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Abstract

A numerical model that calculates the collisional interactions between the

lithium atoms from a lithium pellet and the background plasmas has been

upgraded. The ion density (Ni ), electron temperature (Te), ion tempera-

ture (Ti ) and parallel ion velocity (Vk;i ) are used to characterize the back-

ground plasmas. The lithium atom density (Na
Li ) and parallel velocity (Vk;a)

of lithium atoms evolve with time. For each lithium ion, the density (NLi n+ ),

temperature (TLi n+ ) and parallel velocity (Vk;Li n+ ) are self-consistently cal-

culated.

A C-mod lower single null equilibrium is used to generate the grid for the

BOUT++ simulation. The lithium atoms can be fully ionized to Li 3+ in � 2

�s. The rapid radial and poloidal expansion of the lithium ions are found
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in the simulation. After the collision interaction process, the electron tem-

perature rapidly decreases at the pellet location; then, it rapidly poloidally

expands, and the temperature at the pellet location starts to recover. The

electron pressure increases at the pellet location despite the decrease in elec-

tron temperature because of the extra electrons from the lithium ionization.

The ion pressure pro�le decreases in the pellet location due to the decrease

in ion temperature.

Keywords: lithium pellet; transport; BOUT++; divertor geometry

1. Introduction

Edge localized modes (ELMs) [1] are often found in the high con�nement

mode (H-mode) [2] in magnetic fusion devices. ELMs can pump away impu-

rities from the plasma across the separatrix, which puri�es the core plasma

[3]. However, the particle and energy 
uxes ejected by uncontrolled ELMs

will substantially erode the plasma facing components (PFCs) and dramat-

ically shorten their life time. The removal frequency of the 'Type-I' ELMs,

which usually coexist with better con�nement, decreases at higher plasma

currents[4]. For future fusion devices, such as ITER and CFETR [5], the

divertor heat 
ux induced by the ELMs can be very large because of the

high plasma current. Thus, active control of large ELMs is required in future

devices. Various methods have been developed to actively control natural

ELMs [6, 7, 8]. Pellet injection is becoming one of the most promising active

ELM control methods, including for ITER [9].

In pellet injection, a fueling pellet or an impurity pellet can be used. For

the fueling pellet, experiments have been performed on the DIII-D [10, 11],
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ASDEX Upgrade [12, 13, 14], JET [15, 16], EAST [17, 18, 19] and HL-2A

[20, 21] datasets. The impurity dust for ELM pacing was described in Ref.

[22], and the existing applications of pellet injection were reviewed in [23].

Injection of lithium (Li) granules has been demonstrated for ELM pacing on

EAST [24, 25, 26, 3], DIII-D [27] and ASDEX [28]. In addition to the desta-

bilizing e�ects, the continuous real-time injection of small lithium aerosols

signi�cantly suppressed the ELMs [29], which was bene�cial to the long pulse,

high performance H-mode discharges [30, 31, 32]. A critical pellet size is re-

quired to trigger ELMs [26]. However, more experiments are required to

optimize the injection parameters, i.e., the pellet size, pellet shape, injection

frequency and velocity. Proper models and simulation validation are required

to predict the pellet parameters ans will be used in future fusion devices.

The neutral gas shielding (NGS) model [33, 34, 35] has been proposed

and compared with experiments, and the model can be implemented for

impurity pellets [36]. It is normally assumed that the charged pellet cloud is

a cylinder around the magnetic �eld line that passes through the center of

the cloud. The charge cloud structure is also called a "cold plasma sheath"

or "plasmoid" [37], "ablation channel" [38] or "channel 
ow" [39]. The time

to build up the channel was estimated to be 10-30�s. The initial cylindrical

charged particle cloud was described in [38, 40]. It is essential to evaluate

the time scale of the collisional interactions between the ablated atoms and

the background plasma, which is the main goal of this paper. The creation of

lithium-like ions was measured in a theta pinch device. Lithium-like nitrogen

and oxygen ions can be fully ionized within 2�s, which is consistent with the

semi-empirical Kunze formula [41]. In this paper, we describe a transport
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model for the ionization process of lithium atoms. This work paves the way

towards a complete physical description of the pellet injection process.

