at a
distance of 0.5 m to the left of the device. The electron tem-
perature at the source is set in a range of 4.5 eV–5.5 eV, while
the electron density is∼ 1021 m−3. In order to achieve various
incidence directions of the heat flux on the divertor, the target
is positioned at a distance of 1.5 m from the source. The target
is designed with a rotating structure to produce different angles
between the target surface and the plasma heat flux. The mag-
netic field is a paramount element for the device, as it plays
a vital role in confining the plasma beam and generating sub-
stantial heat flux density. The scaling law for the Magnum-PSI
indicates that a higher magnetic field strength is necessary for
the achievement of the target heat flux as specified by ITER
requirements.[2] Thus, superconducting magnets are used to
attain a magnetic field strength of 2.5 T in the central plasma
region.[15]

The ongoing experiments of the HIT-PSI necessitate the
estimation of a reasonable range of operation scenarios by nu-
merical simulation. It is essential to conduct an analysis on the
impact of magnetic field intensity on the heat flux of the HIT-
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PSI target plate. On the other hand, the low ionization rate and
existence of neutral particles should also significantly affect
the heat flux density at the target plate. Moreover, investigat-
ing the influence of the pumping on the plasma parameters of
the HIT-PSI target plate may not only enhance our understand-
ing of the interaction between plasma and neutral particles but
also offer more suitable recommendations for machine opera-
tion.

The framework of this paper is outlined as follows: the
next section provides a brief overview of the fundamental prin-
ciples and limitations of numerical simulation; the third sec-
tion presents and analyzes the outcomes obtained from the
simulation; Finally, the conclusion of this study is presented.

2. The geometry-modified SOLPS-ITER and
boundary conditions
The SOLPS-ITER is a predominant large-scale fluid code

on a global scale, primarily used for simulating tokamak edge
plasmas, particularly in divertor and scrape-off-layer (SOL)
regions. Empirical evidence has also demonstrated the suc-
cessful application of this approach in simulating and analyz-
ing the plasma transport process for the linear plasma device
with a specific geometry modification. Such a geometry mod-
ified SOLPS-ITER code consists of two major components,
B2.5 and EIRENE,[16] where B2.5 focuses on solving the elec-
tron and ion density, parallel momentum, and energy conser-
vation equation for each particle state, and EIRENE is for dis-
tributions of neutral particles with collisions and reactions be-
tween neutral particles and plasma. The orthogonal grid is
applied for B2.5 calculation, with the transport coefficient that
characterizes radial diffusions, while the triangular grid is for
EIRENE calculation, plasma reaction, and boundary condi-
tions. The selected boundary conditions in this study include
the axial boundaries of the device chamber, which are inter-
preted as the core boundary of the geometry-modified SOLPS-
ITER code. Additionally, energy and particle flows originate
from the left source position of the HIT-PSI. Consequently,
the boundary conditions for momentum, particle, and energy
flows are chosen at the core boundary, mirroring those at the
first wall of the toroidal geometry. Furthermore, a radial de-
cay boundary condition is applied, with the momentum flow
at the wall assumed vanished. Finally, the sheath boundary
condition is implemented at both ends of the device.

Due to the configuration of HIT-PSI, the axial symme-
try is assumed in the simulation. In the present iteration of
the geometry-modified SOLPS-ITER, nevertheless, the fluid
code grid is unable to establish a connection with the first wall.
Consequently, the radial dimension of the B2.5 grid in the sim-
ulation is marginally smaller than the real device radius, as
depicted in Fig. 1. To enhance the maneuver capability of tar-
get plate rotations and facilitate the replacement of target plate

materials, the HIT-PSI device employs a significantly reduced
target plate diameter. To mitigate the computational grid com-
plexity and enhance the numerical stability of the code, we
assume that the grid near the target plate extends radially in
the simulation. The simulation employs a grid resolution of
96 axial cells by 36 radial cells.

