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Abstract

From pulsed plasma experiments focusing on neutral pressure dependence, the impacts
of a transition from a low to a high recycling target on the particle load were investigated and
discussed in the linear plasma device, Magnum-PSI. Time traces of the target ion flux were
mitigated in high neutral pressure cases because of a plasma-neutral interaction. On the other
hand, in low neutral-pressure cases, the target ion flux indicated partial suppression in the last
part of the pulse. The Langmuir probe, located 200 mm upstream from the target plate, did not
exhibit such a suppression. Pulse suppression can be expected from the localized interaction
between recycled neutral flux and pulsed plasma in front of the target. The mean-free paths of
recycled neutral particles regarding the charge exchange with pulse ions and elastic scattering
with background neutral particles were compared. Modeling using a fluid code coupled with a
neutral transport code was performed, and it was concluded that dynamic pressure induced by
the transient recycled neutral flux caused sufficient momentum loss to stagnate the pulsed

plasma toward the target plate.
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1. Introduction

Edge localized modes (ELMs) are a significant concern in ITER and conventional
tokamaks operating in H-mode [1, 2]. ELMs collapse the pedestal and enhance heat flux across
the separatrix, resulting in transient particle and heat transports from the scrape-off layer (SOL)
to the divertor region along the magnetic-field line. Such transient heat loads, in addition to a
steady-state heat load, must be handled in the SOL and divertor regions to increase the lifetime
of divertor plates. A detached divertor provides a means of reducing steady-state heat loads via
the plasma detachment phenomenon [3, 4]. A plasma operation scenario for ITER and future
fusion devices is the H-mode accompanied by ELMs compatible with the detached divertor [5,
6]. On the other hand, the transition from a low to a high recycling divertor in association with
an ELM event, has been represented as an important process [7]. After the ELM, instantaneous
neutrals recycling from the divertor reach the main chamber by diffusion and change the
upstream density profile in the SOL. The time evolutions of the D, photon flux and ion particle
flux into the divertor plates indicate the impact of the recycled neutral flux on the ionization
process in ASDEX-U [7, 8] and JET [9]. A transient enhancement of the recycled neutral flux
owing to the ELM is also expected in a detached plasma condition by the re-attachment process.
Such an ELM-induced dynamic plasma-neutral interaction should be revealed to understand
the after-ELM physics in front of the divertor plates.

Fundamental studies on the transition from a low to a high recycling regime and the
enhancement of neutral flux from the divertor plates require specialized laboratory
experiments. Combined experiments with steady-state detached plasma and heat pulses
generated by radio frequency (RF) heating and modulated DC discharge power were
performed in the linear plasma device NAGDIS-II [10, 11]. Rydberg atoms and/or neutral
particles were ionized, by accelerated energetic electrons, resulting in the enhancement of the
particle flux to the target plate. However, in future fusion devices such as ITER, ELMs will
have extremely high ion densities and thus deliver large pulsed-ion particle fluxes to the target.
It is necessary to investigate the interactions between the detached divertor and high-density
pulsed plasma. Such experiments are realized in the linear plasma device Magnum-PSI
because of its high performance for steady-state plasma generation with a particle flux of 10%—
10% m2s"! and high-density pulsed plasma production [12, 13]. The density dependence of the
pulsed heat load was studied in Magnum-PSI [14], which indicated the saturation of the peak
heat load into the target in a high-density regime. Localized enhancement of the ionization

and charge exchange (CX) processes was implied to constitute the energy-loss mechanism.



However, the dependence on neutral particle behavior such as neutral pressure has not been
explored in detail. Furthermore, to investigate the interaction between pulsed plasma and
transient recycling neutral particles, the measurement of particle flux, which is an indicator
of recycling, is important, as well as heat flux. The present study elucidates the impacts of the
transient enhancement of the recycling on the target ion flux into the detached divertor, after
the pulsed plasma input, by focusing on neutral pressure dependence.

The next section describes the experimental conditions for Magnum-PSI in this study.
The plasma parameters in the steady-state and transient phases during the pulse are presented
in Section 3. Section 4 discusses the experimental observations, which provide a possible

interpretation and derives conclusions. Finally, a summary is provided in Section 5.

