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ABSTRACT 

     In this thesis, we describe a new model to calculate the 

ablation rate of a solid pellet injected into a magnetically 

confined toroidal plasma. In this model, multiple energy carriers 

to the pellet surfaceare treated, because they are considered to be 

important to explain the enhancement of the pellet ablation in the 

neutral beam heated or the RF heated plasma. The model shows that 

the existence of multiple energy carriers changes appreciablly the 

dynamics of the shielding ablation cloud surrounding the pellet. 

When an energy carrier has a shorter range in the ablation cloud 

than the other energy carriers and heats the cloud far from the 

pellet surface, the Mach number of the cloud decreases and the 

subsonic region of the cloud flow expands. This reduces the cloud 

flow velocity near the pellet surface and the resultant ablation 

rate becomes different from that obtained by the single energy 

carrier approximation. 

     This ablation model is applied to calculations of ablation 

rate profile for the pellets injected into toroidal plasmas and 

compared with experimental results and other ablation models. For 

the pellet injections into NBI heated plasmas, the enhancement of 

the ablation rate due to fast ions is demonstrated, especially in 

the edge region of the plasma column where the thermal electron 

density and temperature are low, and the fast ion heat flux is 

relatively high. This result is consistent with the experimental 

result. 

     Transport for the pellet injection experiments in ISX-B 
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tokamak and Heliotron E are studied. We couple a standard transport 

code with our pellet ablation code, ABLATE. The energy balance and 

the confinement time before and after the pellet injection are 

shown. The experimental transport properties after the pellet 

injection in ISX-B can be explained by choosing the transport 

coefficients consistent with the Alcator scaling, which is the same 

transport as that used before the pellet injection. For the NBI 

heated current-free plasmas of  Heliotron E, the plasma temperature 

can recover quickly after the pellet injection by enhanced 

thermalization of the fast ions due to increased plasma density. 

Then the total internal energy increases after the pellet 

injection. 

     By using the ABLATE code and a transport code which is 

modified to treat D-T burning plasmas, possibility of achieving Q>1 

by the tritium pellet injection into deuterium plasmas is studied. 

Both the sufficient Two-Component-Torus effect and the deep 

penetration of the tritium pellet are essential factors to achieve 

Q>1 When the pellet with a radius of 2 mm and a velocity of 5 km/s 

is injected into a plasma of 'hot-ion-mode', Q>1 will be obtained.
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                          CHAPTER 1 

                               Introduction 

     In magnetic confinement research of toroidal plasmas to 

achieve a break-even condition, much efforts have been made to 

raise or maintain plasma density against the particle loss due to 

unavoidable diffusion. In the present state of experiments, there 

are two ways for the particle supply. One is neutral gas puffing or 

gas injection, which is the blow-in of hydrogen gas isotopes into 

the plasma through a nozzle built into the wall structure. This 

means gas is supplied to the edge region of the plasma column. All 

experimental devices have this kind of system at least for plasma 

initiation. The other is pellet  injectionD.2), which has mainly been 

used to raise central plasma density in a short time. It seems easy 

to raise the plasma density simply by puffing gas. In large 

devices, however, the neutral gas introduced from the outside of 

the plasma is ionized in the peripheral region of the plasma 

column, where particle confinement is poor and it is not easy to 

raise the plasma density at the central region. This problem 

becomes more serious especially in devices with magnetic divertors, 

because the screening effect of the divertor blocks the penetration 

of gas into the core plasma3) . Pellet injection is a method to 

supply particles to a plasma by the ablation of a solid pellet 

injected directly into the core region of the plasma with high 

injection velocity. This method can supply particles efficiently to 

the central region of plasma, and deposition of ablated pellet 

particles in a scrape-off region surrounding a core plasma is small 

- 1 -



even for a device with a  divertor4) . 

     The pellet injection has a desirable feature for particle 

supply to the central region of the plasma, but it has a 

possibility to induce serious plasma instabilities and degradate 

the plasma confinement. An appropriate pellet size, repetition rate 

of injection, and injection velocity must be compromized, 

considering stability and transport associated with the pellet 

injection as well as the technical restrictions of pellet formation 

and acceleration. 

     In this thesis, we study the physics related to the pellet 

injection theoretically, especially the ablation theory of the 

pellet injected into a magnetically confined plasma, and transport 

and stability analyses for high density plasmas after the pellet 

injection. Objectives of this study are (1) to built a model taking 

account of the presence of multiple energy carriers with different 

energies in the ablation process, (2) to develop a numerical code 

to calculate the ablation rate, ABLATE code, (3) also to develop a 

transport code coupled with the ABLATE code for studying the pellet 

injection experiments, and (4) to investigate a possibility of 

achieving Q>1 by tritium pellet injection into deuterium plasmas, 

where' Q is the ratio of total fusion output to injected neutral 

beam power. In chapter 2, we will review both theoretical and 

experimental studies of the pellet injection and show the present 

status of the pellet fueling research. In chapter 3, by extending 

the neutral shielding model introduced by Parks and Turnbull5),6) We 

develop a new ablation model, in which multiple energy carriers 

incident to the pellet surface, such as thermal electrons , fast 

ions produced by neutral beam injection, or fast electrons produced 
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by RF heating, can be treated. In chapter 4, our model is applied 

to analyze the pellet ablation in the presence of the fast ions or 

the fast electrons as the energy carriers to the  pellet7) . The 

physical explanation of the results is discussed how the existence 

of multiple energy carriers affects the ablation rate of the 

pellet. Calculations of the ablation profiles for the pellets 

injected into toroidal plasmas are described in chapter 5. The 

effect of fast ions in a target plasma on the ablation rate profile 

is extensively investigated and the computational result by our 

model is compared with that by the Milora model8 , in which the 

effect of fast ions is also included in a different way. In chapter 

6, we describe the transport code coupled with the ABLATE code to 

study transport properties after the pellet injection. The code is 

applied to simulate the pellet injection experiment in ISX-B 

tokamak. Analysis of pellet injection experiments in Heliotron E is 

discussed in chapter 7. This chapter also contains results of 

ablation rate profile for the pellet injected into the neutral beam 

heated plasmas. Transport analyses after the pellet injections into 

both Ohmically heated plasma and neutral beam heated currentless 

plasma are shown. MHD stability related to the pellet injection is 

also briefly discussed'0). In chapter 8, we investigate a 

possibility of achieving Q>1 by the tritium pellet injection into 

deuterium plasmas with the neutral deuterium beam injection"). We 

use a transport model for D-T burning plasmas including the 

Two-Component-Torus effect ( thermal tritium reaction with beam 

dueterons ) and find essential factors to achive Q>1. Concluding 

remarks are given in chapter 9. We summarize main results and 

mention about future studies. 
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          CHAPTER 2 

Review of Pellet Injection into 

 Magnetically Confined Plasmas

2.1 Introduction

     In these years, physics of pellet injection into a high 

termperature magnetic confined plasma have been gradually 

understood in accordance with the increase of pellet injection 

 experimentsi).2).21) . As for pellet ablation process, usually models 

based on neutral cloud shielding have been used to understand 

experimental results of pellet injection into Ohmically heated 

plasmas12). Many uncertainties about the ablation of the pellet, 

however, still remain13). Improvement of the ablation model is 

required for studying pellet injection into neutral beam heated or 

electromagnetic wave heated plasmas and future burning plasmas. We 

will review recent pellet ablation theories and comment limitation 

and uncertainty of each model in section 2.2. 

     An important factor in the development of pellet fueling is 

injector technology. In section 2.3, the present status of pellet 

injector and possibility of pellet fueling with high injection 

velocity appropriate for reactor plasmas are discussed briefly. 

     In section 2.4, pellet injection experiments performed in 

tokamak or stellarator/heliotron72).73) devices are reviewed . In 

these experiments, pellet penetrations in Ohmically heated plasmas 

are consistent with the neutral cloud shielding model. In the 

pellet injection into plasmas with additional heating, it is shown 
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that non-thermal particles contribute to the ablation. In many 

experiments, improvement of comfinement properties associated with 

the pellet injection was observed. 

     Finaly, several applications of pellet injection to plasma 

diagnostics are given in section 2.5.

 -  5  -



2.2 Development of ablation theories 

     When a pellet suffers heat flux from an ambient plasma, pellet 

particles are ablated from the surface and a dense and relatively 

cold gas cloud is formed around the pellet and most of the incident 

plasma particles are intercepted from hitting the pellet. We need 

to know the state of particles ( e.g. neutral molecules, cluster 

ions, or ion pairs ) ablated from the surface, since the energy 

required for the ablation is different by orders of magnitude. When 

a high energy electron incident to the solid pellet, it is expected 

that numerous secondary electrons of low energy are emitted. Since 

these secondary electrons are localized through energy loss due to 

collisional excitation of hydrogenic molecules in the vicinity of 

the surface, the resultant emmision of the secondary electron from 

the surface is significantly  supressed14). The bulk of the energy of 

the primary incident electron is deposited as a heat through the 

collisional excitation at the surface. It is reasonable, therefore, 

that the diminant state of particles ablated from the surface is 

assumed molecular hydrogen. 

     Milora estimated the condition that self-shielding mechanism 

due to the ablation cloud becomes invalie ; 

q-(eV/mzs) =n1e2T(eV) <2'vp. r
pa( 2. 1 ) 4 

Here rp is the instanteneous pellet radius, up is the flow velocity 

of gas away from the pellet surface, neCe/4 is incident electron 

flux to the pellet, is the sublimation energy ( 0 .005 eV/atom ), 

q- is the external plasma heat flux, and a is a cross-section 

taking into account of both energy loss of the incident beam by 
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inelastic collisions and reduction of the forward particle flux by 

backscattering. From Eq.(2.1), it is found that a large pellet in a 

high temperature and high density plasma is easily self—shielded. 

Usually, the pellet ablation is governed by the self—shielding due 

to the ablation cloud. 

     Firstly, Gralnick investigated the self—sielding mechanism due 

to the ablation cloud15). He supposed that the ablation cloud was 

fully ionized in a region close to the pellet surface according to 

the ion evapolation model by Rose16). In this model, it is assumed 

that ions are emitted from the surface and the ionization energy is 

taken as the ablation energy of the pellet particles. He improved 

the previous unshielded ion evaporation model by solving 

hydrodynamic equations describing the motion of the ablation cloud, 

or under the self—shielding model. His analysis showed that about 

50% reduction of the pellet ablation rate could be expected for 

high density thermonuclear plasmas ( ne=1015cm-3, Te',10keV ) in 

comparison with the unshielded ion evaporating pellet. 

     In the initial ORMAK experiments the higher ablation rate than 

those predicted by any ion evaporation models is observed17). It 

seems that this discrepancy comes from the assumption of the 

ablation energy of 36 eV in the ion evaporation models. The values 

estimated from the experimental data were closer to the sublimation 

energy, ,l, than 36 eV. Moreover, in this experiment, the existence 

of a cloud is confirmed by the measurement of Ha line radiated from 

exited neutrals, which is several times larger than the pellet 

radius. In accordance with this experimental result, Parks et al.5) 

and Vaslow18) independently developed so called the neutral cloud 

shielding model. When a pellet is immersed in a hot plasma, a dense 
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neutral gas blanket is formed arround the pellet. As a result, the 

energy flux arrived at the pellet surface is significantly reduced. 