T
ar
g
et

Pumping

Fig. 1. The simulation mesh and pumping location.

On the other hand, the plasma source is significance for
the linear device. As previously indicated, the HIT-PSI utilizes
an arc plasma source. Considering the complexity of the dis-
charge process driven by the arc plasma source, we in the sim-
ulation applied following approximations. The method em-
ployed in this study for source processing involves the inter-
polation of plasma and power density distributions, which are
assumed a normal gaussian form, ρ =

√
2/π exp(−2x2), radi-

ally and also axially, the peak value of the power interpolation
is 2.5×1019 W·m−3 and the density is 3×1026 particle·m−3,
as shown in Fig. 2. Subsequently, the plasma is heated to set
up the electron temperature distribution at the source.

Power source (109 WSm-3) Particle source (1026 particlesSm-3)

R (m) R (m)

Z
 (

m
)

Z
 (

m
)

Fig. 2. The interpolate distributions of particle and energy densities.

3. Effect of magnetic field strength on target
heat flux density
As mentioned previously, the HIT-PSI uses a cascaded arc

plasma source with a relatively moderate discharge energy.[15]
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Hence, in order to attain a substantial energy density at the tar-
get plate, a strong magnetic field is applied to pinch the plasma
to a well-confined beam. The diameter of the plasma beam is
comparable to the width of the scrape-off layer (SOL) region
in a tokamak. This similarity arises from the interplay between
the parallel and vertical components of the velocity. Similar to
the heat flow size of the plasma in the SOL region, the width
of the plasma heat flux (λ ) in a linear plasma device can be
expressed as

λ = v⊥τ,

where v⊥ is the average perpendicular velocity and τ is the
energy confinement time. By assuming that neTe = niTi, the
relation between τ and source parameters is

τ =
3enesTesL

qs
,

where qs is the parallel heat flux in the plasma source, L is the
linear device length; nes and Tes are electron density and tem-
perature in the plasma source, respectively. In HIT-PSI, nes,
Tes, and qs are determined by plasma parameters at the source.
Therefore, in a linear plasma device, λ is mainly related to the
v⊥.

Plasma transport is clearly strongly anisotropic. To mit-
igate severe numerical instability and expedite computational
efficiency, SOLPS-ITER employs an approximated approach
to handle the transport process in the vertical dimension. The
vertical velocity is given by the coefficient

v⊥ =−Dn
∂n
∂y
−Dp

∂ p
∂y

,

where y presents the inhomogeneous direction.
Utilizing the experimental parameter profiles offers a

more suitable and accurate methodology for ascertaining the
magnitude and dimensions of the diffusion coefficients. This
paper primarily focuses on the transport coefficients simulated
for Magnum-PSI,[3,4] which shares a similarity to HIT-PSI
which is currently in the initial operation phase. The simu-
lations are conducted under a magnetic field of 5 T, with a
density diffusion coefficient Dn = 0.05 m2 · s−1 and a corre-
sponding thermal diffusivity χi,e = 2.0 m2 · s−1.
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Fig. 3. The electron density nes (a), and temperature Tes (b) distributions at
the source location.

Figure 3 illustrates the spatial distribution of plasma pa-
rameters at the source, considering the current diffusion co-
efficient. It is evident that the electron density near the axis
is measured approximately 1.21× 1021 m−3, while the elec-
tron temperature is approximately 5.2 eV. These values align
within the designated range of the HIT-PSI plasma source. In
Fig. 4, the distributions of the electron density and heat flux at
the target plate are depicted. Notably, the maximum heat flux
recorded at the target plate is calculated 7.9 MW·m−2, a bit
lower than the specified threshold of 10 MW·m−2. However,
a more intensive magnetic field (up to ∼ 2 T) can make the
heat flux rise above the threshold.
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Fig. 4. The electron density net (a), and heat flux density qt (b) distributions
at the target.