2. Experimental setup
2.1. Plasma device

The linear plasma device Magnum-PSI [13, 15] was designed to address various complex
plasma physics of the ITER divertor in a systematic investigation with high repeatability of
plasma parameters, a flexible target setup, and good diagnostic access. Figure 1(a)
schematically shows the experimental configuration used in the present study. Steady-state
plasma is generated by a cascaded arc source which typically operates with an electrical current
between 100 and 200 A from a DC power source (PS). A pulsed-plasma source designed to
accommodate the transient pulses with high power was utilized to study the ELM simulation
[16, 17]. The pulsed-plasma source consisted of a tungsten (W) cathode, six copper (Cu)
cascaded plates, an anode, and a nozzle. The discharge channel diameter was 10 mm, which is
larger than the standard trumpet source for most experiments without pulses, to minimize the
impurity content in the plasma [16]. The anode and nozzle were grounded and made of a Cu-
W alloy, coated with a W layer for protection from melting and impurity production. The plasma
expanded into the vessel at the sound speed in the nozzle, owing to the pressure gradient from
the discharge channel to the vessel. A large quantity of neutral gas was necessary to produce a
high-flux plasma owing to its finite ionization efficiency. A differential pumping system
removed most of the discharge gas from the source before reaching the target, enabling
independent control of the target chamber pressure. The neutral pressure, pn, in the target
chamber was measured by the capacitance manometer (MKS Baratron®). The magnetic field,
B, was provided by superconducting coils up to 2.5 T.

In the present study, the discharge current, /s, and B were set to 120 A and 0.4 T,
respectively. The discharge voltage, Vs, necessary to maintain /s was ~82 V. The species used

at the plasma source was helium (He) with a flow rate of 15 slm. The additional gas puff from
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the target chamber was also He, with a flow rate of 0.0-6.9 slm, providing the p, from 0.44 to
6.4 Pa. With an increase in py in the target chamber, a high degree of detachment was obtained,

owing to the enhanced plasma-neutral interaction.

2.2. Pulse plasma generation

Figure 2 shows the discharge circuit. In parallel with the PS for steady-state plasma
discharge, a capacitor bank (CB) system for the transient increase in the discharge power, P,
was installed. The CB system consisted of 28 identical sections. Each section was composed of
a capacitor with an electrostatic capacity of 150 pF, an inductor with an inductance of 160 pH,
and an anti-reversal diode. After the capacitors were charged, the power supply to the capacitors
was isolated, and the capacitor bank was connected to the plasma source. The stored energy
could be then dissipated into the plasma by ohmic heating, leading to a transient increase in the
electron density, ne, and temperature, 7.. The capacitor voltage was 400 V for all results shown
in the present study.

Figures 3(a)—(c) show the temporal evolutions of Ve, Isc, and Pg.c during the pulse. The
trigger timing of the pulse corresponded to a time, #, of 0 ms. An analog-digital converter (NI
PXI-5105) was utilized to acquire V. reduced by the voltage divider and /s measured by a
current probe (Hioki 9667). During the pulse, the transient increase in Ve and I gave ~ 35
kW as the enhancement in the Ps curve, which was defined by the product of V. and Z.. The
dissipated energy of the pulse in the source plasma could be determined by integrating Ps;c over
time during the pulse. Figure 3(d) shows the pulse energy dissipated in the plasma by the time-
integrated process of the AC component of the Psc. The stored energy of the capacitor with a
capacitor voltage of 400 V was theoretically calculated as 12 J. Figure 3(d) indicates that the
practical pulse energy dissipated in the plasma was also ~ 12 J and was constant at various px
conditions. Independent control of the plasma source enabled the demonstration of a constant

pulse energy against the different p, downstream.

2.3. Diagnostics

The steady-state and transient pulsed plasmas were measured using a Langmuir probe
and target plate. Laser Thomson scattering (TS) measurements and optical emission
spectroscopy (OES) were performed during the steady-state phase. Each of these diagnostics is
explained in detail below:

A reciprocating Langmuir probe was mounted on the Magnum-PSI. The driving system
was mainly composed of a probe head, an air cylinder, and a magnetic valve. The probe head

consisted of four W electrodes with diameter of 0.5 mm and an exposed length of 0.5 mm
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outside of an ceramic shaft. Two of the electrodes measured the ion saturation current, /sat, with
a bias voltage of -100 V and a floating potential, V%, at the radial position, 7, of ~ 0 mm. These
signals were simultaneously obtained using an analog-digital converter (Yokogawa 720254).
For the acquisition of /s, a shunt resistor of 100  was used. To minimize the heat load, the
probe head was extracted from the plasma column in every sequence, after acquiring the signal,
during a pulse. Radial profile measurements were not performed using the probe. The probe
head was inserted and extracted using an air cylinder driven by compressed air. The magnetic
valve for controlling the compressed air was installed away from the device to protect it from
the strong magnetic field and was remotely operated from the control room. Note that the probe
driving system was also used in previous publications on Magnum-PSI [18, 19].