The transport code developed under the BOUT++ framework [42, 43]

has been developed to study the supersonic molecular beam injection in the

HL-2A tokamak [44] and lithium aerosol injection in the EAST tokamak [45].

In this paper, we upgrade this transport model by including lithium ions at

all charge states.

The remainder of the paper is arranged as follows. The description of

the model, equilibrium and pro�les are shown in section 2. The simulation

results are presented in section 3. The simulation results and future works

are discussed in section 4. A summary is provided in section 5.

2. Model description

The detailed model for the lithium simulation using the BOUT++ trans-

port code is provided in this section. The lithium atomic and ionization

model describes the physical process for neutral lithium atoms, including

ionization, charge exchange (CX) and recombination. Braginskii equations

are used for the background plasma transport. Similar transport equations

are used for lithium ions.

2.1. Lithium atoms

The equations for the atom density (Na
Li ) and velocity (Va) are

@Na
Li

@t
= �r � (VaN a

Li ) � Sa
I + Sa

rec � Sa
CX ; (1)

@Va;k

@t
= �V a � rV a;k �

r kPa

N a
Li M Li

; (2)
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Figure 1: Initial pro�le of lithium atoms. The coordinates are identical to those in �gure
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@Va;?

@t
= �V a � rV a;? �

r ? Pa

N a
Li M Li

: (3)

The source terms are the ionization (SaI ), recombination (Sa
rec) and charge

exchange (Sa
CX ) of lithium atoms. Here, only the charge exchange between

the lithium atom and hydrogen/deuterium ions is considered. These source

terms use the data from the ADAS database [46].Pa is the pressure of the

lithium atoms, which can be calculated from the density and ablation energy

of the lithium atom. The ablation energy per atom for lithium is 1.41 eV.

Both parallel (Vk;a) and perpendicular (V?;a ) velocities are included for the

lithium atoms. The initial lithium atom cloud is assumed to be Gaussian

distributed in both the radial direction and along the �eld line, as shown in

�gure 1. This assumption is not essential for the model described here. We

can easily incorporate a self-consistent neutral cloud generated from ablation

for future work.

2.2. Background plasma

The new BOUT++ transport model including drift e�ects has been im-

plemented in this paper. Four spatial and temporal variables are used to

characterize the background plasma: the ion density (Ni ), electron temper-

ature (Te), ion temperature (Ti ) and parallel ion velocity (Vk;i ). The corre-

sponding equations are

@Ni
@t

= �r
�
Vk;i N i

�
+ D c

?;i r 2
? N i

�V E �B � rN i � N i r � VE �B � r � (N i Vdia ); (4)
@Te
@t

=
2

3Ni
r k

�
� c

k;er kTe
�

+
2
3

� c
?;e r 2

? Te �
2me

M i

Te � Ti

� e

�V E �B � rT e �
2
3

Ter � (VE �B + Vdia ) +
5Te

3e
r �

�
1

B0
b̂0 � rT e

�
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+
3X

n=1

� Li n+

rec W Li n+

rec �
3X

n=1

� Li n+

I

�
Te +

2
3

W Li n+

I

�

�
3X

n=1

2me

M Li

Te � TLi n+

� Li n+

e
; (5)

@Ti
@t

= �V k;i r kTi �
2
3

Ti r kVk;i +
2

3Ni
r k

�
� c

k;i r kTi
�

+
2
3

� c
?;i r 2

? Ti

�V E �B � rT i �
2
3

Ti r � (VE �B + Vdia ) +
5Te

3Zi e
r �

�
1

B0
b̂0 � rT i

�

+
Ne

N i

2me

M i

Te � Ti

� e
�

3X

n=1

2M i

M Li

Ti � TLi n+

� Li n+

i

; (6)

