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One-dimensional simulation and validation of divertor

detachment induced through nitrogen seeding on HL-2A

Abstract

Divertor detachment is a promising method to solve the power exhaust problem in tokamak devices or
even in future magnetic fusion reactors. In this work, a detachment experiment (HL-2A shot #38008)
with mixed gas seeding (60% nitrogen & 40% deuterium) is simulated using the SD1D module in
BOUT++. In the process from attachment to detachment, the target electron temperature and the target
ion saturation current in simulations are found to be consistent with the experimental results measured
by Langmuir probes on the target plate. In order to understand the underlying detachment mechanism on
HL-2A, this work analyses the role of different particle species in the cases with different seeding rates.
It shows that the plasma density varies little and the density of neutrals (D and D,) slightly decreases
with the increase of nitrogen seeding rate, such that plasma-neutral interactions cannot effectively reduce
plasma energy and plasma momentum in the divertor. The case with a high seeding rate predicts that
increasing seeding rate cannot obtain a target temperature lower than 2.5eV, which is the required
temperature for strong plasma-molecule interactions. Thus, the plasma-molecule interactions may not be
important in the divertor during nitrogen seeding. This work also studies the parallel forces including 1)
force due to the parallel electric field, 2) friction forces, 3) ion- and electron- thermal forces, and 4)
collisional reactions (e.g. charge exchange recombination (CXR) and ionisation). It is found that the
friction force between nitrogen ions and other particle species (primarily D*) is the dominant force
towards the target, while ion- and electron- thermal forces are the dominant force pushing nitrogen ions
back to upstream. Parallel forces determine the parallel distribution of nitrogen impurities, and therefore

decide the region of nitrogen radiation.



1.

Introduction

Taming power exhaust to an acceptable level is a big challenge for magnetic confinement fusion
research. In order to solve the power exhaust problem, divertor configurations are used in
current tokamak devices, that channel heat leaving the core plasma toward target plates, thereby
reducing the heat load on the surrounding walls. However, the material limits (e.g. tungsten)
imposes that divertor targets cannot sustain a heat flux higher than around 20MW/m? [1],
which can be exceeded by an order of magnitude in a fusion reactor if no mitigation steps are
taken. The lifespan of the target can also be greatly shortened not only because of erosion, but
also melting if the heat flux is above 20MW/m?. Divertor detachment is an effective way to
mitigate plasma facing material erosion and plasma facing material destruction, resulting in
simultaneous (1) power losses, (2) target pressure losses (through volumetric momentum loss)
and target particle flux losses (through an increase of the ion sink and a reduction of the ion

source in the divertor) [2-7].

Increasing upstream density and/or seeding extrinsic impurities are two effective methods to
achieve divertor detachment, which will be implemented on future reactors [3,8-11]. Since
electron temperature (T,) at the target can be reduced to a low level (e.g. T, < 5eV) by divertor
detachment [3,12], atomic & molecular processes including collisional and radiative reactions
may significantly affect the divertor plasma behavior during detachment. When T, drops to
such a low level, a relatively large amount of power entering the ionisation region is spent on
the various atomic and molecular processes, which will become more dominant in such
temperature regimes. For example, charge exchange starts to dominate over ionisation when
T,<5eV, causing a power loss mechanism as neutrals carry heat and momentum to the walls
[12,13]. When T, is below 1.5¢V, the volumetric recombination gets stronger, which becomes
a crucial ion sink in the divertor. The molecular process, such as molecular charge exchange,

dissociation and molecular activated recombination (MAR), plays a crucial role when T,
(<2.5eV) [13,14].

A variety of diagnostics are used to measure the detachment process, including Langmuir probes
for measuring target ion current; infra-red cameras for measuring target power depositions;
bolometry for measuring radiated power and spectroscopic measurements for measuring photon
emissions, the electron density, and temperatures in the divertor [13, 15-19]. However, the
current diagnostics on experiments focus on macroscopic behaviour. Fewer experimental
studies give an insight into the effects of underlying collisional and radiative reactions, which
play a crucial role in particle, momentum, and power losses in divertor. On experimental devices
(like AUG and DIII-D), spectroscopic measurements for the high-n deuterium Balmer lines
have been used to investigate electron-ion recombination (EIR) [20, 21], but it cannot always
explain the ion target flux loss, especially in impurity seeding conditions [22]. On the JET

tokamak, the ion source is estimated by using Ly-alpha intensities, which indicates that photon



absorption can be crucial in the assessment of effective ionisation and recombination cross-

section [23] with an accompanying reduction in ionisation energy losses.

Although some experiments (as discussed above) have been carried out to study the impacts of
plasma-atom interactions on detachment, plasma-molecule interactions are difficult to study
through analysis of the experimental data [12,13]. As important as plasma-atom interactions,
molecular processes play a crucial role in the divertor, transferring power and momentum from
the plasma to the molecule [14, 24, 25], particularly in the deep detachment phase. DI, a
product of plasma-molecule interaction, undergoes further reactions with plasma, such as
molecular activated recombination (MAR) or ionisation (MAI). These reactions act as further

ion sinks or sources, which may significantly influence the divertor detachment process.

On the HL-2A tokamak, various diagnostic systems have been installed in the divertor to
investigate the divertor detachment processes, such as IR camera measuring the heat flux on the
outer target [18], absolute extreme ultraviolet detectors (AXUV) measuring the impurity line
emission [26], and the target probe arrays with 274 tips on both inner and outer target plates
measuring ion current and electron temperature on the target [27]. However, HL-2A has not
enough diagnostic measurements to directly measure the role of plasma-atom and plasma-
molecule interactions in the divertor. To understand the detachment mechanism in the HL-2A
divertor conditions [ 18][28], it is necessary to carry out simulations to study the complex atomic

and molecular processes.

