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Abstract 

We present ee-UHl1t::ll1>lUlli::tl ideallHi::t)!,l1e (3 com­

pact toroid (CT) injection into a hot 

into CT fueling of a tokamak with parameters ITER Ui::t~lUlli::tl Thermonuclear Ex­

perimental Reactor). A is identified in terms of CT inj(dion speed and CT-to-background 

magnetic field ratio that appears promising for precise core fueling. Shock-dominated 

which are probably unfavorable for tokamak fueling, are also identified. The CT penetration depth 

is proportional to the CT injection speed and density. The entire CT evolution can be divided into 

three stages: (2) compression in the direction of propagation and reconnec­

"V"'''''<; to rest and spreading in the direction perpendicular to Tilting of 

is not to transit time of the CT across the backgTound plasma. 
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I. INTRODUCTION 

It is important to deliver fuel into the core of a tokamak fusion plasma to maintain 

steady-state operation, achieve more efficient utilization of deuterium-tritium fuel, and op­

continement time. 1 fueling schemes have been proposed, such as 

3gas 2 4 

fueling is considered to be the most promising method for core because the injection 

speed via this method is far higher than those of the other methods. Although extensive 

worldwide efforts have been devoted to study CT fueling theoretically,I,4,5 numerically,6-9 

experimentally,1026 the dynamics of core CT fueling of large devices like ITER (In­

is not CT 

has the potential to tinn"", a manner at 

the edge to the core. Tangential (toroidal) injection can impart momentum for improving 

plasma /3 and stability.28 In a burning plasma device with only radio-frequency (rf) for aux­

current drive, a CT injection system may be the only internal profile control tool for 

PUl111.ulllO bootstrap current and optimized fusion burn conditions. CT fueling 

also provides a good chance to stUdY core 

studies, and Localized Mode (ELM)29 control. 

In this work, we employ a simple idealized model of a low /3 CT propagating into a uni­

form slab plasma with a uniform magnetic field perpendicular to the CT injection direction. 

mvu",,> helps us identify regimes of operation in terms of CT injection speed, 

density, and field strength, as well as understand the essential physics occurring 

during CT mlCctlOn. More realIstIc scenarIos. mcluC11ng the use 

and geometry in the background plasma as well as high {3 CT's, are planned for 

research. Compared to past work on CT injection simulations, we have investigated new 

VF.HLH~" especially in terms of higher injection velocity and a more ITER-relevant ratio (at 

least for low {3 CT's such as spheromaks) of CT-to-background magnetic field (rv 0.1). Sim­

ulations higher iniection velocity were made Dossible by the shock-handling 

30of our three-dimensional (3D) ideal magnetohydrodynamic was 

inally developed for plasma astrophysics problems. The lower CT-to-background magnetic 

compared to past work, was enabled by the higher resolution of our code which 

boundary layer the CT and background plasma to be properly resolved. 
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paper IS )<,GlHl.6t::U as Sec. we 

of 

our \'JV.lH-,.lULHVUO experIments are 

II. PROBLEM SETUP 

A low (3 CT with spherical radius Tb = 1, centered initially at Xb = 0, Yb = 0 and 

Zb Zb.O 12. is injected along the Z axis into a lower density background plasma with 

injection velocity Vinj (sec Fig. 1). The basic model assumptions and numerical treatments 

are briefly summarized here; they are essentially the same as those in Li et a1.:31 where 

more details are given. The nonlinear system of time-dependent ideal MHD equations in 3D 

Cartesian coordinates (:r, y, z) is given here: 

Bp \7 ( --)+ . pv 0, (1)at 
B2 -. '"')+ \7 . \pitu + (p + 2)1 - lJlJ 0,

at 
BE 

\7 . [(E + P + ~2) 11 B(V· B) I 0, 

BE 
- - \7 x (iJ x lJ) 0,
Bt 

E are pressure, flow 

respectively. 1 is the unit diagonal tensor. The total is 

- 1) + pv2/2 + B2/2, where I is the ratio of the specific heats. Note that a 

v'41r has been absorbed into the scaling for both the magnetic field and density 

;. All simulations were performed on the parallel Linux clusters at Los Alamos National 

Laboratory. It should be noted that the details of effects such as reconnect ion and heat 

evolution could not be addressed accurately due to the ideal MHD model and the use of a 

simplified energy equation. 