@Vk;i

@t
= �V k;i r kVk;i +

4
3Ni M i

r k

�
� 0

i r kVk;i

�
�

r kPi

N i M i

�V E �B � rV k;i �
3X

n=1

Fn : (7)

where D c
?;i , � c

?;i and � c
?;e are the perpendicular anomalous di�usion coe�-

cients of ion density, ion temperature and electron temperature calculated

from experimental pro�les. Using the experimentally measured particle and

heat 
ux, and the plasma pro�les, the particle transport coe�cient can be

calculated. The detailed calculation of these coe�cients are shown in [47]

and the pro�les of these coe�cients can be found in �gure 2. � c
k;e and � c

k;i

are parallel classical thermal conductivity coe�cients. � 0
i is the parallel ion

viscosity. Pi is the ion pressure. Z i , M i , me and M Li are the ion charge,

ion mass, electron mass and lithium atom mass, respectively.W Li n+

I and

W Li n+

rec are the ionization and recombination energies forLi n+ ions, andLi n+

symbolizes lithium ions with a positive charge numbern. � e, � Li n+

e and � Li n+

i

are the electron-ion, electron-lithium ion and ion-lithium ion collision times,
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respectively. The collision rate of electrons and ions is represented as [48],

� ei = 2:91 � 10�6 ne ln � eiT �3=2
e : (8)

The collision rate between ions and impurity ionsi 0 is given as

� ii 0 = 4:8 � 10�8 Z 4� �1=2 ni ln � ii 0T �3=2
i : (9)

whereZ is the charge state.� is the ion mass number of the impurity ions.

ln � is the Coulomb logarithm and calculated as

ln � ei = 24 � ln
�
n1=2

e T �1
e

�
; (10)

ln � ii 0 = ln � i 0i = 23 � ln

"
ZZ 0(� + � 0)
�T i 0 + � 0Ti

�
ni Z 2

Ti
+

ni 0Z 02

Ti 0

� 1=2
#

; (11)

where i 0 in equation 11 denotes the parameters of the impurity ions. The

density and temperature are incm�3 and eV, respectively.

Spizer-Harm parallel thermal conductivities, which are valid in the higher-

collisionality regime, are de�ned as:

� c
k;e = 3:2neTe� e=me;

� c
k;i = 3:9ni Ti � i =Mi ; (12)

where� e and � i are the electron-ion and ion-ion collision times, respectively.

In the lower collisional regime, the free-streaming expression is used

� fs;j = nj vth;j qR0; (13)

whereq is the local safety factor;R0 is the major radius of the tomakak;vth;j

is the thermal velocity of j species. In the simulation, the e�ective thermal

conductivities are written as

� ef f;j =
� kj � fs;j

� kj + � fs;j
: (14)
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Figure 2: Transport coe�cients. (a) and (b) perpendicular particle and thermal transport

coe�cients, respectively.

This equation bridges the low- to high-collisionality regime in the entire

pedestal region. The viscosity is de�ned as� 0
i = 0:96Ni Ti � i .

In the above equations, theE � B drift velocity and ion diamagnetic drift

velocities are calculated as

VE �B =
1

B0
b̂0 � r ? �; (15)

Vdia =
1

Z i eNi
b̂0 � r ? Pi ; (16)

where � is the electric �eld potential, which is calculated from the vorticity

equation, i.e.,

$ =
N i M i

B0

�
r 2

? � +
1

Z i eNi
r 2

? Pi +
1

N i
r ? �r ? N i

�
; (17)

using the relaxation method [47].