Numerical simulations provide an effective and efficient way to investigate the role of atomic
and molecular processes in divertor detachment. In the previous work [14], atomic and
molecular process in an upstream density ramp induced detachment was studied. In this work,
the SD1D code is upgraded by adding nitrogen impurities in the physical model, in order to
study the atomic and molecular processes during the nitrogen seeding induced detachment in
HL-2A. The details of the code upgrade are described in section 2, including an upgraded
physical model of deuterium species and a new model for nitrogen impurities. The initial
parameters and setup of the simulations are presented in section 3. In section 4, validations have
been carried out through comparing the results obtained by the SD1D simulations and Langmuir
probe diagnostics in the HL-2A experiment. Since atomic and molecular processes may play a
different role in different detachment phases [12-14], studying their effects on the volumetric
momentum loss and volumetric power loss can be crucial for understanding detachment
mechanisms in the HL-2A divertor. Therefore, a comparison of three cases is made in this work:
(1) no nitrogen seeding, (2) using a nitrogen seeding rate of 6.5 X 102%part/s, and (3) using
a nitrogen seeding rate of 10.5 X 102%part/s, in order to investigate the effects of plasma-

+

neutral interactions, such as the main ion sources/sinks, DJ sources/sinks, and deuterium

excitation radiation.



2. Physical model

In previous works [14,29], SD1D has been used to investigate the role of atomic and
molecular processes in divertor detachment induced by an upstream density scan. The
physical model of SD1D is presented in section 2.1. Seeding impurity (primarily nitrogen in
HL-2A) is another effective way to achieve divertor detachment. To study the atomic and
molecular processes in impurity seeding induced detachment, an important code upgrade has
been carried out in this work. An impurity model has been added in the physical model,
including equations of nitrogen impurities (N,, N7 and N° — N7*). More details can be

found in section 2.2.

2.1. Deuterium species

Equations

A 1D time dependent fluid model [9,30] is used in SD1D, which evolves the plasma density
np+ , parallel momentum density mp+np+v,p+ and static pressure p = pp+ + Pe =

np+Tph+ + nTe. The plasma equations are shown below [29]:

0
D% — V- [by,penp] +S, =S (la)
ad (3
~(p)=-V-q+vp+dp+S; —E—R (1b)
a
p (mD+nD+v”,D+) =-V- [mD+nD+V",D+bv"’D+] —dp—F (1c)

=Z

Ne =Np+ +Npt +nys + Yo~tmax 7 2+ (1d)

Where 9, = b -V, the heat flux q = gpr"’D+ — 1,0, T, and the Braginskii thermal

conduction coefficient k = KOTeg . The constant k, = 2293.8 [MW/m? /eVg] and mp+ is
the mass of the main ions [14]. This work uses the thermal conductivity in the original SD1D,
but it may be affected by Z [31], especially in the case with a high impurity concentration.
This work does not study the effects of impurities on transport coefficients, which will be
studied in future works. v, p+ is the parallel velocity of the main ion. In eq.1a, S, is the
external particle source evolved by a proportional-integral (PI) feedback controller, therefore a
specified upstream plasma density can be obtained. S is the particle source and sink caused
by collisional reactions, such as ionisation and recombination. In eq.1b, Sg represents an
external source of power flux that keeps injecting energy with a fixed rate into a volume
above the X-point; E represents energy exchange due to plasma-neutral interactions; R is

radiated power due to deuterium excitation radiation and impurity radiation. To implement



simulations for studying divertor detachment (e.g. the density ramp induced detachment), Sg,
S, and the upstream plasma ion density are the crucial controllable quantities for achieving

detachment in simulations.

The ion and electron temperatures are assumed to be equal and isotropic: Tp+ = T,. Different
from the previous versions of SD1D [14,29], the quasineutrality assumption in this work is
used to calculate the electron density (eq.1d), thus the difference between the electron density
and the main ion density can become large during impurity seeding. As a result, the D*

pressure and the electron pressure are different in the new model.

The equations of atom density np, atom parallel momentum npv,p, and atom pressure npTp
are similar to eq.1a — eq.lc. The source, sink, and force terms in atom equations are mainly
determined by plasma-atom interactions. Since magnetic fields cannot confine the transport of
neutral particles, atoms will be transported across the magnetic field or migrate upstream. In
general, 1D codes have very simplified cross-field transport (loss) of neutrals, which may be
crucial for the divertor detachment. In SD1D, atoms have an effective parallel velocity, which
is the sum of a parallel flow and the parallel projection of a perpendicular diffusion [29]:

B_d))z 9,pp
A%

B . The total atom collision frequency v is calculated by the sum of
]

vp = Vjp — (

charge exchange rate, ionisation rate, and neutral-neutral collision rate. Since the poloidal flux

expansion can affect cross-field neutral diffusion, the cross-field neutral diffusion multiplier

B.\2
(field-line pitch) (B—¢) = 10 is used in this equation.
]

The equations of the neutral molecules are similar to the atom model, evolving molecule

density np, (eq.2a), pressure pp, (eq.2b) and parallel momentum np,v,p, (€q.2c) as

shown below:
61;% ==V [bVII,DanZ] — Sp, (2a)
%G pDz) =-V-qp, +Vp,9pp, —Ep, (2b)
%(sznDZVILDz) = =V [mp,np,bv;p,| + dypp, — Fp, (2¢)

5
dp, = _pDvall,Dz (2d)

2
The sources, sinks (Sp, and Ep,) and friction force (Fp, ) are produced by recycling and

collisional reactions [14], including non-dissociative ionisation, dissociation, molecular charge
exchange and molecular activated recombination (MAR) via D~. Ineq.2d, qp, is the energy

convection flux of neutral molecules. A parallel velocity vp, similar to vy is given to

molecules. The parallel projection of a perpendicular diffusion is considered for D, [14]. The

cross-field neutral diffusion is (i—"’)2 = 10. The total molecule collision frequency is
)



calculated by the sum of molecular charge exchange rate, non-dissociative ionisation rate and

neutral-neutral collision rate.