It is well established empirically in coaxial gun spheromak experiments that, under 

proper conditions, a spheromak "magnetic bubble" low ,tj CT) will by gun 

:32 In our simulations, we not model the CT formation process and start 

the background plasma at speed . The sta­

is a a 
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magnetic Bp in the :1: direction. For simplicity, we assume the background plasma has 

uniform initial number density Pp = 0.1 and uniform initial temperature Tp = 0.1. 

simulations reported the CT structure is similar to the one given in Liu 

et a1. 33 The profile of CT plasma radius rb = 1 is given by 

PI> ex r2 (Zcc 

up to a normalization coefficient a uniform temperature Tb, where rc ';X2 + y2 and 

Zc Z (see Fig. 1). density profile used peak from center of the 

CT, approximating a spheromak. 

The CT magnetic field is determined three key quantities: the scale of 

bubble magnetic field rB = 2, the amount of poloidal \)J P' and the 0', is the 

ratio CT toroidal to poloidal magnetic For simplicity, CT field 

Bb is also assumed be axisymmetric. The poloidal flux function \)Jp is specified as 

\[Ip ex - (zc-

The poloidal fields, up to a normalization coefficient, are 

loWp 1 Dwp 
(6)

Bb,rc re DZe' Bb,zc re are' 

while the field is 

O'wp [ 2
Bb,'{Jc -- = O'rc exp -re - zb?l· (7) 

Te 

The azimuthal component of CT Lorentz is zero, but total azimuthal Lorentz 

force due to combined and currents of the CT may non-zero. 

TheCT has uniform injection rotation angular speed w. 

this paper ratio 

1Jjnj and 

crrl's t'['\"t"A1r1 to poloidal HlQ,5W:; fields 0', rotation speed 

of CT w, and specific r are taken to be y'IO, a and respectively. Physical 

quantities are normalized by characteristic system length Ra cm, density 

= 7.77 X 10~!J g/cm~;3 (corresponding to pIa-sma number density, which is the sum 

electron and ion number densitv, of 18.6 x lO14 cm~;3) velocity Va = 1.7 x 108 ern S-1. 

Other quantities are normalized as: t 1 gives 5.9 x s, magnetic field 

B = 1 gives (47rPoV02)1/~ = 5.3 x G, and E = 1 gives = 2.24 x 1 ergs. 
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The boundary conditions are all perfectly conducting in the y and z directions except 

at the port where the CT is injected, while in the x direction outflow boundary conditions 

are employed in order to mimic the toroidal geometry of a tokamak. Suzuki et al. has 

pointed ou t that the boundary condition in the background magnetic field (:c) direction is 

important, i.e., magnetic reconnect ion has more influence on CT deceleration with perfectly 

conducting boundary conditions than with stress-free boundary conditions such as outflow 

and periodic boundary conditions.s The total computational domain is 11;1 9, 11)1 9, and 

:::; 9, corresponding to a ( box in actual length units 

Ullllt::llNUll of 10 The ..l.lU.U..l\.j.l. IS 

x where are UOOJ.);H x, :lJ, zUUl1HO 

A 8x to em. 

III. RESULTS 

In we present MHD simulation results on the injection of a low /3 

CT into a hot magnetb:ed plasma. We organize our results three topics: 

(1) parameter in terms of Vinj and ratio of CT-to-background magnetic field, of 

CT evolution including the identification of a promising regime for ITER-relevant precise 

core fueling, (2) detailed description of the CT evolution for the ITER-relevant regime, and 

(:3) dependence of the CT penetration depth on Vinj and the initial CT density. 