A target plate was installed 200 mm downstream of the probe position, as shown in figure
1. The plasma-facing material in the present experiments was mounted on one of the five target
holders prepared for multiple targets [20]. The plasma-facing component was a circular W-plate
with a diameter of 30 mm. A molybdenum (Mo) holder with a hole of 25 mm diameter held the
W plate, indicating plasma exposure on the W, with a 25 mm diameter. The outer diameter of
the Mo holder was 64 mm. Because every component of the target holder was electrically
connected and negatively biased, the ion saturation current at the target, /iarget, provided the total
ion current of the plasma column. For /urger measurement, the target plate was maintained at —
60 V by the PS for the target plate. The target voltage for acquiring Jurget Was not negatively
deep enough to avoid the arcing or sputtering at the target. An analog-digital converter
(Yokogawa 720254) acquired the output signal of the current probe (Ion Physics CM-10-L).
Here, the bias voltage of — 60 V was sufficient for the ion saturation even under the pulse
condition, because V' during the pulsed plasma was higher than — 60 V. The details of the Vrare
explained in Section 3.2.

TS measurements with a high accuracy for n. and 7. were performed at the probe position
[21]. Radial profiles of n. and 7, were obtained in the steady-state phase without a pulse. The
OES was performed using a passive spectroscopy system (Avantes AvaSpec-2048) at the probe
position. The line of sight of the optical fiber was aligned to pass through the center of the

plasma column.

3. Experimental results
3.1. Plasma parameters in steady-state phase

Figure 4 shows the pn dependences of the steady-state parameters without the pulse.
Figures 4(a) and (b) show the He line emission intensities corresponding to the transitions from

high-n excited levels (370.5 nm: 2°P-7°D and 355.4 nm: 2°P-10°D) and a low-n excited level
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(471.3 nm: 23P-43S). Regarding the high-n emission, an increase up to p, of 2-3 Pa is due to an
enhancement of the electron-ion recombination (EIR) processes. A steep reduction in 7t at the
plasma center measured by TS, as shown in figure 4(c), indicates the enhancement of EIR
processes with an increase in p, because a three-body recombination as an EIR process has a
strong dependence on n. and especially 7. [22, 23]. When the population of low-n states is
determined by electrons excited from the ground state, the low-n emission should decrease with
ne and Te except for p, of 0.44 Pa. However, both low- and high-n emissions show similar
tendencies, indicating that the transition from a highly excited level is dominant in determining
the population of the 4°S state in the present condition. The peak of n. observed at 1.4 Pa
indicates the rollover [24, 25]. Figures 4(d) and (e) show particle flux reductions with increasing
pn at both the Langmuir probe and target plate positions. These results indicate that EIR
processes are strongly induced except for pn of 0.44 Pa and the degree of detachment is
enhanced by the increase in pn.

Figure 5 shows the radial profiles of n. and 7. at p, values of 0.44, 3.0, and 6.4 Pa. Owing
to the relatively low B in the present experiments, the plasma diameter, 20-30 mm, evaluated
by the full width half maximum of n. was larger than the typical width in Magnum-PSI [14].
However, even in the low B case, the diameter of the target plate is larger than the plasma

diameter, and /Juarget represents the total ion flux into the target plate.

3.2. Transient response of plasma during the pulse

Figure 6 shows the time traces of Psc, sat, larget, and Vr during the pulse at p, of 3.0 Pa.
Data acquisition during the pulse was performed four times under the same p, conditions and
all waveforms were averaged to ensure high reliability. Approximately 0.1 ms after the pulse
was triggered, s began to increase. Further et represented the attainment of the pulse at ¢ ~
0.18 ms. Time delays that appeared in lsar and liarger indicated that the pulsed plasma was
transported along the magnetic field line with a finite flow velocity. The time lag between Zsa
and Jirget also indicated that pulse plasma transport could be detected even with a short length
of 200 mm from the Langmuir probe and the target plate. Although the transport physics of the
pulsed plasma is interesting from the viewpoint of momentum loss during the transport, the
flow velocity of the pulsed plasma is difficult to define from the waveforms and is not discussed
here.

Figure 6(c) shows that lirget is increased by the pulsed plasma. As stated in Section 2.3,
the increment in /Juarger after triggering the pulse represents the total particle flux by the pulse. A
quantitative evaluation of the particle load on the target plate is discussed in Section 3.3. Figure

6(d) shows the Vrvalues measured using the Langmuir probe. The measured Vrdecreases owing
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to the pulse, probably because of the higher T, induced by ohmic heating after triggering the
pulse [16, 17]. The decrease in Vr occurs earlier than the increase in /s, while both Vyand Zsa
are measured at the same axial position. The precursor electrons generated in the plasma source
may have been present and are observed before the attainment of the ion flux at the Langmuir
probe position. Such high-energy electrons are also observed at the beginning of the ELM and
discussed in JET [26].