D7 has a similar set of equations as D model. The main difference is: the sources, sinks
(SD; and ED;) and friction force (FD;) in the equations of density N+, pressure pp+ and
momentum Np+Vp+ are determined by dissociative excitation, molecular ionisation,

dissociative ionisation, dissociative recombination and molecular charge exchange [14].

In this work, various particle species have a similar set of equations, but it may lead to an
issue that transport coefficients may be affected by the rising concentration of additional
particles. There have been significant works in the past years to incorporate more advanced
closures in edge codes, such as the Zdhanov closure in SOLEDGE3X and SOLPS [32-35]. In

future work, we will further investigate the effect of impurities on transport coefficients.

Collisional and radiative reactions

Deuterium excitation radiation produced by plasma-atom or plasma-molecule interactions
plays a crucial role in divertor physics [12]. It may contribute a significant energy loss from

the plasma, and thus greatly influences power balance in the divertor.

Although the original SD1D considered direct electron-impact excitation radiation and the
electron-ion recombination, the deuterium atom emissivity was an empirical function of T,
which leads to a large error if electron density is varied. In the current SD1D, deuterium
emissivity has a dependence on both T, and n. based on the Amjuel database [14]. In order
to fully understand the mechanism of deuterium excitation radiation, six excitation channels

that produce excited deuterium atoms have been included in SD1D [14]:

(1) Direct electron-impact excitation (via D)
(2) Electron-ion recombination (via D*)

(3) Dissociation (via D),

(4) Dissociative recombination (via D7)

(5) Dissociative recombination (via D3)

(6) Mutual neutralization (via D7)

The channel (1) direct electron-impact excitation and the channel (2) -electron-ion
recombination are known as atomic excitation channel, while the channels (3)-(6) are the
molecular channels since deuterium atoms are excited after molecular break-up. The calculation
of radiated power or photon emission intensity (€.g. Dajpha) requires the population coefficient

of excited atoms produced through different channels. In previous work [14], the deuterium



radiation power and D,pp, photon emission intensity as a function of T, and n. can be

modelled using population coefficients from the Amjuel database.

An impurity model ‘atomict++coronal’ has been added in SD1D [36]. It is able to provide
impurity radiation power (i.e. carbon) with a fixed impurity fraction, through fetching and using
data from the ADAS database [37].

Boundary conditions

The boundary conditions for the neutrals (D and D,) are listed below:

_ FD,recl

(1) The recycling fraction of the ion flux arriving at the target is set to fp e = - and
on
r
fo,rec = DFZF'reCI, where Ipyeq and I, eq are the neutral atom flux and the neutral

molecule flux produced by recycling at the final grid point at the target. But in this work, D,
is considered as the only product of the recycling process. Based on the Franck-Condon
energy for atoms resulting from molecular dissociation (typically 3.5¢V), the temperature of
recycled neutral atoms is set to 3.5¢V. The temperature of recycled neutral molecules is given
based on the temperature of the facing material (set 0.1eV in this work), but the velocity of

recycled atoms and recycled molecules are equal to their thermal speed towards upstream.
(2) The temperature boundary and density boundary of D and D, are free (extrapolation).

The boundary conditions for D* and D:

(1) Bohm boundary conditions are used for D* and D3 at the target. So the parallel plasma

2XTH+
— D" and

velocity at the target is vyp+ = cgp+ and VDt = Cspts where cgp+ = -

Cs,D; =

(2) The density and pressure boundaries of D* and D7 are ‘free’.
(3) The temperature gradient at the sheath entrance is zero.
(4) The energy flux is related to a sheath heat transmission of of qp+ = ynp+ Tp+ cgp+ and

dp# = Ynpt Tp#Cspt, where y=6.

2.2.Nitrogen impurities

Equations



Equations for all charge states of nitrogen (N,, NI and N°* — Ne’*) have been included in
the new version of SD1D, each with their own density equation, momentum equation, and

pressure equation. Similar to the equations of the neutral atom, the equations of N°* are:

onyo+
at

=-V- [bV”_No+nN0+] — Sno+ (3a)
a (3
at (5 pN(”) = =V qyo+ + v o+ Oypyo+ — Eyo+  (3b)

%(mN0+nN0+V"'N0+) =-V- [mNo+r1N0+bV”_No+] + a”pNo+ - FN0+ (30)

qno+ = gpNo+bV”’No+ (3d)

The particle sources and sinks (Syo+) in the density equation and the energy sources and sinks
(Eyo+) in the pressure equation are produced by recycling, collisional, and radiative reactions. The
force term (Fyo+) in momentum equation is imposed by friction forces and collisional reactions.
qno+ is the energy convection of N°*; v vo+ is effective parallel velocity of N°*. The parallel
projection v yo+ of a perpendicular diffusion is not considered in the current neutral nitrogen

model, due to unexpected numerical errors in simulations.