A. Parameter regimes of CT injection 

on our simulation results, we evolution of CT depends 

predominantly on initial speed 

a 

1"'10,;:)1110, at C;:)llUIU IS 

exceeds background lllo,t<,llC energy the volume, 

1 2 1 2 Bp 
. ----7- Pb V > - B > VAC (8)2 lnJ 2 p = JPb' 
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is consistent with the results of the conducting sphere (CS) model. l 

~eICOlla. above a different threshold injection speed VAP , a strong shock and wavefront 

are Observed to develop ahead of the CT, dominating the system evolution left panel of 

GOHVLU is determined "VHUH,LVH when 

z.e.~ = BpiJPP. 
it 

~lOpmeIlt is 

(right of Fig. 3). 

Third, regime VAC < Villj ,:S VAP, CT evolution is further determined the ratio 

Sr CT field Bb to the background plasma magnetic field » 
a large non-zero initial Lorentz force results in strong CT expansion that also leads to the 

development of a shock and a wavefront that dominate the system evolution.33 As stated 

above, this does not favor controlled plasma fueling. In the regime 1 < S1' 10, which is the 

Suzuki et al. have discussed extensively6-S, the CT is decelerated by both the magnetic 

pressure and magnetic tension forces. In this regime, the CT tilts while reconnect ion occurs 

between the CT and background plasma magnetic fields. Suzuki et al. proposed the Non­

slipping Conducting Sphere (NS) model,6-8 which matches their simulation results pretty 

Our simulation results in this regime verify their conclusions. Because it is difficult for 

field Bb generated by a co-axial gun to be larger than the tokamak field Bp of several 

or more, it is important to explore the regime Sr < 1, which is the primary focus 

remainder of this paper. We have identified this (Tight panel of J I as a 

Vll1l::>lH~ one tor CT fueling of ITER-relevant plasmas due to the spatial rinnAc1 

the can core 

B. Evolution 

In this sub-section, we describe in detail the evolution the ITER-relevant regime 

of VAC < Villj ,:S VAP and Sr < 1. In this regime, the CT evolution can be divided into three 

stages: (1) initial CT penetration, (2) CT compression in the propagation direction (z) and 

reconnection, and (3) corning to rest and spreading the x (toroidal) direction. Magnetic 

reconnect ion , starting late in the second stage in our simulations, arises due to numerical 
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diffusion and leads to mixing between the CT and background plasmas. 

In order to mimic CT injection with ITER-relevance, we adopt physical quantities as given 

in Table I and choose the injection speed Vinj such that VAC = 1.0 < Vinj = 1.1 < VAP = 3.16 

(this falls into the "ITER-relevant" case of Fig. 2). Figure 4 displays the time evolution 

of the plasma density (color contours in common logarithmic scale) in the x- z plane with 

y = O. The white solid contour lines indicate the magnetic pressure PB = B 2 /2. The entire 

evolution can be described by the three stages mentioned above. 

Figure 5 displays the magnetic field Bxz , (arrows) and current density jy (color contours) 

in the x-z plane at y = O. During the first stage (initial penetration), the CT experiences 

a very strong magnetic obstacle, and therefore the CT plasma is highly compressed and 

the plasma density increases at the interface between the CT and background plasmas. A 

large plasma current also appears at the interface due to the compression of the background 

magnetic field seen in Fig. 5 ( a). This current sheet is bent and broken into two parts 

(Fig. 5(b)) due to the magnetic field configuration of the CT field. Some reconnection 

takes place at the left part of the current sheet as shown in Fig. 6. The CT is successively 

decelerated by the magnetic tension force of the background magnetic field. 

After the CT has fully entered the background plasma region (after t 4), the backgroundrv 

field lines, some of which have reconnected with the CT magnetic field at the CT's leading 

edge, are reconnected again with the CT magnetic field at the CT's trailing edge, as seen 

in Fig. 5( c). As pointed out by Suzuki et al. 6, via this process the CT is separated from 

the background fields lines, through which the magnetic tension force decelerating the CT 

is relaxed. At t = 4.375, a magnetic configuration schematically shown in Fig. 6 is formed. 