3.3. The particle loads into the Langmuir probe and target plate during the pulse

In this section, we consider the time-integrated particle flux, to investigate the impact of
the pulse on the particle load. Regarding the Langmuir probe, the integration of /s in the time
domain has the unit of the fluence. On the other hand, the integrated /iareet gives the total number
of ions in a pulse. The fluence measured by the Langmuir probe and the total number of ions in

the target plate are defined by Fion and Nion as follows:

Fion = if(lsat - Isat_dc) dt, (1)

1
Nion = e f(ltarget - Itarget_dc) dt, (2)

where Isat dc and larget dc are the DC components of fsac and Ziarget before the pulse, S is the probe-
collecting area, and e is the elementary charge. The particle loads of ions into the probe and the
target plate are calculated by time-integrating the ion currents subtracted by the DC components.
What Fion and Nion mean are additional flow and ion density during the pulse. The integration
interval ranges from 0 to 2 ms.

Figure 7 shows the pn dependences of Fion and Nion. Fion at the probe position does not
strongly depend on p, and decreases slightly with increasing p,. The slight reduction in Fion
indicates the mitigation of the pulsed plasma by the EIR processes caused by plasma-neutral
interactions in the high p, cases. On the other hand, Nion does not monotonically decrease and
exhibits a peak value at p, ~ 3.0 Pa. The decrease in Nion When py, is higher than 3.0 Pa might
be due to degradation of the pulsed plasma by the EIR processes, as well as Fion. In contrast,
Nion decreases with a drop in p, when p, is lower than 3.0 Pa. The general tendencies of the
particle loads are different at the two positions, with a distance of 200 mm between the
Langmuir probe and the target plate. The reason the time-integrated /et decreases under low

pn conditions is explained by showing the time traces in Section 3.4.

3.4. Waveforms of Isa¢ and Itarget during the pulse

Figure 8 shows the time evolutions of Psc, Lsat, and liarger in various pn conditions. The

7



results were averaged over four waveforms, conducted under the same experimental conditions.
The low and high pna cases are separately shown on the left and right sides, respectively. The
definition to separate low and high pn cases is the difference of the liarget behavior during the
pulse. Figures 8 (a)-(c) show the waveforms when p, was lower than 3.0 Pa. The lowest pn
value in the present study was 0.44 Pa. However, due to significant heat load to the probe head,
Lsar could not be acquired during the pulse at p, of 0.44 Pa and is not shown in figure 8. The
time width of the pulsed plasma should be ~ 0.8 ms, as overlapping Psc waveforms, as shown
in figure 8(a). Figure 8(b) shows Iz with a similar duration at the Langmuir probe position.
However, as shown in figure 8(c), the particle flux was not maintained for ~ 0.8 ms at the target
plate. The waveforms of urget indicate that the pulse duration detected at the target decreased
with a drop in pn. Because the first parts of the pulsed plasma were detected, their last ones
were considered to be partially suppressed in front of the target plate. The suppression
mechanism is discussed in detail in Section 4. The reduction in Nion, as decreasing pn in figure
7(b), was attributed to the suppression of the last parts of the pulsed plasma and to the tendency
that the duration of the pulse waveform at the target became shorter with decreasing pn.

In high pn cases, on the other hand, I and Juarger in all cases were maintained at least for
~ 0.8, ms as shown in Figures 8(e) and (f). The waveforms of /target Were mitigated by increasing
pn. It should be noted that the degradation of pulse duration at the target was not observed when
pn > 3.0 Pa and only observed in low p, cases when p, < 3.0 Pa. The particle loads were lower
in both the low and high pn cases than in the middle p, case (~ 3.0 Pa). The mechanisms by
which the particle flux due to the pulse deceased should be different between low and high pa

cases and are separately described in Section 4.