In the presence of such a strong magnetic field, the plasma
within the HIT-PSI can be characterized as magnetized. The
radial density diffusion of plasma follows the Bohm diffusion
model.[5] Thus, the thermal diffusivity is assumed to be con-
stant within the magnetic field range specified by the experi-
mental parameters of Mangum-PSI[3,4] and Proto-MPEX.[10]

Table 1 presents the values of Dn and χi,e in the simulation
under various magnetic field strengths.

Table 1. The values of Dn and χi,e in various magnetic fields.

B (T) 2.5 2.2 1.7 1.2 0.52 0.12
Dn (m2 · s−1) 0.01 0.012 0.015 0.02 0.05 0.25
χi,e (m2 · s−1) 0.5 0.5 1.0 1.0 2 2
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Fig. 5. The heat flux density distribution in the entire device (a) and target
(b) with various magnetic fields.

Figure 5 displays the distribution of heat flux with vari-
ous strengths of magnetic fields. It is clear that when the mag-
netic field rises, the heat flux at the target plate is elevated,
while the radius of the plasma beam is reduced. Under the
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maximum magnetic field strength of 2.5 T achieved by the de-
vice, the current heat flux experienced by the target plate is
approximately 10 MW·m−2. Figure 6 illustrates the radial ve-
locity observed at the target plate across various magnetic field
strengths. As depicted in Fig. 5, the heat flux at the target plate
is progressively increasing, to reach 10 MW·m−2 when the
magnetic field strength exceeds 1 T, thereby satisfying ITER
design specifications for the divertor target plate material.

q
t 
↼M
W
Sm

-
2
↽

v
u
 ↼
m
/
s↽

B (T) B (T)

Fig. 6. Distributions of vertical velocity (a) and target heat flux (b) as a func-
tion of the magnetic field at R = 0.

4. Effect of neutral pressure on target heat flux
As mentioned earlier, the arc source generates a plasma

with a significant abundance of neutral particles due to its rel-
atively low ionization level. The interaction of neutral and
charged particles gives rise to various processes, including ion-
ization and volume recombination, accompanied by the emis-
sion of a great amount of energy. The excessive abundance of
neutral particles in the device significantly diminishes the heat
flux onto the target plate. Consequently, the effective man-
agement and reduction of neutral particles constitute a crucial
technique for HIT-PSI in order to attain elevated levels of heat
flux.

The utilization of neutral pressure is a common practice
in experiments conducted for linear devices for the quantifi-
cation of the neutral particle content. The regulation of pres-
sure and the interaction between neutral and charged in the
plasma for SOLPS-ITER are primarily governed by EIRENE.
The pumping efficiency is influenced by the wall recycling
coefficient R, which can be calculated by the equation: R =

1−L/[3.638A
√

T/m], with L for the effective pumping speed
in liters per second, T for the temperature of the pumping sur-
face, A for the surface area of the pumping, and m for the
molecular mass. In this investigation, the molecular mass is
set as m = 2, for the primary neutral particle H2, while the sur-
face temperature is T = 300 K. The determination of the gas
pumping window is typically established during the device de-
sign phase, thereby impeding subsequent upgrades and modi-
fications. Then, improvements in gas pumping efficiency are
primarily manifested by enhancements in aspirator efficiency.
Insufficient ionization of the arc source leads to a significant
number of neutral particles during the discharge process. The
pumping surface, as defined in the simulation, is illustrated

in Fig. 1. The construction of this entity follows a similar
methodology to that of the HIT-PSI. The pumping rate is di-
rectly associated with the neutral pressure of the device, as
indicated in Table 2.

Table 2. Neutral pressures for various R.