The equations of nitrogen ions N%* can be written in a similar way as the equations of the plasma

ion:

PN = 9 [y aenyzs ] — Syze (4a)
= (Gpyzr) = =V Gz + vz Oypyze — Eyze (4b)
%(mNz+nNz+V”_Nz+) =-V- [mNz+nNz+bV"’Nz+] — 0 pyz+ — Fyz+ (4c)
Az =2 Pyzrbvy e, (4d)

The sources/sinks of density and pressure (Syz+) and (Eyz+) for nitrogen ions are primarily
produced by collisional reactions, while the force Fy(z4) imposed on these nitrogen ions is due to
friction force, collisional reactions, thermal forces and parallel electric field (E;). N, and NJ
have a similar set of equations as eq.3(a-d) and eq.4(a-d) respectively. The difference is that the
sources/sinks and forces are decided by the different types of reactions, and in the case of a diatomic

gas, the pressure equation of N, and N3 is similar to eq.2(b).

The electron-impact reactions and charge exchange reactions are considered as the sinks/sources in
the density and energy equations and as the forces in the momentum equation. Based on the Amjuel
database [14] and the ADAS database [37], the reactions include:



Ionisation (from N°* to N®*): N%* + e - NZ*!1 4 2e
Recombination (from N* to N7*): N2t + e » NZ°1

Charge exchange (from N*to N7*): NZ* + D —» N%°1 4+ D%

Dissociation (N;): N, +e—> N+ N+e
Dissociative ionisation (N,): N, +e—> Nt +N+e

Molecular ionisation (N;): N, + e - NI + 2e

Dissociative recombination (N7): NI +e > N+ N
Dissociative dissociation (NJ): N¥ +e > N+ Nt +e

Dissociative ionisation (N7): NI +e - Nt + N* + 2e

The parallel electric field is obtained by using the electron force balance [38,39], which includes all
forces imposed on electrons Fg o1, including the electron pressure gradient, collisional friction
and thermal force. It can be written as —V * po + Fg ora] = NE. Thus, the force due to parallel

electric field on all charged particles is F, g, = anE". ‘p’ represents the ion species, and Z is the

P.Ej
charge number. Each charged species has its own charge and parallel velocity in SD1D

simulations. It is able to develop parallel currents in simulations.

In SDID simulations, the radiation power of nitrogen impurities is P.q = Xf— nNz+[(L%ine +
L%ont_)ne + chNn] [Wm™3]. The emissivity (L) of nitrogen at each charge states is provided by the
ADAS database [37].

Nitrogen seeding flux

In experiments, nitrogen gas is injected with a constant inflowing flux localised within a region in
front of the target. To model this process, a constant particle flux Ty, localised in parallel direction
is set for the neutral nitrogen density. To avoid numerical instability caused by the sharp gradient

in parallel direction, the inflowing flux is set as an exponential function:

2
FNZ = peak,NzeXp (—(9 - e1/2) /(O'SWﬂuX)Z) (5)

where Fp

parallel range 6, < 6 < 0; in parallel direction and the centre of the flux is 0;,, = 0.5(6, + 8,).

eakN, is the peak value in the inflowing flux profile. The injection flux is localized in a

Waux = 01 — 8y is the parallel width of the inflowing flux. Deuterium has the same injection

function as eq.5, but the peak value [eqrp, can be different.
Boundary condition

The boundary conditions for nitrogen ions and neutrals are listed below:



. . . . . r .
(1) The recycling fraction of the nitrogen ion N%** on the target is set to fy e = lﬂ'red. I\rect 1S
NZ+

the flux of neutral nitrogen atom produced by the recycling in the final grid point at the target. The
temperature of the target facing material determines the temperature of recycled neutral nitrogen.

The velocity of recycled neutral nitrogen is equal to its thermal speed towards upstream.
(2) The temperature boundary and density boundary of neutral nitrogen are free.
The boundary conditions for the nitrogen ions are:

(1) According to the Bohm boundary conditions [40], the parallel plasma velocity of NZ* at the
. 2><TNZ+ .. « . 2
targetis v, yz+ = Cg yz+, Where ¢ yz+ = g It is similar to the “collective sound speed
) : : NZ+

in SOLPS-ITER [34], which is computed from the masses and temperatures of all charge
species, and then imposed to all charged species.

(2) The density boundary and pressure boundary of nitrogen ions are ‘free’.

(3) The temperature gradient of nitrogen ions at the sheath entrance is zero.

(4) The energy flux is related to a sheath heat transmission of qyz+ = ynyz+ Tyz+ ¢gyz+ , where

Y =6.
N7 has the same boundary condition as other nitrogen ions.
Collisions

The collision model of nitrogen impurities includes (1) the collision between charged particles, (2)
the collision between charged particles and neutrals, and (3) the collision between neutral particles.
Hermes is a newly developed BOUT-++ module for fluid simulation of multi-component plasmas
[3, 38,39,41]. The physical model of SD1D originates from the Hermes module, but currently the
modelling of atomic and molecular processes in SDID is more complete than that in Hermes.
Depending on the collision model in the Hermes, the force on a charged particle ‘a’ due to collisions

with particle species ‘b’ is
l:"a,b = Cmvabmana(vb —V,) (6)

The energy exchange is also caused by the collision. For instance, the energy transferred from

species ‘b’ to ‘a’ due to the temperature difference can be written as:

3mana(Tp—Ta)
mg+my

Qap = Vap (7

In these two expressions, Cp, is the coefficient for parallel flows. For most situation it equals 1, but

for electron-ion collision C,, = 0.51. V,;, is the collision frequencies, which is equal to:

ma.
1 Z3Z%nplnA (1+mb)
3m3/2€3 (va2+vp2)3/2 my?2

Vab (8)



The Coulomb logarithm InA is different for ion-ion collision and electron-ion collision. More

details of its definition can be found in [38,39,41]. In terms of neutral-neutral collisions, the

r eT, eT
Vap = /m—:+m—::nb0 €

collision rate is defined as

T T . . . .
where % + (:n—b represents the mean relative velocity of species ‘a’ and ‘b’. The cross-section
a b
da+d T . .
o= n(%)z, where d, and d;, are the kinetic diameters of the two particle species.