And they assumed that only electrons penetrating the shielding 

cloud carry the heat flux to the pellet surface. The electron flux 

is modeled by a monoenergetic beam subject to energy slowing down 

due to inelastic collisions. On taking account of the low 

sublimation energy of solid hydrogen isotope, only a small amount 

of energy flux to the pellet surface is enough to maintain the 

sufficiently thick cloud around the pellet. Although the ablation 

cloud is ionized by the incident electrons, the ionization degree 

in the the cloud, where the electron energy is substantially 

slowing down, is low. Therefore, the ablation cloud is considered 

to be neutral in the following self-shielding model. Parks and 

Turnbull numerically solved the hydrodynamic equations describing 

the transonic flow of the ablated neutral gas and the associated 

attenuation of the electron heat flux ( Parks and Turnbull model, 

or PT model )6) . In their model, they assumed reduction of the 

forward heat flux by elastic backscattering is somewhat larger than 

or comparable to that by inelastic collisions. Milora and Foster 

also solved the same problem and obtained the relation between the 

cloud thickness and the averaged incident power ( we will call this 

model as the MF model in this paper  )19). It is different from PT 

model that they assume spatial uniformity of energy deposition to 

the cloud and neglect the elastic backscattering of incident 

electrons. Later, Milora included the effect of the backscattering 

only for low energy electrons8) . Both ( PT and MF ) models showed 

that the intrinsic shielding mechanism of the cloud dominates the 

dynamics of the ablation cloud and ensures the heat flux arrived at 
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the surface is negligibly small in comparison to the heat flux from 

the background plasma. 

     In the neutral shielding models, thermal conduction effects 

have been neglected. It was pointed out in Ref.(20) that the 

temperature gradient obtained from the neutral shielding model at 

the pellet surface yields heat conduction flux comparable with free 

fall heat flux of the incident beam. It is a posteriori not 

justified to neglect the thermal conductivity. It should be noted, 

however, that the inclusion of the collisional thermal conduction 

term in the pressure equation would not necessarily resolve the 

problem. The assumption of the local thermal conduction is only 

valid, if the mean free path of the energy carriers is sufficiently 

small compared to the scale length of the temperature gradient. 

Lengyel pointed out that hot electrons residing in the high 

electron temperature wing of the temperature gradient may transport 

energy to the colder region through collisionless motion, even 

though the collisional conduction flux based on the local 

temperature values is negligibly  sma1113). 

     The assumption of a monoenergetic particle beam for incident 

fluxes is one of disputable points in the neutral cloud shielding 

model. Since incident particles with various energies have 

different ranges, the energy deposition profile obtained by an 

integral over the Maxwellian energy distribution may be different 

from that by a monochromatic beam with an average energy. If 

various energy carriers, such as nonthermal electrons or fast ions, 

are present in a target plasma, the effect of the energy 

distribution of incident particles or the effect of multiple energy 

carriers on the pellet ablation becomes more important. Indeed, the 
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effect of nonthermal particles such as fast ions on the pellet 

ablation is observed in several pellet injection into neutral beam 

heated plasmas. Milora has improved his model to include the fast 

ion heat flux in the ablation analysis ( the Milora model )8) , and 

also Houlberg extended the Milora model to include an energy 

distribution of thermal electrons by using multiple electron 

 beams21), but these improved models did not take into account of the 

modification of ablation dynamics due to multiple energy carriers. 

The modification of ablation dynamics due to multiple energy 

carriers will be studied intensively in the following chapters. 

     Additional mechanisms that might further reduce the heat flux, 

such as dissociation, ionization, and line radiation, were 

investigated by Felber et al22). Only volume dissociation was found 

to be effective, which may prolong pellet lifetime by ' 10 to 20 %. 

     Various attempts have been made to estimate the effect of the 

magnetic shielding, beginning with the Rose's diamagnetic balloon 

model18), in which it is assumed that the ablation cloud 

instantaneously ionizes and expands like a diamagnetic balloon 

around the pellet. Chang considered partial trapping of the 

magnetic field in the cloud and analysed the corresponding flexible 

magnetic nozzle f1ow23~. Here the abltion process is based on the 

ion evaporation model. It was shown in Ref.(24) that the magnetic 

Reynolds number of the cloud plays a role in the rate of convection 

of the magnetic field lines away from the pellet and their 

diffusion to the pellet. Using the result of Felber et al .22) for 

the distribution of the degree of ionization and flow velocity in 

the cloud, Parks calculated the distortion of a magnetic field near 

a pellet by considering the above mentioned two process 
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( convection and diffusion of the magnetic field lines  )25). For 

parameters typical in a fusion reactor, a reduction in the pellet 

ablation of --10 to 30 % could be expected. 

     There is a different theory. Mayer applied a pellet ablation 

theory, which is directly related to astrophysics and laser fusion 

( the Cowie and McKee model ), to a pellet injected into a 

magnetically confined plasmas26)'27) . In this model, the evaporated 

ions from the pellet surface are accelerated to energies 

considerably in excess of the background thermal energies. He 

considerd this process, where thermal electron energy is converted 

to evaporated ion kinetic energy, as 'energy transduction'. 

     Recently, Kaufmann et al. investigated the additional 

shielding mechanism of the pellet by the high density, medium 

temperature plasma generated by the ablated material, which spreads 

along the magnetic field lines28). This result supports the 

experimental data obtained in ASDEX29) and TFR30), where the extent 

of the Ha luminosity parallel to the magnetic field lines is 

observed. They concluded that this effect might lead to a distinct 

decrease in the ablation rate. 

     As pointed out by Lengyel13), existing ablation models yield 

acceptable results for thermal plasmas at low and intermediate 

temperatures, however, care should be taken in extrapolating these 

results to thermonuclear plasmas because of the several limitations 

inherent in these models.
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2.3 Present status of pellet injectors 

     Pellets can be produced in two different ways. One is droplet 

source, which is produced by forming a liquid source and freezing 

upon evaporation of an outer layer of the  droplet0.2). Liquid 

droplets can be produced by the instability of capillary jet flow 

from nozzle, which is stimulated by transducer. For the pellet 

injection experiments in the ORMAK, which is the first injection 

experiment into a tokamak plasma, the droplets were used17). 

Advantages of this pellet source are that this method can produce a 

spherical pellet which has small surface area compared to its 

volume and that multiple pellets can be produced periodically With 

this method, however, production of large pellets is difficult and 

control of the pellet size is also difficult. Therefore, this 

method is not taken for the present injectors. 

     In almost all injectors except for ORMAK, solid pellets are 

produced directly by heat exchange with liquid helium. Solid 

hydrogen is created in a condensate well, cutted, and loaded to a 

gun burrel. Or solid hydrogen rod is extruded, cutted, and loaded. 

The former type of pruduction of pellets were adopted for single 

pellet or four-pellets injector developed in Oak Ridge National 

Loboratory ( ORNL ) which were used for ISX-A, ISX-B , Alcator C, 

and other devices2),31). The pellet injector for Heliotron E also 

belongs to this type of injector. The latter type of pellet source 

is suitable for continuous pellet injections since solid hydrogen 

for multiple pellets is created beforehand . Many of recent pellet 

injectors adopt this pellet source . 

     At present, practical pellet acceleration methods are 
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pneumatic ( gas gun ) and centrifugal acceleration. The former is 

the most practical method of pellet acceleration and is used widely 

in various pellet injectors. This acceleration method has 

advantages of stable operation and reliability, but it is not 

appropriate for multi-pellets injection. Also exhaust of propellant 

gas becomes a problem. Centrifugal acceleration is used for 

repeated injections of multiple pellets. High repetition rate and 

contineous fueling can be achieved by this method and this type of 

injector was designed to be a primary fueling device for the large, 

long-pulse tokamaks. Problems of centrifugal acceleration are 

mechanical stress of rotor and divergence of injection angle. 

Centrifugal pellet injectors were developed at ORNL and Max-Planck 

Institute of Plasma Physics (  Garching ) and equipped for Doublet 

32) ,33) and ASDEX34) . 

     We will survey developments of pellet injectors at ORNL and 

Institute of Plasma Physics ( Garching ) First practical injector 

developed in ORNL was pneumatic injector with droplet sources, 

which was equipped for ORMAK. This injector can produce relatively 

small pellets of 70 pm or 210 pm in diameter and accelerate pellets 

at the velocity of about 100 m/s17). Larger and faster pellet 

injection was realized by a single-pellet and four-pellets 

pneumatic injectors. These injectors have disks with condensate 

well and frozen pellets are loaded to gun barrel by rotating the 

disks2)'31). A single pellet injector was capable of injecting a 

single, solid hydrogen pellet nominally 1 mm in diameter at speeds 

in the 600 to 1000 m/s range. It was used on ISX and PDX. 

Four-pellets injectors were used in experiments on ISX, PDX, 

Alcator C, and PLT. Helium propellant gas was used in these 
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injectors. 

     Recently, a repeating pneumatic pellet injector ( RPI ), which 

uses extruded source and  H2 propellant gas, has been 

developed336) The highest measured velocities were 1600 m/s 

with deuterium pellets of 4 mm in diameter and 1900 m/s with 

hydrogen pellets. Repetition rates as high as 6 pellets/sec for 

2.5-sec bursts in hydrogen pellets and 5 pellets/sec for 4-sec 

bursts in deuterium pellets were obtained. This injector has 

already installed in TFTR and used to realize a high density 

plasma37). The deuterium pellet injector ( DPI ) capable of 

eight-pellets pneumatic injection is being designed and fabricated 

for TFTR35),3s) The DPI is a hybrid injector using the extruder 

design from the RPI and an eight-burrel gun similar to that used in 

the four-pellet injectors. The DPI will fire up to eight 

cylindrical pellets ( two 4.0 mm diameter by 3.5 mm length, three 

3.5 mm diameter by 3.5 mm length, and three 3.0 mm diameter by 3.5 

mm length ) at velocities of almost 2000 m/s at a programable 

repetition rate. A tritium pellet injector ( TPI ) system has also 

been designed for TFTR phase of operation 35),3s> . This has the 

same structure as the DPI. It utilizes eight guns and gun burrels 

but formation of the pellet is different from the DPI. The pellet 

is formed in a central magazine block and transported to the gun 

block using a pellet slide. The main advantage of this 

configuration is that it minimizes the tritium inventory ( 3000 

Ci ). 

     A centrifuge injector equipped in Doublet IQ can inject D2 

pellet of 1.3 mm diameter in equivalent sphere in every 31 or 39 ms 

at velocities of 800 m/s32). A new version of the centrifugal 
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injector was designed and the construction was  started3”. The 

design parameters of the injector are a pellet size of 1.5 to 3.5 

mm, a velocity of 1.2 km/s, and a repetition rate of 30 pellets/s 

for a pulse length of 30 s. 