2.3. Lithium ions

For lithium ions at a speci�c charge state, the lithium ion density (NLi n+ ),

lithium ion temperature (TLi n+ ) and lithium ion parallel velocity (Vk;Li n+ )

9
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evolve. The equations are

@NLi n+

@t
= �r k

�
VkLi n+ NLi n+

�
+ D c

?Li n+ r 2
? NLi n+

�S Li n+

I + SLi n+

rec � SLi n+

CX

+S Li n+1

I � SLi n+1

rec + SLi n+1

CX ; (18)
@TLi n+

@t
= �V k;Li n+ r kTLi n+ �

2
3

TLi n+ r kVk;Li n+

+
2

3NLi n+
r k

�
� c

k;Li n+ r kTLi n+

�
+

2
3

� c
?;Li n+ r 2

? TLi n+

+
Ne

NLi n+

�
(� Li n+

rec � � Li n+

I )TLi n+ +
2me

M Li

Te � TLi n+

� Li n+

e

�

+
2M i N i

NLi n+ M Li

Ti � TLi n+

� Li n+

i

; (19)

@Vk;Li n+

@t
= �V k;Li n+ r kVk;Li n+ +

4
3NLi n+ M Li n+

r
�
� 0

Li n+ r kVk;Li n+

�

�
r kPLi n+

NLi n+ M Li n+
�

Ne

NLi n+
� Li n+

I Vk;Li n+ +
N i M i

NLi n+ M Li n+
Fn : (20)

In the above equations,Fi is the collision force betweenLi ions and D

ions:

Fn =
Vi � VLi n+

� Li n+

i

: (21)

and

Ne = N i +
3X

n=1

Z Li n+

i NLi n+ ; (22)

is the total electron density. Here,Z Li n+

i is the charge number of lithium

ions at the nth charge state. Note thatSLi n+

I is the source term, where the

nth charge state ionizes to the (n + 1)th charge state; theSLi n+

rec is the source

term, where the (n+ 1)th charge state recombines to thenth charge state.

The pressure of the lithium ions is represented byPLi n+ . In equation 18, the
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ionization recombination and charge exchange source terms are zero from

the higher charge state forLi 3+ . The anomalous di�usion coe�cients for

lithium ions (D?;Li n+ , � ?;Li n+ ) are chosen to be identical to the background

plasma with the density and temperature of the used lithium ions. The

thermal conductivity ( � k;Li n+ ) and viscosity (� 0
Li n+ ) are also identical to

the background ions. The ionization, recombination and charge exchange of

lithium ions are treated as the source and sink terms in the lithium ion density

equation 18. The ionization, charge exchange and radiative recombination

rates are taken from the ADAS database [46], and they are shown in �gure

3. The recombination rates of lithium ions are 6 orders of magnitude smaller

than the ionization and charge exchange rates. The characteristic time of the

lithium atom process can be calculated from these rates, as shown in �gure

4. The characteristic time of the atom process is on the�s time scale, which

is identical to the expansion time scale.

The unit direction vector along the magnetic �eld is de�ned asb̂0 =

~B0=B0. The operators are de�ned asr k = r k0� b̂0�rA k=B0, r ? = r� b̂r k,

wherer k0 = b̂0 � r.

In the radial direction, �xed gradients or 
uxes are given at the inner

and outer 
ux surfaces for the background plasma parameters and lithium

ions, i.e.,N i , Ti , Te, NLi n+ , Ti;Li n+ , Va;? , Va;k, Vk;i and Vk;Li n+ . In the inner

boundary, either a �xed gradient or 
ux, which is determined by experimen-

tal measurements, is used for the density and temperature for each species.

A Neumann radial boundary condition is set for velocities. At the outer

boundary in the scrape-o� layer (SOL) and private 
ux region, Dirichlet

boundary conditions are speci�ed for densities and temperatures. Neumann

13
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temperature pro�le.

boundary conditions are used for velocities, which are identical to those in

the private 
ux region.For the electrostatic potential, a �xed gradient bound-

ary condition is given by the force balanceEr . In the poloidal direction, for

all variables, pseudo-periodic boundary conditions are used.