The collision between neutral and nitrogen ions is also considered in the new model. But for

simplicity a value of 5 x 107°m? is taken from the NRL formulary [38, 41].
Thermal forces

Based on the thermal force used in Hermes module of BOUT++ [3, 38, 39], the thermal force

induced by electron temperature gradient is defined as:

FS \z+ = 0.71nyz+Z2V, T, (10)

e
th,
For the thermal force induced by ion temperature gradient, it can be written as:
+
F&,Nz‘r = Bnyz+V) Tp+ (1)

5 3
3(|,l+5\/§Z2<1.1|,17—0.3511?)—1)

where = and p = myz+/(Mmyz+ + mp+). The force on the light ion

2.6—2u+5.4pu2
fluid (D) is equal and opposite.

After the code upgrades, SD1D is able to accommodate different impurities (primarily the low-Z

impurities) by using the data from ADAS or other available databases.

3. Setup of experiments and SD1D simulations

3.1. Divertor detachment experiments on HL-2A tokamak

Figure 3-1 shows the configuration of the HL-2A divertor. It has a double-null divertor and a
divertor geometry with a high degree of closure, where a closely spaced coil triplet with zero
net current is used to produce the divertor configuration [18]. Additional (‘multipole
compensation’) coils are added to cancel the residual far-field of the two (symmetrically top
and bottom) divertor triplets over the main plasma region, so that core flux surfaces are close to
perfectly circular [18, 42]. The HL-2A tokamak is usually operated in the lower single-null
(LSN) divertor configuration with the ion magnetic gradient drift towards the X-point (figure



3-1). The flux expansion increases by a factor of two between the entrance to the divertor and
the target plate region for the flux surfaces in the proximity of the separatrix. Furthermore, the
conductance of the by-pass leaks may be also reduced to a very low level. This physically highly
closed divertor geometry has a side effect: It allows for an efficient baffling of the neutral
particles and a reduction of back-streaming into the main chamber. These effects offer the
possibility to retain the impurities with impurity gas injection in the divertor, and thus to realize
plasma detachment operation without significant effects on the main plasma confinement.

This work focuses on the Langmuir probe diagnostics installed on the target plate (shown in
figure 3-1), which provides critical data (ion current and electron temperature on the target) to
identify the onset and different phases of detachment. The Langmuir probe arrays measure
electron temperature on the target, with a spatial resolution of 6mm and temporal resolution
of 1ps [27, 42]. The fixed, flush-mounted Langmuir probes in the lower divertor are mostly
triple probes. Single-probe operation is also available. The ion saturation current density, Jga¢,

is derived with an effective probe area Ag.

Impurity

b prébes gas puff
Inner  fy i 1

24
. N \
divertor \\ p / Outer divertor
Target plates

Fig 3-1: Langmuir probes and nitrogen impurity gas puff in the closed lower divertor of HL-
2A

In HL-2A, detachment has been achieved in different ways, such as seeding different impurities
in the divertor or increasing upstream plasma density by plasma fuelling. In this work, shot
#38008 is selected as a typical divertor detachment shot. The experiment was implemented in
deuterium plasmas on the HL-2A tokamak. Its major radius and minor radius are R = 1.65m
and a = 0.4m respectively with an edge safety factor q, = 3.1. In shot #38008, plasma
current I, ~ 165KA, toroidal magnetic field By = 1.3T, NBI power Pyg; = 300kW, Ohmic
power V; = 1.8V, the electron density at the separatrix on low-field side (LFS) midplane
Neseprs ~ 0.5 X 10" /m?, and the heat flux density in SOL Qe = 1.65MW/m?. Figure 3-
1 shows the gas injection system for seeding impurities (N, ). The valves puff through dedicated

cutouts in the outer divertor baffle tiles, and the gas is delivered to the outer divertor chamber



by a guide tube. The amount of impurity gas sent to the divertor chamber is controlled by fast-
opening valves. In shot #38008, mixed gas of nitrogen (60%) and deuterium (40%) is injected
into the divertor chamber. The injection with a fixed seeding source (in the magnitude of
102%part/s) starts at about 1154ms, and the duration of injection pulse is about 20ms (figure 4-
1). The positions of the ion saturation current density and the electron temperature, shown in

figure 4-1(a) and figure 4-1(b), are close to the outer strike point.
3.2.SD1D simulations

Investigating the behaviour of the electron temperature (T,) and ion saturation current (Js,.) on
the target plate is a useful way to define the onset and different phases of divertor detachment
in both numerical modelling and experimental research. Based on the parameters in the divertor
detachment experiment (shot #38008), the nitrogen seeding induced detachment is simulated
by using the SD1D module in BOUT++. Comparisons between the SD1D modelling and
Langmuir probe diagnostics are made in section 4.