This interpretation is supported by Fig. 7, which displays the axial distributions of density 

and Bx. From Fig. 7, we can see that Bx changes sign from positive to negative and then 

to positive again. The transition from positive to negative happens at larger z (after the 

density peak) on the left hand side while at smaller z on the right hand side (before the 

density peak), which is the case in Fig. 6(right) (see two dashed lines in Fig. 6(right)). From 

Fig. 6, primary reconnect ion sites are at the upper left and lower right sections of the CT. 

The reconnect ion process allows the high-density CT plasma to escape from the CT and 

eventually flow outward along the background magnetic field horizontally (Fig. 6). The CT 

plasma starts to contract in z and expand in x. The reconnection is asymmetric about 

the CT axis, and this asymmetry results in CT plasma outflow in a direction that is not 
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completely x Eventually itobliquely (panel (d) 

become IIlore IS as the 

wave 

et aL 8 showed 

based on a force as 

simulation results well, implying that MHD wave drag forces may not be important 

in CT deceleration. The initially injected magnetic and perpendicular kinematic energies 

deceleration ll1C;t~lJ.<LlHl,C;lJ.;::HVll 

are converted into parallel kinematic energy. Contrary to Parks 1 and Suzuki et a1. 6,7,8 CT 

tilting, the time scale of which is proportional to J BbBpjPb, is not observed in our case due 

to the fast injection and short CT transit time as required for the ITER-relevant regime 

(Table I). 

After the high-density CT plasma has been depleted during the compression stage (after 

t '"'-' 9). the CT and only the slightly perturbed background field survives, 

4 and 

CT comes to rest 

A narrow elone:ated structure along 1: results, as seen 

panels of Fig. 4. line-shaped structure with a spread of '"'-' 0.2 

than the of the background plasma) implies a very precise fuel deposition 

C. CT penetration depth 

In this sub-section, we establish the dependence of CT penetration depth, an important 

parameter for of tokamaks, on the experimentally controllable parameters of 

CT iniection Vini and initial density Pb, which collectively determine the initial CT 

Uiu,val.iv,c; between the mean 

\i\Te S is 

relationship between the Sand Vinj, showing that Sis nrnnEYrr""H) 

8 (b) displays the relationship between the CT 

shows that the penetration depth S increases with the CT density. The CT spread in the z 

direction is around I'V 0.2 in all cases, which is very tiny compared to the background plasma 
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rv 20. These two empirical relationships are in the sense that they provide 

dues for how to choose the injection speed and CT density to get precise fuel deposition, 

therefore controlling the core plasma profile in a tokamak such as ITER. It is very 

hard to manage by methods such as pellet injection. 26 

For 	 case I are 


Pb Bb• \Ve 
,-,HVV,"\o 

(j = 0.2 is kept constant all simulation results Fig. 8(b). We keep j3 constant 

since experimentally this is more reasonable than changing CT density or CT field strength 

independently. Thus, increasing CT density means increasing both the initial kinematic 

energy J 1/2Pbv;njdll. where dll is the infinitesimal volume. and 

J 1/2B::dj/. However. because of the criterion Ea. 8. CT 

Ek 

background field is much larger than the CT field in all simulation results presented in 

Fig. 8(b). Also the residual initial total force j x B - \lp is proportional to the CT density 

rv O(Pb). Therefore, increasing the CT density Pb would elevate the initial residual force, 

which would result in shock/wavefronts. Thus, with too a densitv ratio > rv 

is not as )\;i::LllL.eU as case 

as the 	 dominated cases. 