     In IPP ( Garching ), both a pneumatic injector and a 

centrifugal injector have been developed, the former was installed 

in Wendelstein VQ -A, and the latter has been installed in ASDEX34). 

Deuterium pellets with diameters of 0.6 mm and 0.8 mm and 

velocities of 400 to 800 m/s were injected by using the single shot 

pneumatic gun. By means of a centrifugal pellet injector, 

multi-pellets up to 80 frozen D2 pellets of 1 mm diameter and 1.2 

mm length, were injected with intervals ranging from 20 to 50 ms, 

and velocities of 720 m/s34) 

     Alternative acceleration methods to obtain high pellet 

injection velocity over 10 km/s by electromagnetic rail gun, ark 

discharge, or CO2 laser, are proposed and tested, but these type of 

injector have not yet been available21). Further development will be 

required for pellet injector appropriate to reactor plasmas.
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2.4 History of pellet injection experiments 

      The pellet injection experiment into a tokamak plasma was 

initiated on  ORMAK17) This experiment gave various informations for 

pellet ablation process. However, since the size of pellets was 

small and the injection velocity was low, the results were limited 

for relatively tenuous and cold edge plasmas. Pellet injection into 

dense and hot plasmas was performed in the ISX-A ( Impurity Study 

Experiment)40).From this experiment, applicability of the neutral 

cloud shielding model to ablation analysis in Ohmically heated 

plasmas was shown. Enhancement of pellet ablation due to runaway 

electrons in low density discharges or fast ions in NBI heated 

discharges was observed in the pellet injection experiments of 

ISX-B12). After this experiment, similar enhancement of pellet 

ablation due to non-thermal particles have been observed in various 

experiments. In the ISX-B experiment, MHD activities and transport 

properties after the pellet injection were also studied with 

respect to penetration depth of the pellet . First pellet injection 

experiment into a divertor plasma was performed in the PDX 

( Poloidal Divertor Experiment ). These results were reviewed by 

Milora. 

     We will review recent pellet injection experiments performed 

in tokamaks and stellarator/heliotron devices . Recently, in ISX-B, 

an increase of plasma stored energy by as much as 50 % h
as been 

observed after the pellet injection33) . With the 1.5 mm pellet , the 

density increased to ne = 6x1019 m-3 and the value of th
e gross 

energy confinement time reached to 1 7 times compared to Oh
mically 

heated plasmas at the same density by gas puffing . The pellet 
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injection in ISX-B revealed better energy confinement than that in 

titanium getterd discharges, which is comparable to the Z-mode 

obtained in ungettered discharges. From ISX-B experiments, it was 

found that adequate pellet penetration in a target plasma with 

small or no MHD fluctuations before injection seems to be required 

to obtain confinement improvement. 

     The pellet fueling in Alcator C produced highly peaked density 

profiles and gave line-averaged densities as high as  1021 m-341) 

Global confinement time of the pellet-fueled plasma is found to be 

longer than that in similar discharges fueled by gas puffing. From 

the transport analysis, the ion thermal conductivity, which is 

typically higher than the neoclassical theory by a factor of three 

to five in the gas-fueled plasma in Alcator C, is found to be 

approximately neoclassical after pellet injection. The electron 

thermal conductivity is consistent with the Alcator scaling even 

after the pellet injection42~. The improvement in the ion transport 

was considerd to be correlated with the peaking of the density 

profile and/or the reduction in quantity ri=d(lnTi)/d(lnrt) , which 

is inferred to lie close to the critical value for stability of the 

drift mode driven by the ion temperature gradient. 

     Continuous pellet injections performed on Ohmic, NBI, and ICRH 

heated discharges in ASDEX have shown that the most important 

parameter characterizing the discharge is the ratio of the pellet 

penetration depth, D , to the fall-off length for neutral particles 

in a gas fueled case ( typically 5 to 8 cm in ASDEX )34). For 

shallow penetration, only minor difference compared to gas fueled 

discharges, was obserbed. In contrast, for deep penetration ( e.g. 

A> a/2 ) the density profile was more peaked and the temperature 
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profile was more flattened at the same line-averaged density. Ohmic 

discharges with deep pellet penetration reach to the higher density 

limit and are maintained by a low particle supply rate than that in 

gas fueled discharges. The peaked profiles accompanied with a 

slightly non-adiabatic pressure evolution, however, lead to 

degradation of energy confinement in ASDEX, which may be caused by 

the enhanced convection and radiation. Even in ASDEX, however, 

recent data indicated improvement of the confinement  time43). It is 

concluded that the pellet injection is able to change the 

confinement properties of tokamak discharge fundamentally. The 

confinement improvement is possible with pellet injection 

penetrating within the half-radius. 

     Preliminary results was obtained by injecting 1.5 mm diameter 

D2 pellets into Ohmically heated discharges and low-power ( about 

600 kW ) ICRF heated discharges in PLT33). In the Ohmic discharge, 

the post-pellet Te profile was slightly flatter than the pre-pellet 

profile and the sawtooth inversion radius increased slightly. The 

sawtooth period also increased 1.5 times. Neutron production 

increased threefold after the pellet injection. Like the 

line-averaged density, neutron production continued at elevated 

rate for the duration of the discharge, indicating good confinement 

of the particles deposited by the pellet. In ICRF heated plasmas, 

both neutron production and Te increase steadily after the pellet 

injection as long as the ICRF power continues . A promising 

indication of the improved ICRF heating by the pellet injection was 

seen. 

     A centrifugal injector that repetitively injects 1 .3-mm 

deuterium pellets at a rate of 32 pellets per second was used to 
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build up and maintain the density at a line—averaged value of 

1x1020 m-3 in the 2.4 MW—NBI heated limiter discharge of Doublet 

)Q 32),44) . So far as a pellet penetrates deeply into the plasma 

( more than 30 cm ), the energy confinement time is improved in 

beam—heated limiter discharges associated with a peaked density 

profile and low edge recycling. The energy confinement time is 

improved 1.7 times, compared to that of similar gas fueled 

discharges with 2.4 MW of NBI. This value is comparable to that of 

Doublet 11[ H—mode discharges with similar plasma current. A 

centrally peaked density profile ( peak—to—average ratio about 

2.0 ) is maintained for a considerable time by the continuous 

pellet injection. Coupled with the improved confinement, this 

discharge gave a higher neutron production rate ( more than ten 

times higher than that of similar gas—fueled discharges). Keeping 

the deep pellet penetration is important, especially in high power 

NBI. It was found that the pellet penetration is improved by the 

neutral beam interruption before the pellet injection. Therefore, a 

synchronized beam interruption has been employed to maintain the 

good energy confinement time in the high power NBI heated plasma in 

Doublet )Q . 

     Central density above 1.6x1020 m-3 has bee produced in TFTR by 

the injection of 4 mm deuterium pellet37). Injection of multiple 

2.67 mm pellets produces hollow density profiles which relax within 

20 to 100 ms. When the neutral beam injection started after the 

pellet injection, a rapid recovery of temperature was observed, and 

sawtooth oscillations were supressed. Global confinement time is 

between 200 and 250 ms, comparable to that obtained by gas fueling. 

Confinement in the central region is appreciably improved. The best 
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result was obtained in Ohmic plasmas with  a=0.7 m, R=2.35 m, IP=1.6 

MA by optimizing the pellet penetration, the pellet size, and 

velocity ( diameter is 2.67 mm and velocity is 1250 m/s )45). 

Sequences of up to 5 such pellets have been injected and the 

central density has reached to 4x1020 m-3 immediately after 

injection. The density profiles in these discharges are highly 

peaked. The density decays with a time constant of approximately 

one second, and keeps a peaked profile. At the peak of the stored 

energy, the energy confinement time was 0.53± 0.05 sec and 

ne(0)TE(a) was 1 .5±0.3x1020 m 3 s, which is nearly double the 

previous best resultin Alcator C, with central electron 

temperature of 1.3 keV. The global energy confinement in these 

discharges is better than that in deuterium or helium gas fueled 

discharges, in which the confinement time appears to saturate at 

TEti300 ms in the region of line—averaged densities above 4 .5x1019 

m 3 

     Experiments of pellet injection has been performed not only in 

tokamaks as described above but also in stellarator/heliotron 

devices such as Wendelstein VQ —A and Heliotron E74) . Deuterium 

pellets with diameters of 0.6 mm and 0.8 mm and velocities of 400 

to 800 m/s were injected into ECR and NBI heated plasmas of 

Wendelstein VQ —A71). In ECRH plasmas , only 30 to 50 % of pellet 

particles was confined. It was mentioned that ablation' near the 

edge of the plasma by fast electrons produced by ECRH could be a 

possible explanation of this reduction. In NBI heated plasmas , it 

was indicated that fast ions directly contribute to the ablati
on of 

the pellet. With pellet injection , a fast density rise can be 

produced without increasing the impurity level simultaneously . 
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     In NBI heated current-free plasmas in Heliotron E, the 

increase of line-averaged density after the pellet injection up to 

8.2x1019 m-3 was observed, which corresponds approximately to the 

confinement of total particles of the pellet46). The highest density 

of ne=1.35x1020 m-3 was achieved by the pellet injection. The 

apparent density decay time after pellet injection is longer than 

50 ms in the case with magnetic field strength of 1.9 T. In most 

cases with 0.94 T, it is less than 10 ms. This has been considered 

to be related to radiation loss and breakdown of the power balance.
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2.5 Applications to diagonostics 

     Vasin et al. have used impurity pellets, for example carbon 

pellets, to measure the effective charge,  Zeff, profile, where 

Zeff=>njZ;/>njZ; and n1 and Z, are the density and charge of the ion 

specie j47). To determine the effective charge, they made use of the 

circumstance that the intensity of the continuum emmision, I, is 

proportional to Zeff and is related to the plasma density and 

temperature. They showed an expression for the effective charge 

which requires only relative measurements of Ic, Te, and ne. 

     Andersen used a small pellets of frozen deuterium to study the 

profile of runaway electrons in plasma48). He paied attention to the 

toridal deflection of pellet orbit due to runaway electrons which 

give an asymmetrical ablation of the pellet. He calculated the 

necessary fast electron flux responsible for this deflection and 

obtained a fast electron flux profile. 

     Heidbrink discusses diagnostic applications of fast neutron 

measurements during pellet injection on TFTR49). At first, 

application of pellet injection to the problem of extrapolating the 

neutron measurement in a deuterium plasma to the fusion production 

in an equivalent deuterium-tritium plasma was discussed . Next, an 

application to measurement of the radial profiles of energetic beam 

ions was also considered. Finally, it was shown that , during wave 

heating, the temperature of the deuterium tail can be inferred 

from neutron flux measurements alone . 