2.4. Grid and equilibrium

The C-mod equilibrium has been used to generate the grid for BOUT++

simulations. Shot No. is 1160729008, and the magnetic con�guration is a

lower single null (LSN) con�guration. The radial range when generating the

grid is  N = 0:89 � 1:05, where the normalized 
ux surface is de�ned as

 N = (  �  axis )=( separatrix �  axis ).
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Equations (4-7) and equations (18-20) are solved in �eld-aligned coordi-

nates (x; y; z). Here,x is the radial coordinate equivalent to N , y is along the

�eld line and z is the binormal direction [50]. The grid and pro�les are shown

in �gure 5. The pro�les outside the separatrix are linearly extrapolated due

to the lack of experimental results. However, the �nal scrape-o� layer pro-

�les are self-consistently simulated with the given boundary conditions and

sources.

3. Simulation results

3.1. Lithium atoms

The temporal evolution of lithium atoms is summarized in �gure 6. Due to

the high background plasma density and temperature, lithium atoms rapidly

become ionized at approximately 0.2�s, as shown in �gure 6(a). The lithium

atoms radially expands, as shown in �gure 6(b). In �gure 6(b), the density

pro�les are normalized to their peak densities at each time slice.

3.2. Lithium ions

The temporal evolution of lithium ions is shown in �gure 7. The total

lithium number is conserved during the atom process, as shown in the dashed

curve in �gure 7(b), which is de�ned as

ntotal;i =
�  out

 in

d 
�

Jd�n i : (23)

The density of Li 1+ increases with the rapid ionization of lithium atoms

and becomesLi 2+ . The density of Li 2+ has the same trend asLi 1+ . The

15
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Figure 7: Temporal evolution of the densities for each lithium species. (a) and (b) temporal

evolution of the peak density location and total number of lithium ions respectively. (c)

temporal evolution of the temperature of lithium ions. (d) temporal evolution of the

background ion and electron temperature at the peak lithium density location.
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density of lithium ions in the mid-plane at the peak gradient location of the

pedestal exhibits the same trend, as shown in 6(a). After approximately

1.0 �s, most of the lithium atoms are ionized to Li 3+ . The 1-D equilib-

rium simulation, including the same ionization and charge-exchange process,

also shows that the lithium atoms become fully ionizedLi 3+ when the back-

ground temperature is larger than 50eV, as shown in �gure 8. This time

scale is consistent with the characteristic ionization time scale. The experi-

mental ionization time scale for lithium-like carbon ions in the theta pinch

is similar [41]. Figure 7 shows the temporal evolution of lithium ions in the

mid-plane at the peak gradient location or peak lithium atom density loca-

tion. The temperatures of the lithium ions initially increase and gradually

decrease.L1+
i and L2+

i have smaller temperature than fully ionizedL3+
i and

the background ions in the pellet location. This is due to the fact that the

L1+
i and L2+

i ionize at lower temperature and their expansion. The back-

ground electron temperature rapidly decreases due to the energy loss caused

by the ionization of the lithium atom, and it later recovers due to the energy

exchange with the electron and lithium ions. The ion temperature at the

pellet location has a similar trend; however, Ti changes more slowly than the

electron temperature.

The poloidal distributions of the normalized density and temperature

of Li 3+ ions are shown in �gure 9. A clear radial and poloidal expansion

can be found at 2�s. The initial radial distributions of lithium ions are

localized with the same Gaussian shape as the lithium atom cloud, as shown

in �gure 10. The peaks of theLi 1+ and Li 2+ densities radially shift outward

with time. This radial shift is due to the smaller ionization rates at lower
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plasma temperatures closer to the edge. This result is consistent with the

simulation of real time lithium injection on EAST using SOLPS [51] and the

experimental measurements. The radial density distributions in �gure 10

have been normalized to their peaks, and the absolute value is approximately

3-5 orders of magnitude smaller for t = 2 and 3�s than the initial value. The

radial location of the Li 3+ density peak remains unchanged, and the rapid

radial expansion is identical to theLi 3+ density behavior, as shown in �gure

9.