4. Discussion
4.1. Pulse mitigation under low p, conditions

Based on the experimental observations that the first part of the pulsed plasma was
detected and that the suppression occurred only in the last part of the waveform in low pi cases,
the influence of recycling particles generated by the first part of the pulsed ion flux to the target
should be a necessary consideration. To discuss the mitigation mechanism of the pulse, a
previous study on power deposition by transient plasma should be covered. A fast infrared
camera coupled to a finite element analysis was used to acquire the heat flux deposited by the
pulsed plasma inputs on the Magnum-PSI target in Ref. [15]. Clear energy loss was observed
in the pulsed plasma with high #n. and the possible interpretations are as follows: Owing to the
enhanced recycling of particles in high n. cases, T. decreases due to ionization in front of the

target. Then, CX collision, which is dominant in low T: cases, dissipates the pulse energy,
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resulting in heat flux reduction. These previous observations are similar to those of the present
study. However, it should be noted that there is a difference between the heat and particle fluxes.
The heat flux reduction can be explained by the energy dissipation. However, the energy
dissipation cannot thoroughly explain the reduction in Zurget, observed in the present study.
Particle flux reduction suggests the existence of a particle sink between the probe and target
positions. The physical mechanism by which the particle load owing to the last part of the

pulsed plasma is suppressed under low p, conditions is discussed in the following sections.

4.1.1. Effects of static pressure enhancement

Recycled neutral particles produced by the first part of the pulsed ion flux contributed to
an increase in the local p;, in front of the target plate, resulting in a reduction of the last part of
the pulsed ion flux by a localized enhancement of plasma detachment. However, this
consideration regarding static neutral pressure cannot be exclusive to low pn cases. The
recycling neutral flux should be equal to /taget under the present condition, where the singly
charged He ions are assumed to be dominant. Figure 8(f) shows a significant liareer increment
observed in the high p, cases. For example at p, of 3.0 Pa, liarget is ~ 60 A, which is a comparable
level with the et at pn of 1.8 Pa in figure 8(c). Although the peak value of liaget Was similar
(~ 60 A) in both cases with p, of 1.8 and 3.0 Pa, suppression of the last part of the pulsed plasma
was observed only at p, of 1.8 Pa. Hence, the enhancement of the static pressure owing to the

recycling process is not sufficient to explain the present results.

4.1.2. Kinetic effects of recycled neutral flow

The kinetic effects of the recycled neutral flow are discussed in this section. Figure 9
shows a schematic illustration. When the pulsed plasma reached the target plate, the ions in the
first part of the pulse were accelerated toward the target plate by a potential falling through the
sheath. Reflected neutral particles with kinetic energy determined by the sheath potential and
energy reflection coefficient were produced as a transient neutral flux in a counter direction to
the pulse. Collisions between reflected neutral particles and ions could contribute to momentum
and energy reductions in the last part of the pulse. The expected collisions were n-i elastic and
CX collisions. In addition to the reactions of recycled neutral particles with the pulsed ions,
reactions with background neutral particles should be considered. Once the recycled neutral
particles were scattered by the n-n elastic collision, the momentum loss of the pulse plasma

cound not be sufficiently obtained. Qualitatively, the n-n collision became dominant over the



n-i collision by increasing pn. A qualitative consideration of the dominant process under the
present experimental conditions is necessary.

Figures 10(a) and (b) show the mean-free paths of CX, i cx, and n-i elastic scattering,
Jn-i EL, as functions of the relative kinetic energy of a recycled neutral particle and target ions,
E..i, and the ion density, n;. On the other hand, figure 10(c) shows the mean-free path of n-n
elastic scattering, An-n L, as the functions of the relative kinetic energy of a recycled neutral
particle and target background neutral particles, Enn, and pa. The cross-sections of the n-i and
n-n collisions are defined as momentum transfer cross-sections [27, 28]. For the calculation,
Maxwellian distribution was used for the target ions in figures 10(a) and (b), with an ion
temperature, 7;, of 4 eV. Because the Coulomb collision time between ions in pulsed plasma
was fairly shorter than the transport time of the pulse from source to target, the Maxwellian
distribution was assumed for the target ions. The target background neutral particles in figure
10(c) were assumed to have a temperature of 300 K. Both As.i cx and An-i L decreased with
increasing n;, indicating that the collisions of recycled neutral particles with ions were enhanced
in high-density cases such as pulsed plasma. According to the pulsed plasma parameter in
Magnum-PSI [14], ni was expected to be lower than 102! m~ because of the low B in the present
study. The relative energy could be determined from the potential fall through the sheath and
the energy reflection coefficient. The former might be roughly estimated to be ~45 eV by the
potential difference between the plasma potential of -15 V, measured by the Langmuir probe
under steady-state conditions [19] and a target bias voltage of -60 V. The latter was ~ 0.43 in
the case of He with an incident energy of 45 eV at normal incidence into W [29]. Because of
the ambiguity of the plasma potential during the pulses, Ex.i and En.n were assumed to be in the
range of 10-40 eV in the present experiments. Based on the above assumption shown by the
black boxes in figures 10 (a) and (b), An-i cx and An-i gL Were expected to be ~ 0.03 m and ~0.1-
0.3 m, respectively. Because of the small cross-section of the n-i elastic collision in the high E\.
i range, Ani e was considered to be larger than 4. cx, implying that the CX process was
dominant in determining momentum loss. However, the momentum loss could not completely
explain the current drop at the target, as discussed in Section 4.1.3. On the other hand, Ann EL
expected for low p, and high p, cases are shown by black boxes in figure 10(c). An-n EL at low
pPnis~0.1 m and the relation of An.i cx <Ann EL indicates that the CX of recycled neutral particles
with pulse ions was more dominant than elastic scattering with background neutral particles.