     Sasao et al. have proposed diagnostics of confined 

alpha-particles by pellet injection. The alpha-particle density 

can be obtained from the number of decaying photons emitted f rom 
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He ( n>2 ) ions which are producd through the one-electron 

transfer reaction of an alpha-particle with the probing ion ablated 

from the pellet before it is fully ionized. The counting rate 

estimated by using theoretical cross sections and the calculated 

pellet ablation rate is sufficient to be observed under the 

bremmstrahlung background. The alpha-particle velocity distribution 

will be also obtained from the Doppler broadening of the spectral 

lines.
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                           CHAPTER 3 

         A Pellet Ablation Model Including Multiple Energy 

                     Carriers in Shielding Cloud 

3.1 Introduction 

     Enhancements of pellet ablation during the neutral beam 

injections (NBI) heating were observed in many pellet injection 

experiments performed in tokamaks or helical devices as discussed 

in chapter 2. In the experiments of ISX-B, for example, penetration 

length of the pellet injected into the plasma without NBI was 

compared with that 3 msec after the beginning of  NBI12). Although 

plasma densities and temperatures were almost the same for both 

experiments, it was shown that the latter penetration was 

substantially shallower. It could be considered naturally that fast 

ions produced in the plasma due to NBI would contribute the 

ablation of the pellet. In RF heated plasmas or runaway plasmas, 

similarly, non-thermal component of electrons or ions will 

contribute the ablation of the pellet. 

     Pellet ablation calculations done by the Parks and Turnbull 

model ( PT model )6) or the Milora and Foster model ( MF model )19) , 

which are based on the neutral cloud shilding model including 

incident heat flux of thermal electrons to pellet surface only . 

agreed well with experiments in Ohmically heated plasmas except for 

the case of runaway or slide-away discharges . Usually in NBI heated 

plasmas, there appeared discripancies between the experiments and 

the calculations based on the PT or the MF model . First attempt to 
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include the effect of fast ions in ablation model was performed by 

Milora8 , which was applied to the pellet injection experiments in 

PDX and Double^[ tokamaks. He used a scaling relation between an 

average heating power and a column integrated density of a neutral 

shielding cloud, which is obtained from a numerical solution of the 

fluid equations based on the neutral cloud shielding model 

including thermal electron only (MF model). A summation of heat 

fluxes both due to electrons and fast ions is interpreted as an 

average heating power in the cloud surrounding the pellet. This 

model has an advantage that pellet ablation rate is calculated 

rather simply even though the effect of fast ions is included. On 

the other hand, the assumption seems crude. At first, although heat 

fluxes due to charged particles with different range, such as 

thermal electrons and fast ions, exist in the cloud, it is assumed 

that the structure of the cloud is the same as the case taking into 

account of electrons alone. And the average heating power is used 

in the calculation of the cloud density by neglecting the spatial 

profile of the both heat fluxes. Moreover, as pointed by Lengyel, 

energy distribution of incident particles might affect the 

structure of the cloud and ablation rate, even though it takes a 

Maxwellian13) . 

     In order to study the structure of the ablation cloud 

surrounding the pellet and the ablation rate in the case that 

multiple energy carriers exist in the cloud, we develop a new 

ablation model which is applicable to the case of multiple energy 

carriers. Since our model is based on the PT model, by neglecting 

the additional heat source term and the equations to determine this 

heat source, the original PT model can be recovered. 
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3.2 Description of the model 

     Based on the neutral cloud shielding model introduced in 

chapter 2, we describe the model equations for the shielding cloud 

or ablation cloud surrounding the pellet. 

     An ablation cloud, which is composed of neutrals surrounding 

the pellet and regarded as an ideal gas, shields or absorbs heat 

fluxes from the background plasma to the pellet surface. The heated 

cloud is assumed to expand spherically and form transonic flow. In 

our model, multiple energy carriers are taken into account in the 

incident heat fluxes to the pellet. For simplicity, the 

approximation is invoked that each energy carrier has a 

monochromatic energy. When incident particles have an energy 

distribution, this energy distribution can be taken into account by 

dividing it into several energy carriers with different 

monochromatic energies. In the PT model, incident thermal electrons 

are treated as a single energy carrier with energy of  2Te, where Te 

is the electron temperature. If the ablation energy on the pellet 

is as low as the sublimation energy. only a small amount of 

incident heat flux to the pellet surface is required to maintain 

the necessary neutral density to attenuate the heat flux 

sufficiently. Thus, the total heat flux at the pellet surface , qp, 

is considered to be much less than the total heat flux from the 

exterior plasma, q-; 

qp << q- .(3 . 1 ) 

      In the above situation, ablation process of the pellet is 

self-regulated by the surrounding neutrals . For example, if the 
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ablation rate on the pellet surface is suddenly enhanced , this is 

accompanied by an increase in the neutral density in the cloud, 

which decreases qp through the enhanced shielding effect of the 

cloud. Therefore, the increase in the ablation rate is supressed by 

the decrease in qp. On the other hand, when a perturbation reduces 

the ablation rate on the pellet surface, qp is increased to 

maintain the stationary value of the neutral density. From the 

considerations, we see that the ablation rate of the pellet is 

directly related to the shielding mechanism of the neutral cloud. 

     Since characteristic time of the flow of the ablated neutrals 

is usually much shorter than the characteristic times of the motion 

of the injected pellet itself, of the change in the macroscopic 

plasma parameters and of the recession of the pellet radius, the 

profile of the neutral cloud will rapidly become quasi—stationary. 

In the description of the ablation cloud, therefore, the pellet 

radius and the plasma parameters are assumed to be time 

independent. 

     By assuming that the cloud expands spherically, the 

conservation laws for mass, momentum, and energy in the cloud and 

the equation of state for the cloud as an ideal gas are written as 

follows; 

      pvr2 == const. ,(3.2) 

     pvdr+dr= O ,(3.3) 

     d~ yeTv2(3 .4)              PI)(
y-1 )m+21= epWi , 
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 p  = 2f1(3.5) 

m Where m, p, v, p represent the average molecular mass, the mass 

density. the fluid velocity, and the pressure of the cloud, 

respectively. The temperature of the cloud, T, is measured in unit 

of eV (e=1.602x10-19Joule/eV), and r is radial distance from the 

center of the spherical pellet, y is the ratio of specific heats, 

and G denotes the ablation rate in kg/sec. In Eq.(3.4), W; means 

the heat source in the cloud due to respective energy carrier and 

is expressed by the heat flux q, and p as 

       W =pd(eV/kg•sec),(3.6) 

in the slab approximation. If the bulk of the cloud, where heat 

flux attenuation is substantial, does not extend far from the 

pellet surface, this approximation will be reasonable. Here, hi 

designates the fraction of the heat flux due to different energy 

carrier, which is deposited for net heating of the cloud. The value 

of hi is determined by including the effects of atomic process and 

of geometry for the incident flux. 

     Equations (3.2) to (3.5) describe a free spherical expansion 

of a neutral gas with volumetric heat source. Without volumetric 

heat source, the flow velocity, v, coincides with the local sound 

velocity. CS=A/yeT*/m, at the pellet surface, and the Mach number, 

M=v/CS, gradually increases as going far away from the pellet 

surface and approaches the asymptotic value, n/5/y, corresponding 

to the supersonic flow19). With a strong heat source near the pellet 

surface, the Mach number decreases and becomes less than unity at 

the pellet surface. Since the value of M will approach far 

                                 — 28 —



is

from the pellet surface where the heat source becomes negligible ,  M 

coincides unity at a certain point , where the transition of the 

subsonic flow to the supersonic flow occers like in the Laval 

nozzle. Such a flow is called the transonic flow . At this sonic 

transition point,  r=r*, which is called a sonic radius , a 

constraint comes out to avoid a singularity . In order to be 

suitable for numerical ,calculations, physical quantities are 

normalized by the values at the sonic radius. From Eqs.(3.2) and 

(3.5), 

    P'_•v'r,2(3.7) 
and 

P=vr,2(3.8) 

is obtained. Here the primes denote the normalized quantities. 

Using the relations (3.7) and (3.8), the momentum equation (3.3) is 

rewritten as 

        dT'_(T' 'Tv.)dv.+2T'(3.9) 
     dr'vdrr' 

The energy equation (3.4) becomes 

dv" __  1  dT'+er*W*W'(3.10) 
            dr' (1-y)v' dr, v'2 

by using Eq.(3.7). Where asteriscs designate values at r=r*, and 

           W*= Wi* 

W' EE 1] Wi/W* . 

By substituting Eq.(3.9) into Eq.(3.10), 
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              dr' T'—'2L  v* 

is obtained. Since the ablation cloud is continuously accelerated, 

dv'/dr' should be a continuous function of r'. To avoid the 

singularity at the sonic radius, therefore, a relation, 

        = e (y-1) r,kW*/2 ,(3.12) 

is required. 

     By using Eq.(3.12), differential equations in the normalized 

form (3.11) and (3.10) become 

                                      2 dr.=6,22v,2(i^'—rU(3.13) 

        de'__ W' +(1—y)v'dv'(3 .14)          dr'v'0' 2®' dr' ' 

where 0'-=-T.1/2 . 

     In order to determine the heat source in the cloud Wi, which 

is expressed as Eq.(3.6), a relation for attenuation of the heat 

flux must be given for each energy carrier . We use following 

expressions to describe the attenuation of the heat flux ; 

dE. = pLi(Ei)    d
r m(3.15) 

dqi = pAi (Ei) gi     d
r m '(3.16) 

where Ei is the energy, Li is the energy loss function and A
i is 

the effective cross section of heat flux loss for the resp ective 
energy carrier in the cloud . These equations can be written 

dE3 -_       d
r'9i(4,Ei*)p'Li(3.17) 
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 1[,

dam' _ = h;(11* ,E;*)P'A;'q;'(3 .18) dr' 

in the normalized forms by values at the sonic radius . Here 

dimensionless parameters g; and h; are functions of 

    ~* = P*r*/m(3 .19) 

and if we define L;*=L;(E;*) and A;*=A;(E;*) , these are expressed as 

gi A*Li*/Ei* ,(3 .20) 

h; = dl*A;* .(3 .21) 

In Eqs . (3.17) and (3.18) , g; and h; or 4* and E;* are unknown 

parameters and they must be determined from boundary conditions. 

Integrating Eq.(3.15) from r'=1 to r'=°° , we obtain 

            fEEi=,*dE;/L; = x ,(3.22) 
                where 

x = A*p'dr' . 

When the energies in background plasma is given, the energy at 

the sonic radius E;* can be obtained from x through Eq.(3.22). If 

E;* is found uniquely in the range (0,Ei-) , the parameters g; and 

h; are also determined by x through E;* . When it is failed to find 

the root of E;* in (0,E;-) , it means that the respective energy 

carrier will not reach the sonic radius. In the neutral cloud 

shieding model, the shielding effect due to the ablation cloud is 

assumed to be dominant in the subsonic region near the pellet 

surface. If the cloud structure in the supersonic region would give 

the dominant contribution for the pellet ablation, the neutral 
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cloud shielding model becomes questionable. This is because the 

ionization degree of the ablation cloud in the supersonic region 

will  be considerably high and it cannot be assumed to be neutral. 