In SDID modelling, the upstream density n,, = 0.5 X 10'°/m* and the heat flux density at
upstream is Qpearup = 1.65MW/ m? (table 1). According to the HL-2A divertor configuration
[18, 43], the connection length (distance along the magnetic field from upstream to the target)
is set to 20m, while the length from X-point to the target is Sm. Flux expansion factor is 1.2 (the

Total field at X—point
Total field at the target

ratio of ) and 3% carbon is considered as the intrinsic impurity in

simulations. Mixed gas of nitrogen (60%) and deuterium (40%) is seeded into the divertor
chamber (figure 4-1(c)). Seeding starts at 1154.5ms and lasts for 20ms. A seeding rate scan is
made in simulations (figure 4-3), which finds that the target electron temperature and the target
ion saturation current in simulations are consistent with the experimental results (shot #38008)
when the fixed injection rate is 6.5 X 10%%part/s. All crucial input parameters in SD1D
simulations are shown in appendix.

The next section presents the comparison between simulations and experiments, and discusses
the role of different particle species during the nitrogen seeding induced detachment.

Table 1. Crucial parameters in simulations and experiments

Nyp Qheat,up Flux Seeding rate Te target | Jsattarget
[10°/m3] | [MW/m?] | expansion [part/s] [ev] [A/cm?]
Experiment ~0.5 ~1.65 ~1.2 0 ~13.0 ~2.1
(1154ms)
SD1D 0.5 1.65 1.2 0 12.7 2.05
modelling
(1154ms)
Experiment ~0.5 ~1.65 ~1.2 In the magnitude ~5.5 ~1.4
(1175ms) of 10%°
(60%N,&40%D,)




SD1D
modelling

(1175ms)

6.5 x 102°
(60%N,&40%D,)

0.5 1.65 1.2 5.7 1.35

4. Nitrogen seeding induced detachment in HL-2A divertor

4.1. Comparisons between Langmuir probe diagnostics and SD1D modelling

Figure 4-1(a) and figure 4-1 (b) show the variation of electron temperature (T,) and ion current

(Jsar) at the target (close to the strike point) from attachment to detachment (1152.5ms-1175ms

in shot #38008). In attached conditions (before nitrogen seeding), T, and ], atthe target are

approximately stable in the experiment, while a steady state with the similar T, and Jg, is

achieved in SD1D modelling. After nitrogen seeding starting, T, decreases from 13eV to
5.5eV, and ], decreases about 30% from 2 A/cm? to 1.4 A/cm?. It is found that the SD1D

modelling results are consistent with the measurements of Langmuir probe diagnostics. The

comparison predicts that parallel transport is dominant in HL-2A divertor conditions. One thing

needs to be noted is that sawteeth (at t~1157.5ms and t~1165ms) lead to the peaks in the signals.

If there were no sawtooth, the error between measurements and modelling is expected to be

smaller.
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Fig 4-1: Time evolution of (a) electron temperature and (b) plasma ion current at the strike

point on the target plate (nitrogen seeding starting at 1154.5ms). The measured results



presented by the red crosses and the simulation results shown by the blue lines. (c) The
parallel distribution of the mixed gas seeding source (the target located at 20m and the X-point

located at 15m).

In HL-2A conditions, electron temperature can be lower than 10eV in the divertor, such that
atomic and molecular processes become important and play a crucial role in the divertor (e.g.
plasma-atom interactions, plasma-molecule interactions, plasma-impurity interactions and
impurity radiations). Various particle species e.g. intrinsic species (deuterium and carbon) and
extrinsic species (nitrogen) involve these processes, which significantly affect the volumetric
momentum loss and volumetric power loss in the divertor. As a result, it is difficult to use
current diagnostic methods to study the importance of each reaction and each particle species
separately. In order to understand the detachment mechanism in the HL-2A divertor, the
SD1D simulations predict the contribution of different particle species to the volumetric
momentum loss and volumetric power loss in figure 4-2. We calculate a momentum loss

target

t t
factor frnomioss = (Zp [+ Fot-pdD)/Pup, where X, [

Fp+_pdl is the total pressure
loss of Dt due to collisions with other particle species ‘p’ (Fp+_p represents collision force

and p, is the plasma static pressure at upstream). Similarly, the heat loss factor in figure 4-2

. target target .
1S fh(—.‘atloss = [(Zp fup Eplasma—pdv) + Wradiations]/vvinput' Zp fup Eplasma—pdV is the

volumetric power loss by collisions (Epjasma—p represents the plasma energy sinks by the

different reactions and Wy, is the total input power).

Figure 4-2(a) shows that both plasma-atom and plasma-molecule interactions cannot
effectively reduce the volumetric plasma momentum (less than 10%). After nitrogen seeding,
the contribution of plasma-deuterium interactions even decreases slightly. However, plasma-
deuterium interactions can play a crucial role in the case of an upstream density ramp induced
detachment. It is an important difference between the two detachment regimes.

With nitrogen seeding, the density of nitrogen species increases and the peak nitrogen
concentration can reach about 10% near the target. The density of nitrogen impurities (all
species) is distributed in a wider region than the density of D and D, (figure 4-2(d)).
Although the peak density of D and D, is higher, we find that the total amount of nitrogen
impurities (all species) is larger than the total amount of D and D,. Thus, simulations predict
the plasma-nitrogen interactions (such as dissociation, ionisation, charge exchange and elastic
collisions) can also make a contribution to the momentum loss, which accounts for the rise of
volumetric momentum loss via collisions and eventually becomes as crucial as the plasma-
deuterium in simulations. Although the momentum loss due to plasma-nitrogen interactions
increases with nitrogen seeding, the momentum loss (plasma-nitrogen) shown in figure 4-2(a)

are still small (< 15%). It is not the main reason causing divertor detachment.