Pulse suppression could be caused by enhanced n-i collisions in the low p, cases. Furthermore,
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the tendency was more significant when p, decreased because Ann gL increased. The timescale
of the interaction between the recycled neutral flux and the pulsed ions, estimated as a CX
collision time of ~ 1 ps, is smaller than the decay time of Jiarget (~ 0.1 ms) for low pn cases, as
shown in figure 8(c). Also from this perspective, n-i collision should be a possible reason for
affecting the suppression of Jiarger. Conversely, the Ann gL decreased as pn increased. Ann EL Was
comparable to the Ani cx at pn > 3.0 Pa. The relation Ani cx = Znn L indicated a lower
contribution of recycled particles to the pulse mitigation. These tendencies are reasonable to
qualitatively explain the experimental results. The CX process of recycling particles with the
ions after the input of the first part of the pulsed plasma could be essential to suppress the last

part of the pulsed plasma in low p, cases.

4.1.3. Simple modeling of the interaction between pulsed plasma and recycled neutral flux

A possible reason that partial suppression of the pulsed ion flux was exclusive to low pa
cases and not observed in high p, cases was discussed in the previous paragraph. Next, the
dynamic neutral pressure due to the recycled neutral flux to suppress pulsed plasma propagation
is discussed. To investigate the neutral particle behavior, modeling was conducted using a fluid
code LINDA (LINear Divertor Analysis) [30] coupled with a neutral transport code [31, 32].
The LINDA code is a two-dimensional (2D) plasma fluid code for linear plasma devices. The
LINDA code was used to assess the cooling efficiencies of various gas species in the GAMMA
10/PDX [33] and to study the particle, momentum and energy source terms, based on the rate
coefficients with the collisional-radiative (CR) code in NAGDIS-II [34]. The neutral transport
code is a three-dimensional (3D) Monte-Carlo simulation code for tracing neutral particles
introduced into a vacuum vessel until they are ionized or evacuated. The modeling procedure
was as follows: First, the plasma distribution was calculated using the LIDNA code to
reproduce the pulsed plasma condition without the neutral particles. Boundary conditions at the
source side with Te=4 ¢V, Ti=4 eV, and n. = 10?° m were employed. The energy transmission
factors at the target plate were assumed as 2.5 for both ions and electrons. Other calculation
setups, such as the Bohm criterion at the target plate and the mesh structure, were similar to
those in a previous study [34]. Here, the homogeneous plasma profile from the plasma source
to the target in an axial position, Z, was calculated as a steady-state condition. Therefore, this
calculation condition simulated the situation just before the pulsed plasma reached the target

under quite a low pn condition. Second, the neutral transport code traced the neutral particles
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released from the target surface with a constant energy of ~30 eV in the normal direction and
with a particle flux of 1.4 x 10** m2s’!. To clarify the effects of the recycled neutral particles
immediately after the pulsed plasma reached the target, the pump coefficients at all walls were
defined as 1.0, so that the thermalized neutral particles were eliminated. Further, the
background neutral particles were not simulated, to estimate the momentum loss only due to the
recycled neutral flux.

Figure 11 shows the parameter profiles as a result of the neutral transport code where the
target plasma was given by the LINDA simulation: (a) neutral He density, 71e, and momentum
sources for (b) elastic collision, Smu L, and (¢) CX, Smu_cx. The length of the calculation is 2.05
m along the magnetic field line from the anode position at Z = 0 m to the target Z = 2.05 m.
Note that the machine length is not consistent with Magnum-PSI because the calculation mesh
in the previous study [34] was used. The difference in the machine length had an insignificant
effect on the results because the impacts of the recycled neutral flux were localized in front of
the target. As shown in figure 11(a), He atoms are localized in front of the target, indicating
that strong scattering by high-density ions occurs. The negative values in figures 11(b) and (c)
represent the momentum losses. The CX plays a significant role as a momentum sink rather
than an elastic collision. The relation Smu_cx < Smu_gL should be due to As.i cx being shorter than
Jn-i EL under present conditions.