R 6 7 8 9 9.5

P (Pa) 8 15 23 30 34

Alterations in plasma parameters related to the neutral
pressure exhibit minimal variations at the source, as depicted
in Fig. 7. Particularly at the axis, no obvious differences are
observed. The electron density is high under the influence of
various neutral pressures. The electron temperature (> 5 eV)
at the density of 1.0× 1021 m−3, effectively satisfies the pre-
scribed criteria for the plasma source. Nevertheless, it is clear
that there exists a notable discrepancy in ne and Te at the target
plate under different pressures, as presented in Fig. 8. As the
neutral pressure increases, there is a corresponding decrease
in both the ne and Te. The decrease in heat flux at the target
plate is also observed, as shown in Fig. 9. The observation
reveals that at a neutral pressure of ∼ 8 Pa, the heat flux at
the target plate approaches 13.91 MW·m−2. Conversely, at a
neutral pressure of ∼ 34 Pa, the heat flux at the target plate is
significantly reduced to ∼ 0.03 MW·m−2.
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Fig. 7. The electron density ne and electron temperature Te distributions at
the source location with B = 2.5 T.
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Fig. 8. The electron density ne and electron temperature Te distributions at
the target location with B = 2.5 T.

The primary factor contributing to the observed disparity
in heat flux at the target plate can be attributed to variations in
the spatial distribution of neutral particles under distinct pres-
sure conditions. In the region of the target plate, the primary
reaction is recombination, with both electron–ion recombi-
nation (EIR) and molecular-activated recombination (MAR).
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The HIT-PSI plasma exhibits a significant electron density,
leading to the predominant occurrence of the main recombi-
nation reaction of MAR.[17] For instances where the degree of
detachment is more pronounced, there is an observed rising in
the density of hydrogen molecules,[17] leading to a reduction
in the heat flux reaching the target plate.
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Fig. 9. The heat flux distribution in the entire device (left) and target (right)
with various neutral pressures.

Figure 10 illustrates the variation in nD2 on the target plate
for different pressure conditions. It is indicated that there ex-
ists an inverse relationship between pumping efficiency and
nD2 on the target plate. Additionally, an increase in pumping
efficiency leads to a corresponding enhancement in heat flux.
Hence, the maintenance of a low neutral pressure is a prereq-
uisite for attaining a high heat flux on the target plate.
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Fig. 10. Distributions of nD2 and target heat flux as a function of neutral
pressure at R = 0.
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Fig. 11. Baxial and Pneutral in the plasma beam center for various target
heat flux densities scaled in color.

Based on the previous analysis and examination, figure 11
illustrates the fundamental dispersion pattern of the heat flux
density pertaining to the target plate related to the magnetic

field and neutral pressure. It is clear that satisfaction of a
magnetic field strength B > 1 T and a neutral air pressure
Pneutral < 10 Pa results in the generation of a heat flux at the
target plate in HIT-PSI that fulfills the requirements of ITER-
like text. The filter target material exhibits a high degree of
thermal compliance, enabling it to effectively conduct thermal
compliance testing.

5. Summary
This study employed the geometry-modified SOLPS-

ITER code to model the steady-state discharge process of
the HIT-PSI device. The investigation focused on analyzing
the impact of magnetic field strength and neutral pressure on
the heat flux experienced by the target plate. The simula-
tion results indicate that, when considering fixed conditions of
plasma source parameters and neutral pressure, there is a pos-
itive correlation between the magnetic field strength and the
heat flux observed at the target plate. When the axial magnetic
field surpasses 1 T, the HIT-PSI device has the capability to
produce a heat flux with its maximum exceeds 10 MW·m−2 at
the target plate. With fixed plasma source and magnetic field
strength, it can be observed that the heat flux at the target plate
diminishes as the neutral pressure rises. However, when the
pressure reaches a level below 10 Pa, the HIT-PSI system is
capable of producing a heat flux at the target plate that sat-
isfies the specified criteria of ITER. The fundamental param-
eter range for the heat flux exceeds 10 MW·m−2 in HIT-PSI
(B > 1 T, Pneutral < 10 Pa) should be further tested by future
measurements of the magnetic field strength and neutral pres-
sure. The simulation results can nevertheless offer a useful
benchmark for the upcoming HIT-PSI experiments.
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