In figure 4-2(b) and (c), plasma-nitrogen interactions (including nitrogen radiation and
plasma-nitrogen interactions) become the primary factor of volumetric power loss after
nitrogen seeding. Since the density of D and D, decreases after seeding, plasma-deuterium
interactions are expected to be less important, and even carbon radiation is close to deuterium
radiation.

In the case of density ramp induced detachment [14], a stronger rise of momentum loss can be
found near the target due to the increasing intensity of plasma-neutral interactions, while heat
loss is also primarily caused via plasma-neutral interactions (e.g. ionisation, charge exchange
and deuterium excitation radiation) [14]. So, the role of plasma-deuterium interactions is

different in the two detachment regimes.
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Fig 4-2: Time evolution of (a) momentum loss factor caused by different types of collisional
reactions, (b) heat loss factor caused by radiations of different particle species, (c) heat loss
factor caused by different types of collisional reactions (nitrogen seeding starting at 1154.5ms)

and (d) the density profile of D,, D and nitrogen impurities at 1172.5ms.

4.2.SD1D predictions of the role of plasma-neutral interactions with different

nitrogen seeding rates

In order to further study atomic and molecular processes during nitrogen seeding in HL-2A
divertor conditions, SD1D models the cases with different seeding rates (up to a high seeding
rate of 16.5 x 10%%part/s). A seeding rate scan for ion current and electron temperature at the
target is shown in figure 4-3, which demonstrates that both current and the temperature
decrease with increasing seeding rate. Different from density ramp induced detachment, there
is no current rollover in nitrogen seeding induced detachment in simulations. The reason is
probably that nitrogen seeding cannot increase the main plasma density in the divertor (figure
4-4) and plasma ion speed is primarily decided by the sound speed, thus the current decreases
with the drop of plasma temperature. Compared to the density ramp induced detachment, it is
more difficult to reduce the target temperature to a low level (e.g. T, < 2.5eV) due to the small
nitrogen radiation emissivity at low temperatures. Since the ideal temperature for some plasma-
neutral interactions like recombination and molecular activated recombination (MAR) is

generally lower than 2.5eV, they may not be crucial in this case.
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Fig 4-3: A nitrogen seeding rate scan (up to a high seeding rate 16.5 X 102%part/s) for

plasma ion current (blue) and electron temperature (red) at the target.
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Fig 4-4: Parallel density profile of electron and deuterium species (including D*, D, D, and

D7) in the cases with a nitrogen seed rate: (a) no seeding, (b) 6.5 X 102°part/s, and

(c) 10.5 x 10%%part/s. The target located at 20m and the X-point located at 15m.

Figure 4-5 shows the parallel profiles of D* sources (ionisation, dissociative ionisation,

dissociative excitation and MAR) and D* sinks (recombination and molecular charge
g

exchange) in the cases with different seeding rates (0.0 part/s, 6.5 x 102° part/s, and

10.5 x 10%%part/s). In figure 4-5(a), ionisation produces D* in a wider region and

dissociative excitation occurs near the target, both of which are the main D* sources before

nitrogen seeding. In the cases with nitrogen seeding (figure 4-5(b) and (¢)), all sources and

sinks become small.

D7 is an important intermediate product of molecular activated recombination (MAR) and

molecular activated ionisation (MAI), which plays a crucial role in density ramp induced

detachment. To understand the role of D in different detachment regimes, the sources and

sinks of D3 during nitrogen seeding are studied in simulations. Figure 4-6(a) and (b) show

D7 is primarily generated through non-dissociative ionisation (e + D, — 2e + DJ), but

molecular charge exchange (D* + D, — D + D3) will become the dominant one in deep

detachment (figure 4-6(c)). With the increase of seeding rate, it is found that both of the D3

sources and sinks dramatically decrease.

Figure 4-5 and figure 4-6 indicate that nitrogen seeding may mitigate the collisional reactions

between plasma and other deuterium species in the divertor, thus increasing volumetric



momentum loss via plasma-deuterium interactions is more difficult compared to density ramp
induced detachment.

In figure 4-7, deuterium radiation (primarily produced by the direct excitation radiation (‘D))
occurs close to the target, while the profile of carbon radiation and nitrogen radiation
distributes in a wider region. With the increase of seeding rate, the deuterium radiation is

mitigated, and the front of carbon radiation and nitrogen radiation moves slowly towards

upstream.
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Fig 4-5: Parallel profile of the reaction rate of ionisation (e + D — 2e + D*), recombination
(D* + e - D), molecular charge exchange (D* + D, - D,* + D), dissociative
ionisation( e + D,* — 2e + D* + D*), dissociative excitation (e + D,* = e + D* + D) and
molecular activated recombination (MAR) via D~ channel (D* + D, +e > D+ D+ D)in
the cases with a nitrogen seed rate: (a) no seeding, (b) 6.5 x 102°part/s, and

(c) 10.5 x 10%%part/s. The target located at 20m.
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Fig 4-7: Parallel profile of carbon radiation, nitrogen radiation, and deuterium excitation

radiation power through different excitation channels (including direct excitation (‘D’),



recombination (‘D*), dissociative excitation (‘D,’), dissociative recombination (‘D) and
mutual neutralization (‘D™)) in the cases with a nitrogen seed rate: (a) no seeding,
(b) 6.5 x 102°part/s, and (c) 10.5 x 102%part/s. The target is located at 20m and the X-

point located at 15m.