The dynamic pressure of the recycled neutral flux, which impacts on the plasma, is
calculated from the momentum loss and compared with the pulsed plasma pressure. The one-

dimensional (1D) plasma momentum conservation can be described as follows [35]:
d
- (Miniv? + pi+pe) = Smu, (3)

where m; is the mass of the ion, v is the ion flow velocity parallel to the magnetic field line, and
pi and p. are the static ion and electron pressures, respectively. The terms for transient and
viscosity effects, which are included in the conventional fluid equation, are not considered in
the present study. The source term, Smu, is expressed as:
Smu = SmuEL * Smu_cx- (4)

Here, to focus on the momentum sink by n-i collisions (elastic and CX), the momentum source
by e-n ionization and the sink by EIR processes were neglected. According to eq. (3), the
gradient of the total pressure was the momentum source. Therefore, the integrated momentum

sink along the axial position corresponded to the pressure induced by the recycled neutral flux,
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which pressed the pulsed plasma in a counter (upstream) direction. When the pressure of the
recycled neutral flux was larger than the total pressure of the pulsed plasma, the target current
should have been attenuated because of the suppression of the transport and accumulation of
the pulsed plasma. The counter pressure of the CX of the recycled neutral particles was
calculated to be ~ 6 kPa by the integration of Smu cx, as shown in figure 11(c), in the Z
direction.In contrast, the total pressure of the pulsed plasma was ~ 300 Pa, which was calculated
from the summation of the dynamic pressure and static pressure with 7. =4 eV, 7i=4 eV, and
ne =102 m3. The momentum loss due to the recycled neutral flux was sufficient to compensate
for the total pressure of the pulsed plasma from upstream. As discussed above, the enhancement
of the recycling might have induced a dynamic pressure by the transient neutral flux and
prevented the pulsed plasma from reaching the target plate.

The pulsed plasma pressure could be balanced by the dynamic pressure due to the
recycled particles. However, the force exerted by the recycled neutral flux to press the pulsed
plasma was insufficient to completely illustrate the reduction in /iager. This was because the
Liarget Was the particle flux. Even with the strong momentum loss due to the CX process in front
of the target, the particle balance was conserved without the particle source or sink. There must
have been the particle loss processes, such as radial transport enhanced by the pulsed plasma
injection or strong EIR processes due to energy loss by the recycled neutral flux. The former
could be observed by particle diagnostics using Langmuir probes located far from the plasma
column. The latter could be modeled by an advanced code, which would take into account the
dynamic effects, including the transient plasma response.

The ion bombardment results in the secondary electron emission, and subsequent
ionization could increase the ion density in front of the target. The secondary electron emission
yield for He ion impact at 45 eV on W surface is ~ 0.27 [36]. Such an effect by the secondary
electron emission could enhance the interaction between recycled neutral flux and pulsed

plasma, however is not discussed in the present study.

4.2. Pulse mitigation under high p, conditions

The present experiments performed in the high p, cases seem to demonstrate heat pulse
mitigation with a completely different mechanism from the present low p, cases and Ref. [15].
Recycled neutral particles have difficulty interacting with pulsed plasma because the collisions
of recycled particles with background neutral particles are comparable to the collisions with

pulsed ions in high p, cases, as discussed in Section 4.1.2. Therefore, the waveforms of Zarget,
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which are mitigated by increasing pn in figure 8(f), should be affected by the interaction between
the pulsed plasma and the background neutral particles before the pulse attains the target plate.
The reduction is attributed to the enhanced EIR processes in the pulsed plasma, due to a
decrease in 7.. The reduction in 7t should be accompanied by an energy loss of ions by CX and
the electron-ion energy relaxation process dominant in a high-density case [37]. To confirm the
enhanced EIR processes, the investigation of 7. and OES for detecting highly excited atoms
during the pulse should be investigated in the future. We note that the present experimental
observations in high pa cases indicate the effectiveness of plasma detachment for pulsed plasma

mitigation by enhanced plasma-neutral interactions.