Results of 8 remind us of the importance of initially injected energy upon the pene­

tration depth. As discussed in 3III B, how long the cOl'npression stage lasts is determined by 

the SUIll of the initially injected kinematic and magnetic The larger the sum the 

longer it will take for the reconnection to dissipate/convert the energy. If we aSSUIIle 

is rnainlv due to the tension which is 

energy,1i injected 

lead to deeper fueling given the saIlle injection speed Vinj (since plasma parameter j3 ~ 1, 

the internal energy of the CT plasma can be ignored). Certainly the larger injection speed 

would lead to deeper penetration. 

Fig. 9 shows time evolution Ilet toroidal ""cr.""'" 	 JBydS 

is 1.1 	 t = 6.25, net 

to the initial nenetration and COITmression of the magnetic 

lines at the interface of the CT and background plasma. After t 11.25, the line structure 

reaches the horizontal boundaries and some toroidal magnetic flux flows out. Between t 7.5 
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t = 1l.25, only source destruction of the net magnetic flux is magnetic 

reconnection due to the numerical diffusion. If we it as (t)NJt(t 0) = exp( 

the "resistive~' dissination time due to numerical diffusion is Tres rv 10.9. Therefore the 

numerical diffusion is not important Oll the time scales of CT transit time (t 5)rv 

injection speed ~ljnj = l.l. This implies that CT keeps almost intact before it arrives at its 

position. The mixing between the CT and background plasma does not happen until 

late compression 

IV. CONCLUSIONS & DISCUSSION 

In paper we presented nonlinear ideal MHD simulation of a toroid 

injected into a hot strongly magnetized plasma. The simulations are intended to provide 

insights CT fueling of an ITER-class tokamak. a first step, we have investigated the 

problem of a high density low {3 CT injected into a slab background plasma with uniform 

magnetic field. We intend to investigate the injection of (3 CT's as well as unmagnetized 

dense nlasma jets, and also incorporate more realistic background profiles in follow-on work. 

Our main findings are as follows. A regime is identified in terms of CT injection speed 

and CT-to-background magnetic field ratio that appears promising for precise core 

Shock-dominated regimes, which are probably unfavorable for tokamak fueling, are also 

identified. The CT penetration depth is proportional to the CT injection speed and den­

sity. For regime identified as favorable for precise core fueling, the entire CT 

can t)e dIvIded mto three stages: (1) initial penetration, (2) compression in the direction of 

propagation and reconnection, and (3) corning to rest and spreading in the direction per­

pendicular to injection. Tilting of the CT is not observed due to the fast transit time of the 

CT across the background plasma. Reconnection occurring at the upper left lower right 

portions of the CT fragments the CT and leads to CT plasma outflow horizontally 

background magnetic field lines, forming a line-shaped structure almost narallel to the 

background magnetic field. We have also studied how the penetration denth is determined 

and have found an emnirical relationship between the penetration denth versus the 

speed and CT plasma density. The penetration depth is proportional to the in­

jection speed and CT density. When the CT comes to rest, it is highly compressed in 

direction of injection, implying that very precise deposition is possible. 



a current optimized density pressure 

must A core tuellng "",,1-an, a 

core conditions and for core 

more flexibility to reach ignition. If a CT injection system is within the ITER-relevant, no­

shock/wavefront regime as required by VAC < Vinj « Vi\P, Pb/Pp and Bb/ Bp « 1, then 

precise core deposition with minimal background equilibrium perturbation may be possible. 

us evaluate our simulation results in the context of National Spherical Torus 

case, we assume that the CT plasma consists 

34 our Ullll\:llblVlllebb 

background 0.1 to be 1 x 

Bp 1.0 to be "-' 0.18 T and minor radius a = 10 to 1m. the CTI'V 

Tb ] to be 10 em, number density Pb 1 to be 1 x 1015 cm- 3 
, CT field magnitude Bb = 

to be "-' 0.018 T and CT injection speed Vinj = 1.1 to be 306 km 8-
1

. The parameters are 

close to one proposed CT injection test on NSTX, which from Fig. 8(a) gives a penetration 

around 54 em. A CT will do more localized fueling on a NSTX-sized device. 