In such a case, the effect of the magnetic shielding may become 

importantD2). Here we consider the case that the neutral cloud 

shielding model is valid and assume the energy carrier which cannot 

reach the sonic radius does not contribute to the ablation process. 

     In the same way as for Ei* , q,* will be obtained from 

Eq.(3.16).Since the cloud density is low and the attenuation of 

the incident energy is small in the supersonic region generally, we 

assume A(Ei) in Eq.(3.16) to be uniform in space and set 

A ((E;*+E;0)/2) to obtain qj* approximately. Then 

q;* ti q;cexp(-xA ((Ei*+Eico)/2) )(3.23) 

is obtained from Eq.(3.16). Here qi* is not directly related to the 

attenuation of the incident heat flux of Eqs.(3.17) and (3.18) but 

it is used to determine W' in (3.13) and (3 .14) through (3.6). From 

(3.6) and (3.16), the heat source at the sonic radius, W* is given 

by 

W*_~fe;q;*A;*(3 .24) 
          i m 

By using W*, the normalized heat source is written as 

W =(3 .25) 

where 

                 fe;gi*A;*/W
*     m](3.26) 

is regarded as a function of x through q,* and Ei* like g
, and hi 
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     The equations for the cloud in normalized forms are summarized 

as 

   dv',22 
           7:577__0'2—v.2(~i(x)gi'Ai'—0'(3.27) 

d0'                  = i(x)gi' (1—y)v. dv 
       dr'—v'0'+20' dr' '(3.28) 

         = gi(x,*)
rLZV.,(3.29) 

       

2-----------'(3.30)       dr'r'v 

Accompanied by the expressions for ti, g; , hi, L; and A1, these 

equations are closed. When the parameters x and A* are given, 

 and h; are determined. Then, the normalized equations for the 

cloud are able to be solved. The parameters x and A* must be 

determined to satisfy the boundary conditions. 

     To solve the normalized cloud equations we must determine the 

starting value of dv'/dr' at r'=1, since du'/dr' has the improper 

form of 0/0 at r'=1 in Eq.(3.13). If we define Z=dv'/dr'Ir'=i and 

DdW'/dr'Ir'-t for simplicity, the relation of Z and D, 

D=—(1+y)Z2 + (3—y)Z + 1 ,(3.31) 

is obtained by Eqs.(3.13), (3.14) and L'Hospital's theorem. Since 

the Mach number, M=v'/0' , is less than unity in the subsonic 

region, the inequality, Z > d0'/dr'Ir-t, must be satisfied. This 

inequality and Eq.(3.14) give a lower bound of Z ; 

     Zty = 2/(1+y) .(3.32) 

If D > 0, it follows from Eq.(3.31) that the upper bound of Z is 
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given by 

          Zub = (1) (1+,11+2(1+y)/(3—Y)2) .(3.33) 

The range of Z or D, therefore, is as follows  : 

            rZl,<Z<Zub   {

l(3.34)            1>D>0 . 

Since the range of Z is limited like this, the valueof Z is 

determined uniquely from D with Eq.(3.31) in spite that it has a 

quadratic form of Z  ; 

           Z =(1+7)(1+n/1+2(1+y)(D-1)/(3—y)2).(3.35) 

From the expression of  W', Eq.(3.25), and 

    dAi _dam_               d
r'Ir=~(Ai*)dEiIE2=E,*dr•It=~, 

D is written as 

      D = EEi(A)*+Ni*)A*(3.36) 

     L*dA(3
.37)            Ni*=(A)EI E=E,*• 

If A* 'and x are given, Ei* and D can be calculated. Afterward Z is 

obtained from Eq.(3.35). It must bear in mind that A* should be 

given in the range 

0 < A* < (.L-/)(--------------------1 )(3.38) 1+
y Eei(Ai*+Ni*) 

from Eq.(3.34). It is also remarked, since D, Z and A* are mutually 

related, each of these can be used as a shooting parameter to find 

the solution. 
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     Next we consider the boundary conditions at the pellet 

surface. At first, the relation which must be satisfied at the 

pellet surface is the energy conservation. As mentioned in Chapter 

2, the bulk of the incident energy to the pellet surface is 

deposited as heat and this is used to sustain the surface 

temperature at nearly equal to triple-point temperature in the 

phase diagram against the cooling due to evapolation of molecular 

hydrogen gas. Therefore, the incident energy to the pellet surface 

must balance the ablation energy in steady state. The energy 

conservation at the pellet surface is expressed  as 

     -47rrPAns---dt EAigi(3 .39) 

where is the ablation energy per molecule of the pellet and ns is 

molecular density of the pellet. In the neutral cloud shielding 

model, the ablation energy is considered to be equal to the 

sublimation energy at the triple-point temperature. For H2-pellet, 

   0.01 eV/mol. Ai is the effective cross-section of the pellet for 

the respective energy carrier. If the energy flux incidents along 

the magnetic field line, Ai is about 27rr. And if it incidents 

isotropically to the pellet surface, Ar-47rrP. Similarly, mass 

conservation at the surface is written as 

          -47r rpmnsd--t= G 

            = 47rr*p*v* .(3.40) 

from (3.2). Combining Eqs.(3.39) and (3.40), 

Aigi = 47rLI*v*r*(3.41) 
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must hold at the pellet surface, where we use the definition of  A*, 

(3.19). Since the surface temperature of the pellet is nearly equal 

to the triple-point temperature, Tt, the cloud temperature on the 

pellet surface is approximated to this temperature ; 

     T = Ttat r=r.(3.42) 

Thus, the boundary conditions (3.41) and (3.42) must besatisfied 

simultaneously at the pellet surface. Physical data for hydrogen 

isotopes are shown in Table 3-I° . For example, triple-point 

temperature of H2-pellet is 13.9K. Typically, this temperature 

which corresponds to 1.2x10-3 eV is much smaller than that at the 

sonic radius (tit eV). 

     An algorithm to solve the cloud equations are shown in 

Fig.3.1. The four differential equations, (3.27) ti (3.30), 

associated with boundary conditions are solved numerically from the 

sonic radius, r'=1, to the pellet surface, r'<1. At first, x is 

fixed and the solutions, which satisfy the boundary conditions at 

the pellet surface (3.41) and (3.42), are searched for the shooting 

parameter 4*. This is equivalent to that an eigenvalue problem with 

eigenvalue 4* is solved with the shooting method. After the 

eigenvalue ,l* satisfying the boundary conditions at the pellet 

surface is obtained, the cloud equations are solved in the 

supersonic region, r'>1, by using the same values of x and 4* as 

those for r'<1 and an asymptotic value of E;' at r'-.00,1 , is 

calculated. Here it is checked whether this value coincides with 

the value of E;.,/E;* calulated from x with Eq .(3.22) or not. If 

there is a difference between these values, the expected value of x 

is changed and the above procedure is repeated from the beginning . 
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By this algorithm, the value of x is obtained to satisfy the 

boundary condition at  r'-... In this way , the eigenvalue and 

eigen-functions satisfying the boundary conditions at both r=r p and 

r—oo can be obtained. 

     By these procedures, normilized solutions and the eigenvalue 

4 and x can be obtained numerically. When plasma parameters in the 

background plasma and pellet radius rp are given, following 

quantities are calculated ; 

r* = rp/rp(3.43) 

P* = mil*/r*(3.44) 

v* = (e (y-1) r*W*/2) 1/3 .(3.45) 

Here rp is the normalized pellet radius where boundary conditions 

(3.41) and (3.42) are satisfied. In Eq.(3.45), W* is calculated 

from Eq.(3.24). Accordingly, physical quantities in the ablation 

cloud are derived from the normalized solutions and thier values at 

the sonic radius. Ablation rate of the pellet is caluculated from 

the mass conservation law (3.40) by using the values of p*, v* and 

r* .
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Table  .3—I. Physical data for hydrogen isotopes.

W

H D T

Boiling point at 1 atm

(1
20.4 K

 .76x10-3   eV) (2
23.7 K

.04x10-3  eV) (2
25.0 K

.15x10-3 eV)

Triple-point temperature
(1

13.9 K
.20x10-3 eV) (1

18.7 K
.61x10-3  eV) (1

20.6 K
.78x10-3 eV)

Density (kg/m3) 88.3 200 324

Heat of sublimation at
triple-point (eV/atom)

0.005 0.008
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                          CHAPTER 4 

                  Applications of the Present Model 

4.1 Introduction 

     In this chapter, we apply our model described in the previous 

chapter to (1) the case including energy carriers both of thermal 

electrons and fast  ions? and (2) the case including energy 

carriers both of thermal electrons and non-thermal electrons. The 

former case correspends to the pellet ablation in NBI or ICRF 

heated plasmas and the latter case corresponds to that in ECH or 

runaway plasmas. Although our model will be able to take into 

account for the energy distribution of incident particles 

principally, it will use much computational time to obtain an 

ablation rate profile. Therefore, for simplicity, we assume that 

each incident flux of thermal electrons, fast ions or non-thermal 

electrons can be treated as an energy carrier with monochromatic 

energy, even though it has an energy distribution .
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4.2 Effects of fast ions on pellet ablation

     We consider the case including two energy carriers  o 

electrons and fast ions? . In the following subscript 

thermal electrons and f does fast ions . For thermal 

representative energy Ee and heat flux to the pellet qe 

by 

Ee = 2Te(eV) , 

qe = reEe 

            = GeneEe3i2(eV/m2sec) 

where 

              Fe - Ce neEe 2 , 

Ge = 22 rive , 

and Fe denotes the electron particle flux. The energy loss 

for the electrons in the cloud, Le(Ee) , is given 

semi—empirical form19), 

       Le(Ee) = (2.35x1018 + 4x 1015Ee + 2x 1021Ee-2)-1 

Here the loss function has a unit of eV—m2. In the low 

energy regime, decrement of the incident electron 

elastic collisions affects the attenuation of the 

flux. By using the total cross—section for 

backscattering, aT, the decrease of the incident 

ne is written as 

dnepneUT(Ee)  
dr m ' 

where aT is given as a function of electron energy by 
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                                                                      denotes 
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(4.1)

(4.2)

function 

 by a

        (4.3) 

the low electron 

density due to 

he electron heat 

   the elastic 

electron density

 (4.4) 

Parks et



 al  .5) 

   !1 .13x10-18Ee1for Ee<100eV (4.5) OT = {1.13x10-12E,-1        8
.8x10-17E,-1.71-1.62x10- 16E0-1.02                                         for Ee100eV> 

in m2. From Eqs.(3.15),(3.16) and (4.2), the attenuation of the 

electron heat flux in the ablation cloud is written as 

                          3Le 
         dr=,n'a7+2Ee'qe 

      = 2Ae(Ee)ge ,(4.6) 

where Ae(Ee)=aT+3Le/2Ee means effective cross section for the 

attenuation of the electron heat flux. 