4.3.SD1D modelling of nitrogen parallel transport

In HL-2A divertor conditions (shot #38008), the electron temperature is lower than 20eV, so
that the most of nitrogen atoms cannot be fully ionised. In figure 4-8, N*, N2* N3* and N**
are the main nitrogen ion species, which produce most of the nitrogen radiation power and lead
to a high volumetric power loss in the region where T, < 18eV. Thus, investigating parallel
transport of the main cooling species (e.g. N*, N2* N3*, N**) is crucial for understanding
the variation of impurity radiation region during impurity seeding. Figure 4-9 shows the
parallel forces imposed on the main cooling species of nitrogen, including 1) force due to the
parallel electric field, 2) friction forces between nitrogen ions and other particle species, 3) ion-
and electron- thermal forces generated by temperature gradients due to coulomb collisions, and
4) other collisional reactions (e.g. charge exchange recombination (CXR) and ionisation) (see

section 2.2).

Figure 4-9 shows the acceleration of nitrogen ions produced by the forces. A positive
acceleration means the direction towards the target. It is found that the friction force (purple
line) between nitrogen ions and other particle species (primarily D*) is the dominant force
towards the target, and the parallel electric field provides a positive force (blue line) localized
near the target. The forces pushing nitrogen ions back to upstream include ion- and electron-
thermal forces, CXR and ionisation. Compared to the thermal forces, the force due to CXR and
ionisation contribute little to the acceleration force. Since nitrogen seeding cannot increase the
plasma and neutral density near the target, CXR and ionisation cannot have a greater effect on
acceleration force even with a higher nitrogen seeding rate.

Here we analyse the total force towards the target (F;) and the total force towards upstream
(Fyp) in figure 4-9. It is found that the peak of nitrogen ion density (nyz+, nys+ and nya+) is
= 0. Infigure 4-9(a), F, — F

located at the position where F, — F is almost positive when

up up

T, < 14eV, therefore the parallel forces tend to push N* towards the target. As a result, the

density of N* concentrates in the region close to the target
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5. Summary

In order to study the impurity seeding induced detachment, an important upgrade has been
carried out in the SD1D module of BOUT++ by adding a nitrogen model, including nitrogen
molecule N,, the charged nitrogen molecule N3, nitrogen atom N and nitrogen ions in all
charge states NZ*. Open databases (Amjuel and ADAS) are used to provide nitrogen-plasma

interaction data.

Using the upgraded SD1D, the detachment experiment (HL-2A shot #38008) employing mixed
gas seeding (60% nitrogen & 40% deuterium) has been simulated. It is found that the target
electron temperature and the target ion saturation current in simulations are consistent with the
experimental results measured by Langmuir probes on the target plate. To understand the
underlying detachment mechanism on HL-2A, this work analyses the role of different particle
species in the simulations. It shows that plasma-neutral (primarily plasma-D and plasma-D,)
interactions cannot effectively reduce plasma energy and plasma momentum in the divertor,
while plasma-nitrogen interactions may play a crucial role in both volumetric momentum loss

and volumetric power loss.

In order to further understand the role of atomic and molecular processes during nitrogen
seeding, a nitrogen seeding rate scan was made in this work, which predicts that the plasma
density varies little and the density of neutrals (D and D,) slightly decreases with a higher
nitrogen seeding rate, such that plasma-neutral interactions are mitigated. Thus, plasma-neutral
interactions may be less important in volumetric momentum loss and volumetric power loss
when nitrogen seeding rate increases. The seeding rate scan also predicts that seeding nitrogen
is difficult to decrease target temperature to a very low level (e.g. Te targer < 2.5€V), which is
the ideal temperature for plasma-molecule interactions. It may account for the reason why

plasma-molecule interactions are not important during nitrogen seeding induced detachment.

Based on the collision model in the upgraded SD1D, this work has compared the main parallel
forces including 1) force due to the parallel electric field, 2) friction forces between nitrogen
ions and other particle species, 3) ion- and electron- thermal forces generated by temperature
gradients due to coulomb collisions, and 4) other collisional reactions (e.g. charge exchange
recombination (CXR) and ionisation). It is found that the friction force between nitrogen ions
and other particle species (primarily D) is the dominant force towards the target, while ion-
and electron- thermal forces are the dominant force pushing nitrogen ions back to upstream.

Parallel forces determine the parallel distribution of nitrogen impurities, and therefore decide

the region of nitrogen radiation.

The current version of SD1D includes equations of various particle species (including the main
plasma, deuterium atom, deuterium molecule and nitrogen impurities), along with the main

collisional and radiative reactions. SD1D is now able to simulate density ramp induced



detachment and impurity seeding induced detachment on different devices, and currently SD1D
is able to accommodate different impurities (primarily the low-Z impurities) by using the data
from ADAS or other available databases. Depending on its wide applicability, SD1D will be
used in future works to investigate the detachment mechanism on the International

Thermonuclear Experimental Reactor (ITER).
Appendix
Since the geometry of HL-2A divertor has a high degree of closure, we set that there is no

redistribution of neutrals, which means all recycled neutrals generate on the target. The neutral

loss rate is 1 x 10*/s for neutrals (deuterium atom, deuterium molecule, nitrogen atom and

2
nitrogen molecule). Field-line pitch (i—‘b) =10.
0

Table 2. Input parameters in SD1D simulations

Nyp Qheat,up Flux Seeding rate redistribution Neutral Field-line
[10°/m3] | [MW/m?] | expansion [part/s] of neutrals loss rate ek (Bq))z
pitch(=*
[10%/5] %
0.5 1.65 1.2 6.5 x 1020 0.0 1 10
(60%N,&40%D,)
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