expermleIltS were too to core Given 

ITER parameters rv km s-· IS 

rvspeed 400 km S-1 the current injector. Thus fueling lIltO a 

magnetized tokamak like ITER, the ratio of Pb/Pp should be at least > 100 to have a 

reasonably low VAC for penetration to happen. This is by all means a big engineering 

chanllenge. From Fig. 8(b), a simulation with such a large Pb/Pp needs a larger computation 

domain and larger This will be considered in follOW-OIl work. 
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Figure 1: Schematic of the simulation geometry showing the coordinate system_ In the texts, the 

direction along z-axis is defined as axial direction. x - y plane is defined as the toroidal plane 

while x - z plane is defined as the poloidal plane. 
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Figure 2: Qualitative behavior for CT injection in terms of CT injection speed and magnetic field 

strength_ 

14 




0.2 

0.15 

0.05 

-5 o 
x 

0.5 

0.45 

0.4 

0.35 

0.3 

N 0.25 

0.2 

0.15 

0.1 

. 0.05 

5 -5 	 0 5 
X 

Figure 3: (color) Density (in common logarithmic scale) in the x-z plane. Left panel: at t = 2.5 

with injection speed Vinj = 10.0, which gives out non-localised deposition. Right panel: at t = 20 

with injection speed Villj = 1.1, which gives out localized deposition. z is the injection direction. 

Table 1: Normalized Physical Quantities. Note that VAC = Bpi y7ib = 1.0. Injection speed Vinj is 

between VAC and V AP · 

CT Background 

Physical Quantities numerical physical numerical physical 

Magnetic Field Bb = 0.1 Bb = 0.53 T Bp = 1.0 Bp = 5.3 T 

3a 	 3Density Pb = 1.0 Pb = 1.86 x 1015 cm- Pp = 0.1 Pp = 1.86 x 1014 cm-

Temperature Tb = 0.001 Tb = 75 ev Tp = 0.1 Tp = 7.5 kev 

plasma f3 = 2pTI < B2 > f3b = 0.2 f3p = 0.02 

Alfven Speed VA = B I vp VAB = 0.1 VAB = 170 km S-l VAP = 3.16 VAp = 5.4 x 103 km S-1 

Sound Speed Vc = v9F VcB = 1.7 x 10-3 VcB = 2.89 km s-l VcP = 0.41 VcP = 7.0 x 102 km s-l 

aplasma is assumed to be composed of half deuterium and tritium. The plasma density is the sum of 

electron and ion densities. 
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Figure 4: (color) Density (in common logarithmic scale) in the x-z plane with y = 0 as a function 

of time (0 = JIO). The white solid contour lines indicate the magnetic pressure PB = B 2/2. 

t = 2.5, PB E [0.0,1.6843]; t = 3.75, PB E [0.0,1.7612]; t = 7.5, PB E [0.0,1.4405]; t = 8.75, 

PB E [0.0,1.1872]; t = 12.5, PB E [0.0,1.0219]; t = 15, PB E [0.0,1.008]. The number of the contour 

levels are all 15. 
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Figure 5: (color) Poloidal magnetic field and y-direction current density jy in the x-z plane as 

a function of time (0: = /10). The color contours indicate jy while arrows indicate Bx and B z. 

Bx and Bz are normalized to their maximum values. (a) t = 2.5; (b) t = 4.375; (c) t = 6.25; (d) 

t = 8.75. 
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Figure 6: (color) Diagram of magnetic configuration in the contraction stage. Red color indicates 

the high-density CT plasma at shifted double peaks. Yellow lines indicate the magnetic field lines 

while blue arrows indicate the CT plasma flow patterns. 
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Figure 7: Axial profiles in the z-direction of several quantities at t = 4.375 with (x, y) = (-1.125,0) 

(left) and (x , y) = (0.845 , 0) (right) . The density p and the x direction magnetic field strength Bx 

are shown for inspecting the magnetic configuration shown in Fig. 6(right). These two axial cuts 

correspond to the two dash lines in Fig. 6( right). 
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