     The energy flux of the incident fast ions of is assumed as the 

same form as for the electrons 

of = GfnfEf312(4.7) 

where Gf is a numerical factor derived from the moment calculation 

of the fast ion distribution function ; its value depends on the 

distribution function. Ef and of are the representative energy and 

the density of the incident fast ions, respectively. The energy 

loss function for the incident fast ions Lf(Ef) is given by8) 

          Lf(Ef) = 1 .93x 10-20Ef .4 (eV—m2) .(4.8) 

For fast ions, decrement of the fast ion density due to the elestic 

backscattering may be negligible. Therefore, the attenuation of the 

heat flux for the fast ions is written as 

dqf — pAf(Ef)gf  
  dr(4.9)           m' 

where Af(Ef)=3Lf(Ef)/2Ef becomes effective cross section for the 

fast ion heat flux loss in the shielding cloud . 

                                — 42 —



     As mentioned in section 3.1, total heat flux at the pellet 

surface qp is considered to be much less than that at the sonic 

radius, since the ablation energy of the pellet is very small and 

the attenuation of the heat flux is substantial in the subsonic 

region. Moreover, the cloud temperature on the pellet surface is 

much lower than that at the sonic radius. When the ablation process 

is self—regulated by the shielding mechanism, ablation rate is 

determined by the cloud structure. Therefore, the values of the 

normalized cloud temperature T' and total heat flux  q' on the 

pellet surface are much less than unity and are not important to 

the cloud structure or the ablation rate. We assume for simplicity 

that the boundary conditions at the pellet surface are 

q' 0(4.10) 

v• ti 0(4.11) 

instead of (3.41) and (3.42). These are also assumed in PT models) . 

Since Mach number M=v'/0' is less than unity in the subsonic 

region, the boundary condition (4.11) is equivalent to 0'—'0 . 

     We use D defined by (3.31) as a shooting parameter. Since only 

two energy carriers are included, we does not use parameter x ( see 

(3.22) ) and directly find Ee* , Ef* and Ee ( of=1—Ee ; see (3.26) ) , 

whose asympotic solutions at r'--oo coincide with given plasma 

parameters, by the iterative procedure. Here Ee is related to the 

ratio between the incident heat fluxes at the sonic radius, a, by 

       Q=of*/qe*_,f BeAe* f(4.12) .fBfAf*Ee 

from (3.26). For the sake of simplicity, it is assumed that 

fractions fBe and fef are uniform in the cloud, and fBe-s-0.6 , 

fBfti1.0 . The former value has been estimated by considering that 
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the incident electrons move almost along the magnetic field lines 

to the pellet and that their Larmor radii are tipically smaller 

than the pellet radius rp  6) . The latter has been adopted by 

assuming that the Larmor radii of the fast ions will be larger than 

the pellet radius and that the cloud is heated isotropically. 

     Typical results of numerical calculations are shown in Table 

4-I and Fig.4.1 for three cases; (a) incident heat flux of only 

electrons is included, (b) incident heat flux of only fast ions is 

included, (c) incident heat fluxes of both electrons and fast ions 

are included. These calculations are performed for the same ambient 

plasma parameters(new 6x 1019m-3,Tee 200eV , nf~ 2x 1018m-3, 

Ef...= 25.53keV , and (71.0=1 .44x1028eV/m2sec ) and pellet size (rp 0.5mm ) 

in which the effect of the heat flux due to fast ions is 

significant. 

     First, we compare (a) with (b). The case of (a) exactly 

corresponds to PT model and the heat flux of the fast ions is 

neglected (ee=1). For this case, electron energy at the sonic 

radius, Ee* , is required to obtain the normalized solutions . On the 

other hand, in the case of (b) the heat flux of the electrons is 

ignored and only the fast ions are considered as the heat source 

(G=0). For this case, the normalized equations for the cloud, 

Eqs.(3.27) to (3.30), reduce to 

         dr' = 0.22v'2(Ef.o.s_Or' )(4.13) 

d0' = El" + (1-y)v' dv'(4
.14)          dr' v'0' 20' dr' ' 

dEf' -  Ef'0 9D  
     dr' 0 .9r'2v' •(4.15) 
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The eigenvalue of these equations is D in (4.15), which is related 

to  dv'/dr'1,..=1 by Eq.(3.35), and, regardless of the fast ion 

energy, this eigenvalue and normalized solutions are determined 

uniquely to be D=0.55279, ]"'p=0.61560, Ef=1.3429 as in Table 4-I . 

When the heat flux of the electron is ignored, the heat source is 

determined by the fast ion energy only in the normalized form as 

W =Ef'3/2Af'=Ef"3.9 This is the reason why the normalized solutions 

are independent of the fast ion energy. Therefore, the ablation 

rate of the pellet is given by a scaling law such as 

             G = 5.712x I071712/3gf1/3Ef2/5rp4/3 

              = 5.712x 107m2/3(Gf ) 1/3Ef '9rp4/3 (kg/sec) , (4.16) 
or 

rp = 4.55x106ps1m2/3(Gfnf-)1/3Ef .9ra 2/3 (m/s) . (4.17) 

Since theheat source of the cloud for (a) is stronger than for 

(b), the velocity v becomes larger in (a) (see Fig.4.1). However, 

from the mass conservation law (3.2), the ablation rate of the 

pellet is determined by pv. In the case of (b), therefore, the 

cloud density p in Fig.4.1 becomes large enough that (b) has the 

larger ablation rate than (a) (see Table 4-I ). The reason is that 

the attenuation of the fast ions in the present energy ranges is 

much less than that of the thermal electrons, which requires the 

high cloud density to attenuate the heat flux due to fast ions 

sufficiently. Accordingly, fast ions contribute weakly to the 

heating of the whole cloud but have a significant influence on the 

heating in the neighborhood of the pellet surface or on the energy 

balance at the pellet surface. 

     For the case of (c), the cloud has also high density like (b) 
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to attenuate incident fast ions sufficiently (see Fig.4.1). 

Incident electrons, therefore, cannot reach to the pellet surface 

and contribute only to heat up the cloud around the sonic radius. 

The cloud temperature and the flow velocity near the pellet surface 

are low, since the heat source due to fast ions only is weak and 

the cloud density is high. However, in the distance of about two 

pellet radii from the center of the pellet where electrons can 

reach, the cloud is heated up and accelerated by the strong heating 

from the incident electrons. These are the reason why Mach number 

has a dip in the subsonic region and the sonic transition point 

moves further from the pellet surface. This phenomena might be 

general for the case that heat fluxes with different ranges exist 

in the cloud. And the ablation cloud structure might differ from 

the case that one of the incident heat fluxes is assumed to be 

dominant like (a) or (b). The effect of the change of the cloud 

structure on the ablation rate is considered in next section 4.3. 

If the range of electrons is quite different from that of ions and 

electrons can not reach to the sonic radius, Mach number might have 

a dip in supersonic region. It is unable to calculate this case by 

our model; however, the dip in Mach number in supersonic region 

might have little effects on the ablation rate . The cloud heating 

in the region far from the pellet surface does not affect the cloud 

parameters near the pellet surface, which determine the ablation 

rate. Accordingly, neglect of the incident electrons like (b) will 

be good approximation for such a case . 

     In analyses of the neutral  beam heating experiments , a fast 

ion distribution function is discussed and there are several 

standard methods to calculate it . We assume, therefore, that a 
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distribution function of fast ions,  f(vf,0) at each flux surface is 

known by using a Fokker-Planck code, where of is velocity of fast 

ions and 0 is pitch angle against a magnetic field line. We write 

an averaged distribution function of f(vf,0) over 0 as f(vf). 

Representative energy of fast ions which has weight on high energy 

components is given by12) 

E ( Lr (2 ernfv4)3.f(vf)v duf)1/3,(4.18) 

where 

nf„ = 4.7rrf (vf)v dvf .(4.19) 

                      0 Heat flux of fast ions to the pellet is estimated by 

        g100= 2e J0 v7f (vf)clvf .(4.20) 

     Figure 4.2 shows a dependence of the ablation rate,Idrp/dtI, 

on ne„ and T¢„ for a fixed distribution function of fast ions and 

pellet radius. In this case, one dimensional analytic solution of 

Fokker-Planck equation for fast ions 

f(vf) _ E  S'rs3U(t-Tslnv8i+v)(4.21) 
                   j=14ir(vy+Q) 3 v1+1)~ 

is used to calculate representative energy (4.18) and heat flux 

(4.20)12), where U means a step function, Si is a particle source 

for j-th injection energy component of fast ions, Ts is Spitzer's 

slowing down time, voj is an injection velocity of the j-th 

component, vc is a critical velocity, and t is a time duration from 

the beginning of NBI-heating. For Fig.4.2 parameters of fast ions 

derived from Eqs. (4.18)-(4.20) are fixed as nf,0 2x1018m-3, 

Ef.0= 25.53keV , and qi— 1 .44x 1028eV/m2sec , and the pellet radius is 
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0.5mm. These are the same parameters as used for Fig.4.1. 

Similarly, Fig.4.3 shows a dependence of  Idrp/dtI on neoo and Te. 

for the case of neglecting fast ions or e=1. It is noted that the 

ablation rate is governed by fast ions in low Tee plasmas and the 

difference between Fig.4.2 and Fig.4.3 becomes small for high Teo, 

plasmas. It is reasonable that influence of fast ions is 

significant for low n,., since np,., is fixed. The effect of fast 

ions, therefore, is more pronounced, when ne,. and Te, are low like 

in the peripheral region of plasma column 

     We compare our results with Milora model including the heat 

flux due to fast ions8 described briefly in Appendix. We developed 

a numerical code based on this Milora model and obtained Fig.4.4 

for the same conditions as Fig.4.2. By comparing Fig.4 .4 with 

Fig.4.3, the effect of fast ions on the pellet ablation rate is 

small in the high electron temperature regime, where our model 

agrees with Milora model except difference owing to the numerical 

method. However, this becomes more significant for the low Te- and 

low ne„ regime than our model in Fig .4.2. In an intermediate regime 

where Teo,,1keV for this example, this difference is more 

pronounced. Our model predicts that the ablation rate does not 

increase monotonically, when Teo, increases . However, Fig.4.4 shows 

monotonic increase of ablation rate . It is considered that the 

change of the cloud structure due to fast ions is not taken into 

account in Milora model. In Milora model , it is assumed that the 

relationship between the heating power in the cloud and the 

integrated column density of the cloud follows the same scaling as 

that is obtained for electron heating only even in the presenc
e of 

fast ions. On the contrary we solved the fluid equations for the 
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cloud. It is also assumed that the heat source for the cloud is 

uniform in Milora model. This means that, even in the situation 

that  Te„ is low and the range of electrons in the cloud is short, 

the electrons can heat the cloud near the pellet surface. 