5. Conclusions

To study the impacts of the transient enhancement of recycling on the target ion flux into
the detached divertor, fundamental experiments regarding the neutral pressure, pn, dependence
of the particle load with pulsed plasma input were performed in the linear plasma device
Magnum-PSI. Transient phenomena during the pulsed plasma were measured using a
reciprocating Langmuir probe and the target plate. The floating potential of the Langmuir probe
indicated the presence of precursor electrons after triggering the pulse. The time-integrated
target current exhibited a peak value at p, of 3.0 Pa, whereas the integrated particle flux by the
Langmuir probe monotonically decreased as pn increased. Suppression of the last part of the
particle flux was observed at the target plate in low pa cases. In contrast, the target flux was
mitigated in high pn cases because of the interaction of the pulsed plasma with the background
neutral particles, indicating the effectiveness of plasma detachment in pulsed load mitigation.
Regarding the low p, cases, because the mean-free path of the charge exchange was shorter
than that of the n-n elastic scattering, the impact of the recycled neutral flux on the pulsed
plasma suppression by the transient enhancement of the plasma-neutral interaction was
speculated. Modeling was performed by coupling the LINDA code with a neutral transport code.
The modeling results showed that the dynamic pressure induced by the transient recycled
neutral flux in the opposite direction from the target caused a sufficient momentum loss to
stagnate the pulsed plasma.

The suppression mechanism is discussed with respect to the pulse condition. In steady-
state plasma, a similar reduction in the steady-state heat load cannot be expected. This is
because the collision of recycled neutral particles with background ones is much more dominant,
in most cases, in linear plasma devices. To reproduce the recycling neutral flux to suppress the
steady-state heat load, an experimental condition with a high density and low px is desired. The

impact of recycled neutral flux is highlighted in the present study because the experiments were
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performed under a fairly high-density condition with a transient pulse in Magnum-PSI.

The discussion, including recycling, could indicate that a low pn, operation has the
possibility of suppressing the ELM as well as a high p, condition. When future fusion devices
operate in a middle p, regime in the divertor region, a significant transient heat load owing to
the ELM input can be considered. Further studies regarding the recycling of particles from the
viewpoint of energy-loss processes are necessary to explain the present experimental
observations in detail. Additional experiments on heat flux measurements under pulse plasma
conditions will also be useful for discussing the impact of the recycled neutral flux on the

kinetic energy of pulsed plasma.
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Figure. 1: A schematic of the experimental setup in Magnum-PSI. Positions of diagnostics

(Langmuir probe, target plate, TS, and OES) are depicted. (Single column)
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Figure. 2: Discharge circuit for compatible operation of steady-state DC discharge and transient

pulse. The target plate is negatively biased for collecting the ion current. (Single column)
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Figure. 3: Time traces of (a) Ve, (b) Lo, and (¢) P during a pulse at p, of 3.0 Pa. The trigger
timing of the pulse is defined as 7 = 0 s. (d) pn dependence of the dissipated pulse energy in the
source plasma is calculated by the time-integration of the AC component of Pg.. (Single

column)
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Figure. 4: pn dependences of the emission intensities of the transitions from (a) high-# states
(370.5 nm: 2°P-7°D and 355.4 nm: 23P-10°D) and (b) low-n state (471.3 nm: 23P-43S), (c) ne
and 7t by TS measurement, (d) Zsa at the Langmuir probe and (e) Juarget at the target plate. (Single

column)
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Figure 5: Radial profiles of (a) ne and (b) 7e by TS measurement at various p, of 0.44, 1.4, and
6.4 Pa. (Single column)
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Figure 6: Temporal evolutions of (a) Psrc, (b) Lat, (C) larget and (d) Vr during the pulse at p, of
3.0 Pa. Four waveforms conducted under the same condition were averaged for the plot. (Single

column)
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Figure 7: pn dependences of (a) Fion and (b) Nion. An error bar represents the maximum and
minimum values in four data acquisition at each p, condition. Because of the significant heat

load into the probe head, Fion could not be obtained at p, of 0.44 Pa. (Single column)
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Figure 8: Time traces of (a) and (d) Pk, (b) and (e) Isa, and (¢) and (f) Jtarger during the pulse.
Low and high p, cases are separately shown on left- and right-hand side, respectively. Four
waveforms conducted under the same experimental conditions were averaged for the plot.
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Figure 9: Schematic illustration of the impacts of recycled neutral particles on the last part of

the pulsed plasma in low and high p, cases. (Single column)
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Figure 10: (a) An-i cx and (b) 4n-i £L plotted as the functions of En. and #ni. (b) Ann gL plotted as
the functions of En.n and pn. The Maxwellian distribution was considered for the target ions and
the target background neutral particles. 7; and neutral particle temperatures were assumed to be

4 eV and 300 K, respectively. (Double column)
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Figurell: Modeling results of (a) nue, (b) Smu L and (¢) Smu cx along the magnetic field line.
Axial length is not consistent with Magnum-PSI because the calculation mesh with the previous

study [32] was used. (Single column)
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