3.3. Impact on the background plasma pro�les

The impact on the background density is shown in �gure 11. A valley

appears in the ion temperature pro�le at the pellet location due to the en-

ergy absorbed by the lithium atom during ionization. The same initial valley

appears in the electron temperature pro�les; however, the electron valley

rapidly becomes a poloidally elongated trench, as shown in �gure 11(b). The

ionization of lithium atoms will provide electrons, which increases the elec-

tron pressure at the peak gradient location of the pedestal. The ion pressure

decreases at the pellet location due to the decrease in ion temperature.

4. Discussion

The initial pro�le of the ablated lithium atom cloud is assumed to be

Gaussian. The NGS model can provide a more accurate pro�le of neutral

gas after benchmarking with experimental data such as DIII-D [52]. Using

the pro�le given by the NGS model can improve the simulation results using

the BOUT++ transport model, and this work will be performed in the near

future. The lithium ions with a lower charge state concentrate at the outer
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Figure 11: Pro�les at 2 �s. (a) ion and (b) electron temperature pro�les; (c) ion and (d)

electron pressure pro�les.
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plasma boundary, where the temperature is lower. The simulation results

and experimental results must be compared in detail to validate the model.

Hollow pellet injection was proposed for precise particle deposition in fusion

devices [53], and the semi-analytical model of the ablated lithium atoms can

be coupled in this model.

The temperature of the lithium atom is �xed at the ablation energy,

i.e., 1.41 eV. Under this assumption, the lithium atoms are considered to

be continuously ablating from the pellet without heat transfer between the

background plasmas. The resonant charge exchange between lithium atom

and lithium ions are not included in this model, since the cross section of the

resonant charge exchange is one order of magnitude smaller than the charge

exchange between lithium ions and background ions in the pedestal region.

However, the resonant charge exchange should be included in the divertor

and SOL region where the electron temperature is lower.

The �ne structures of the background plasma pro�le induced by the

lithium pellet can a�ect the equilibrium of the plasma and stability boundary

of the MHD modes. Considering these background plasma pro�les, one can

analyze their e�ects on ELMs using the BOUT++ turbulence code. The new

results and model presented here will increase the accuracy of the turbulence

modeling, since the constant pressure pro�le has been assumed.

5. Summary

The transport code for lithium pellets has been upgraded. The ion den-

sity (N i ), electron temperature (Te), ion temperature (Ti ) and the parallel ion

velocity (Vk;i ) are used to characterize the background plasmas. The lithium
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atom density (Na
Li ), parallel velocity (Vk;a) and perpendicular velocity (V?;a )

are used for lithium atoms. For each lithium ion, the density (NLi n+ ), tem-

perature (TLi n+ ) and parallel velocity (Vk;Li n+ ) are calculated as functions of

time and position. The collisional interactions between atoms and plasma

include ionization, charge exchange with ions and electrons. The recombina-

tion of lithium ions is included in the model. These collisional interactions are

treated as the source and sink terms in the density equations for the lithium

atom and ions. This model enables us to study the atomic and ionization of

ablated lithium atoms and their e�ects on background plasmas.

The hot background plasma can ionize the ablated lithium atom cloud

within approximately 0.2 �s, and the lithium atom cloud can be fully ionized

in 1 �s. Both processes are much faster than the MHD time scale (�ms).

A rapid radial and poloidal expansion ofLi 3+ ion density at the ion sound

speed was shown in the simulation. The change of the e�ective charge (Zef f )

changes at the same time scale with lithium atom, and keeps unchanged after

the lithium fully ionized. The peaks of theLi 1+ and Li 2+ densities radially

shift outward where the electrons and ions have lower temperatures. The

peak ofLi 3+ remained unchanged.

The electron temperature rapidly decreases when lithium atoms become

lithium ions and then rapidly expand along the �eld line. The temperature

at the pellet location rapidly recovers. The ion temperature also decreases

at the pellet location. The electron pressure pro�le increases because of the

extra electrons induced by lithium atoms despite the decrease in electron

temperature. The ion pressure decreases at the pellet location due to the

decrease in ion temperature.
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