Accordingly, it is probable that the ablation rate is overestimated 

for low Te„ . However, when both ne„ and Te. are low and the 

deposited power from electrons is much smaller than that from fast 

ions, this assumption does not matter.
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4.3 Effects of non-thermal electrons on pellet ablation 

     Here, we consider effects of non-thermal electrons on ablation 

cloud dynamics and ablation rate. We will consider two components 

for electrons; one is thermal electrons and the other is 

non-thermal electrons. In our model, both are treated as 

monochromatic beams with respective energies. Theoretical 

treatments of those two energy carriers are the same as thermal 

electrons and fast ions in section 4.2, but the loss function Le of 

Eq.(4.3) and the effective cross-section Ae of Eq.(4.6) are used 

for both energy carriers. Heat flux of non-thermal electrons is 

estimated that 

 of = rfEf,(4.22) 

where 

rf = nfvf, 

of = V2eEf/me . 

In this section, subscript f denotes quantities for non-thermal 

electrons. Fractions in Eq.(3.6), he and fsf , are assumed to be 

0.6. Results of calculations are qualitatively the same as the case 

considering fast ions instead of the non-thermal electrons. 

Hereafter, we omit the subscript 00 which designates the value in 

the background plasma for simplicity. In Fig.4.5, dependence of 

regression velocity of pellet radius for H2-pellet on the plasma 

thermal electron temperature is shown at ne=3x 1019 m-3 and rp=0.5 

mm. The density of fast electrons is fixed to 1/1000 of thermal 

electron density and three cases of Ef= 10 keV, 30 keV, 50 keV are 

plotted in this figure. Solid line designates Te-dependence without 
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considering fast electrons. In these calculations, when eigenvalue 

,l* ( see (3.19) ) cannot be found appropriately by the shooting 

 method, we assume that the range of thermal electrons in the cloud 

is much shorter than that of fast electrons and thermal electrons 

cannot reach the sonic radius. In such a case, we neglect thermal 

electrons as mentioned in section 3.2. The part where curves are 

flat in low Te regime denotes the region where contribution of 

thermal electrons to the ablation is negligible. There is a 

limitation in our model for the ablation due to non—thermal 

electrons. If the energy of fast electrons is more than several 

hundred keV, the shielding of cloud may not effective for these 

particles and they penetrate into the solid pellet deeply. The 

assumption of surface ablation of the pellet, therefore, may be 

invalid. An application of our model to such a case results in a 

contradictory solution that the cloud density near the pellet 

surface becomes much higher than the solid density of the pellet. 

      In the cases shown in Fig.4.5, however, the solutions, whose 

eigenvalues can be successfully obtained, have an asymptote to the 

solutions in the low Te regime where thermal electrons are 

neglected. The approximation of neglecting thermal electrons, 

therefore, is allowed for the low Te cases. From Fig.4.5, the 

results are shown that (1) ablation rate is larger for the higher 

energy of fast electrons, (2) effects of fast electrons are 

significant in low Te regime and negligible in high Te regime. It 

is noted that there is a region where the ablation rate decreases 

as Te increases. This tendency is also seen in the case of the 

ablation considering fast ions, but less pronounced compared to 

Fig.4.5. This is manifestation of importance of the cloud structure 
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on the ablation rate. The change of cloud sturucture is 

significant, when the difference between energies of two energy 

carriers is large. We show the results of the cases that  Ef = 50 

keV, 75 keV, 100 keV in Fig.4.6. Here we assumed of/ne = 1/10000. 

( As mentioned above, there is a possibility that the results at Ef 

ti 100 keV in low Te regime violates the assumption of the neutral 

cloud shielding. ) A spike of the ablation rate at Te = 2keV for 

the case of Ef = 75 keV is due to the change of the numerical 

procedure from the root-finding of A* by the shooting method to the 

region of neglecting thermal electron heat flux. 

     In order to examine the effect of two energy carriers on the 

cloud structure or ablation rate, the cloud stuructures for the 

representative cases of A ( pointed with arrow A in Fig.4.6 ) and B 

( pointed with arrow B in Fig.4.6 ) are shown in Fig.4.7. Case A is 

that only fast electrons of Ef = 100 keV is considered and Case B 

is that both fast electrons of Ef = 100 keV and the thermal 

electrons of Te = 4 keV are included. From the total value of 

incident heat flux to the pellet, larger ablation rate is expected 

for Case B; however, the result is different from the simple 

expectation. In Fig.4.7 for Case B, it is found that thermal 

elelctrons heat up the region of the cloud far from the pellet 

surface intensively and the subsonic region extends widely. 

Moreover, density of the cloud p is lowered by the heating and the 

expansion due to the thermal electrons far from the pellet surface 

for Case B; however, the difference of p in both cases of A and B 

is relatively small near the pellet surface. The significant 

differences appear in the cloud flow velocity and temperature . 

Equation for the cloud flow velocity (3.13) is rewrited as 
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            dr' -022W-M2) (1M2) r'•(4.23) 

Second  term of r.h.s. of this equation decreases flow velocity of 

the cloud in the subsonic region ( where M < 1 ) and increases if 

in the supersonic region ( M > 1 ). Since energy of non-thermal 

electrons is large, their attenuation is weak or heat flux 

deposited to the cloud W' is small. The contribution of the second 

term of r.h.s. in (4.23) is larger than the first term near the 

pellet surface ( r < 0.8 mm ) where only fast electrons reach. For 

Case B, therefore, expansion of the subsonic region due to heating 

of the cloud far from the pellet surface by thermal electrons 

supresses the cloud flow velocity at a value smaller than the sound 

velocity. Then the resultant ablation rate drp/dt«pvr2 is smaller 

than that of Case A. When the energy of thermal electrons becomes 

high, they can reach near the pellet surface. Here the thermal 

electrons heat and expand the cloud near the pellet surface 

dominantly and the ablation rate is enhanced. These tendencies are 

similar to those found in ablation due to both thermal electrons 

and fast ions ( see Fig.4.1 ).
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4.4 Conclusion 

     We apply our model, which can treat multiple energy carriers 

incident to the pellet, to the cases (1) including incident heat 

fluxes both of thermal electrons and fast  ions7) and (2) including 

incident heat fluxes both of thermal electrons and non-thermal 

electrons. It is found that the existence of multiple energy 

carriers can modifiy the ablation cloud dynamics substantially. It 

is concluded that, if the pellet is shielded by its ablation cloud, 

the ablation rate of the pellet cannnot be determined simply by the 

total incident heat flux to the pellet surface or deposited power 

to the cloud. The ablation rate must be calculated considering the 

modification of the cloud dynamics by the presence of multiple 

energy carriers. We have also found that, when the incident heat 

flux of fast ions dominates the ablation properties or that of 

thermal electrons can be neglected in the pellet injection into an 

NBI heated plasma, the ablation rate can be calculated by the 

simple scaling law.
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Table. 4—I. Numbers from the solutions of the fluid equations for the cloud corresponding to 

   three cases in Fig .4.1. Eigenvalue, D*A* or .1*, asymptotic values of normalized 

   solutions, Ce,qe, and Ef, and normalized pellet radius,rp, are obtained from the 

   solutions of normalized equations with input parameters, (Ee* ,Ef* >E). The r* and rp are 

   calculatedfor ambient plasma parameters, ne,,=6x 1019m-3, Teo,=200 eV, nf,= 2x 1018m-3, 

40= 25.53 keV, and q/...---1 .44x1028 eV/m2sec , and the pellet radius, rp=0.5mm.

Ee*(eV)  Ef*(keV) e D* k* Ee 4e Ef rp r*(mm) k* (m-2) rp(m/s)

(a) 358.9 1.000 0.586 1.115 1.553 0.6036 0.828 3.04x1020 —0 .313

(b) 19.01 0.000 0.553 1.343 0.6156 0.812 1.18x1022 —2 .560

(c) 354.6 25.33 0.985 0.651 1.129 1.634 1.008 0.1471 3.400 3.36 x 1020 —2 .244
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Fig.4.1.   Cloud structure of H2 pellet by the present model for 
three cases including incident heat flux due to (a) 
electrons only, (b) fast ions only, (c) both electrons and 
fast ions. Ambient plasma parameters are ne—=6x1019m-3 
TQ„=200 eV, nf,.= 2x 1018m-3, Ef,o= 25.53 keV, and qf„=1 .44x 1 028 
eV/m2sec; the pellet radius, rp=0.5mm. The abscissas 
denote radial distances from the pellet center . In the 
figure of Mach number, dark circles denote the positions 
of sonic radii where Mach number becomes unity.
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                          CHAPTER 5 

           Calculations of Pellet Ablation Rate Profile 

                      Injected into Torus Plasmas 

5.1 Introduction 

     The pellet ablation model presented in chapter  4 makes it 

possible to calculate cloud structure surrounding a pellet and 

instantaneous ablation rate, when a pellet is explosed in the 

plasma with given parameters. In pellet injection experiments, a 

pellet moves in an inhomogeneous plasma with various plasma 

parameters and size of the pellet itself changes by ablation 

process during penetrating into the plasma. An ablation rate 

profile is measurable from  Ha line due to the neutrals surrounding 

a pellet'2'7) . Increase of line averaged plasma density is also 

usable to study the ablation rate profile. Therefore, we need 

comparison of the ablation rate profiles between experimental data 

and numerical results to test the pellet ablation theory. In this 

chapter, we describe a method to calculate the ablation rate 

profile in a toroidal plasma with inhomogeneous plasma parameters 

by considering change of the pellet size, and we compare results 

from the present model, which includes the effect of fast ions, to 

those from the Milora model ( it is also includes the effect of 

fast ions in a different way, see Appendix ). An analysis to 

optimize pellet injection parameters according to the experimental 

conditions, such as injection velocity of the pellet and its size, 

is also discussed. 
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5.2 Development of ABLATE code 

     A code which calculates ablation rate profiles of pellets 

injected into magnetically confined plasmas is named as ABLATE. 

During the development of this code,  'Pellet' routine by 

W.A.Houlberg et al.51) was referred. In the ABLATE code, 

cross-section of a toroidal plasma is divided by several spatial 

grids on flux surfaces shown in Fig.5.1 and time evolution of a 

pellet radius rp is described by 

           dt= -Pp(rp(t) , (plasma parameters))(5.1) 
in each mesh region. Here, Pp is an absolute value of regression 

velocity of the pellet radius determined by the pellet ablation 

process and it is a function of rp and plasma parameters generally. 

When spatial grid spacing is appropritely chosen, plasma parameters 

can be approximated to be uniform in each mesh region. If the 

pellet injection velocity is considerably large and perturbations 

of plasma parameters due to the pellet ablation are sufficiently 

small, plasma parameters in the j-th mesh where the pellet exists 

are assumed constant for tit; ; 

At; = dx;/vp(5.2) 

which denotes a time that the pellet pass through the j-th mesh. 

Here, Ax; is a pass length of the pellet in j-th mesh region ( see 

Fig.5.2 ) and vp is a pellet injection velocity. By integrating 

Eq.(5.1) over the period dt;. therefore, a change of the pellet 

radius in j-th mesh region or particle numbers deposited in this 

region is calculated and the volume-averaged density increment is 
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give by averaging the deposited particle numbers over the volume of 

the j-th mesh. 

     From these procedures, the ablation rate of the pellet and the 

neutral particle source are obtained; however, perturbations of the 

background plasma parameters due to the pellet ablation are not 

considered so far. When the pellet is injected into a plasma with 

 Te^T;, electrons having large thermal velocity compared to ions 

move along the magnetic field lines and reach to the pellet 

dominantly and lose their energy due to both the impact ionization 

with pellet particles and collisions with cold electrons produced 

by the pellet ablation. When cold electrons are increased in the 

background plasma, the electron energy distribution changes to a 

new Maxwellian distribution after several electron-electron 

collision times Tee . These cooling of plasma temperature and 

increase of plasma density affect the pellet ablation itself, when 

the characteristic time of the pellet motion is much longer than 

tQe . This mechanism is called 'self-limiting ablation'S° , which is 

included in the ablation rate calculation of the ABLATE code. 

     Interactions between the plasma and the pellet may be assumed 

adiabatic, since At; is much smaller than the characteristic time 

of plasma radial transport generally. Then, we describe the change 

of the density and the energy of plasma electrons as 

d (ne) j _ 47r rpnsRp(5 .3) 
      dtV. 

d(3neTe), _ 47rrPnsPpcf(5.4) 
dtV; 

where ns is a number density of pellet atoms, V; is a volume in 

j-th mesh region, and ci is an average electron energy loss due to 
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ionization and dissociation of a pellet particle. Here, we assume 

that  e1 is 40 eV/atom. By solving a set of differential equations 

(5.1), (5.3), and (5.4) simultaneously for the period 4t, in each 

mesh, changes of rp, ne, and Te are obtained. These are several 

options in ABLATE code, MF model19), the Milora model including fast 

ion ablation process8) , PT model6) , and our model discussed in 

chapter 3 and 4. 

     As an example of results from the ABLATE code, ablation rate 

profiles in a torus plasma are shown in Fig.5.3. The plasma has a 

major radius of 2.2 m and a minor radius of 0.2 m. Parameters of 

plasma electrons are 

ne(r) = 6x1019{1-(r/a)2}+5x1017(63) 

           Te(r) = 600{1-(r/a)2}+10 (eV) 

and the pellet contains 5.86x1019 H-atomscorresponding to 1 

mm-diameter and 1.4 mm-length cylindrical pellet. In this example, 

the original Milora-Foster model is used which includes the 

ablation due to only thermal electrons. When the pellet velocity 

exceed 600 m/s, a pellet can reach the magnetic axis . Here, the 

ablation rate is significantly supressed at the magnetic axis . 

Since the volume V; between the spatial grids becomes small in the 

neighborhood of the magnetic axis and increase of plasma electron 

density due to the pellet ablation is considerable and the 

'self -limiting ablation' mechanism becomes more effective near the 

magnetic axis12). Electron density and electron temperature profiles 

just after the pellet injection calculated from (5 .3) and (5.4) are 

shown in Fig.5.4. The pellet injection condition and the target 

plasma parameters are the same as those in Fig .5.3. Although the 
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ablation rate decreases in the central region of the plasma column 

due to the  'self-limiting ablation', significant density increase 

and temperature decrease are still observed . When the pellet 

injection velocity is 800 m/s, nearly 70 % of pellet particles 

ablate in the central region of r/a<0.5. 

     When plasma parameters are given, we can estimate injection 

conditions required for effective supply of neutral particles or 

control of density profile by using the ABLATE code for various 

pellet sizes and injection velocities. The results are summariezed 

in Fig.5.5. Plasma parameters are the same as those used in both 

Fig.5.3 and 5.4, and total number of electrons is appproximately 

5x1019 before pellet injection and this is shown in this figure by 

dashed line. Figure 5.5 shows contours of content numbers of pellet 

particles ablated in a central region of plasma (r/a<0.5) and the 

dotted region denotes injection parameters with which above 60 % of 

the total pellet particles can ablate in the central region. When 

the injection parameter exists in the up and right region from 

dot-dashed line in this figure, the pellet exceeds the magnetic 

axis, and when it is in the up and right region from dot-dot-dashed 

line, the pellet goes through the whole plasma column before it 

ablates completely From this figure, if we design to inject a 

pellet containing neutral particles equal to total number of plasma 

particles and to supply as possible as particles to the plasma 

central region under the condition that the pellet ablates 

completely inside the plasma column, injection velocity of 800 to 

900 m/s is required. 

     As shown above, even if plasma parameters are fixed, pellet 

size and injection velocity depends on requirements. Since 
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effectiveness of pellet injection is related to the 

stability and transport process, further examination 

account of experimental conditions will be needed 

analysis related to the pellet injection is discussed 

the transport coupled to the pellet injection is one 

problems of this thesis and it is discussed in 6.3, 7.3

 macroscopic 

taking into  

. Stability 

in 7.4  and 

of the main 

, and 8.3.
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5.3 Ablation rate profile by the present model 

      and comparison with the Milora model 

     First, by using the ABLATE code, pellet injection into a 

plasma in a PDX-tokamak-like device is analysed by our including 

fast ions. The ablation rate profile is calculated, for the case 

where a spherical H2 pellet of a diameter of 1 .7 mm ( 1.37x1020 

atoms in the pellet ) is injected at a velocity of 900  m/s into a 

toroidal deuterium plasma with circular cross-section, major radius 

R0=1.38 m, and minor radius a=0.45 m. The plasma is heated for 30 

ms by a deuterium neutral beam, with injection energies of 50 keV , 

50/2 keV, 50/3 keV, whose beam fraction is 0.45:0.30:0 .258) . In 

Fig.5.6(a) and (b), the ne and Te profiles both just before and 

just after pellet injection are shown. The profiles just before the 

pellet injection are given by 

            ne(r) = (4x1019-2x1018){1-(r/a)4}2+2x1018(m3) 

and 

           Te(r) = (1100-50)(1-(r/a)21+50(eV) 

They are represented by dashed lines in the figures. Here, r 

denotes the radial distance from the magnetic axis. The solid lines 

in these figures designate the ne and Te profiles just after pellet 

injection calculated from our model. Parameters for the fast ions 

are shown in Fig.5.6(c). Here, instead of a self-consistent 

calculation for the deposition profile of the fast ions, a probable 

density profile of the fast ions is assumed in the form 

nf(r) = (5x1018-1x1016){1-(r/a)2}2+1x1016(m3) 
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We calculate  Et and qt from Eqs.(4.18) and (4.20) with a 

distribution function of the form (4.21), where the Si are 

determined so as to reproduce the above mentioned density profile. 

In Fig.5.6(d), the ablation rate profiles are shown with the number 

of ablated atoms per unit path length of the pellet. The ablation 

rate profiles as calculated by including heat fluxes of both 

electrons and fast ions are represented by the solid line. The 

dashed line refers to the Parks-Turnbull model which neglects the 

heat flux of the fast ions ( fe=1 ) and the dot-dashed line shows 

the case where the heat flux of the electrons is neglected ( Ee=0 

), which is hypothetical since fast ions cannot exist alone in the 

plasma bulk, where Ee is a ratio of the heating power to the cloud 

due to thermal electrons to the total heating power at the sonic 

radius ( see Eq.(3.26) ). From these curves, it is found that the 

pellet ablation rate is enhanced by the heat flux of the fast ions 

and that the pellet lifetime becomes shorter than the value 

obtained by the Parks-Turnbull model. For this example, the pellet 

lifetime for the solid line is nearly equal to that obtained from 

the model considering fast ions only ( dot-dashed line ), which is 

calculated from the scaling equation (4.16) or (4.17). The ablation 

rate is enhanced by the effect of fast ions, especially in the 

peripheral region of the plasma where both electron density and 

temperature are low. These results seem to be consistent with the 

experimental results. 

     In order to compare our results with those of the Milora model 

including heat flux due to fast ions. The ablation rate profile 

calculated from the Milora model, when a pellet is injected into 

the same plasma as in the case of Fig.5.6, is shown in Fig .5.7. The 
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pellet life time is , then, half of that from our model. In 

Ref.(8), the penetration obtained from Milora model is 27 cm, which 

is larger than that shown in Fig.5.7. The difference may come from 

the fast ion density profile. We took a broader profile than 

Ref.(8), since the Ef/2 and Ef/3 components were assumed to deposit 

near the edge region, where Ef is the injectin beam energy The 

penetration length in the experiment is estimated to be 29 to 32 

 cm8) . This is a little shorter than that shown in Fig.5.6. The 

experimental information is limited to the function of determining 

which model is more suitable for an analysis of pellet injection 

experiments. We need the profiles of plasma parameters, in 

particlar the local distribution function of the fast ions, in 

order to verify our model. It is not only necessary to compare the 

lifetimes but also the ablation rate profiles with the experimental 

data for different parameter ranges. 

     Next, we consider the effect of non—thermal electrons on the 

ablation rate. Figure 5.8(a) shows the ablation rate profile in a 

plasma with a major radius of 2.2 m and a minor radius of 0.2 m in 

the presence of non—thermal electrons with energy of Ef=10 keV. 

Plasma thermal electron density and temperature profiles and fast 

electron density profile just before the pellet injection are also 

shown in Fig.5.8(b), (c), and (d). For this example, the fast 

electrons are assumed to be localized around r=0.12 m and maximum 

density is 10t7 m-3 . H2 pellet with radius of 0.572 mm, which is 

equivalent to a cylindrical pellet with diameter of 1 mm and length 

of 1 mm, is injected with velocity of 800 m/s. As a result, the 

pellet penetration of 8 cm is obtained. To see the effect of fast 

electrons, the ablaiton rate profile calculated without considering 
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the fast electrons ( PT model ) is shown in Fig.5.9. In this case, 

the pellet exceed the magnetic axis and the pellet penetration 

becomes 35 cm. These results show that non-thermal electrons may 

contribute pellet ablation significantly. The non-thermal electrons 

are produced in a runaway or slide-away discharge or RF heating 

such as electron cyclotron heating and lower hybrid heating in 

tokamaks.

- 70 -



5.4 Conclusion 

     We developed the ABLATE code which calculates ablation rate 

profiles of pellets injected into magnetically confined toroidal 

plasmas. By using this code, we can estimate the ablation rate 

profile in the experiment, and optimize pellet injection conditions 

required for effective fueling. Moreover, by coupling it with a 

transport code, it is able to analyze transport properties after 

the pellet injection, which will be discussed in sections 6.3, 7.3, 

and 8.3. 

     We analysed pellet injection into a neutral beam heated 

toroidal plasma by using the ABLATE code and compared the results 

from our model to those from the Milora  models) . It is found that 

fast ions affect the pellet ablation espcially in the peripheral 

region of the plasma column as observed in the experiments. Our 

model gives a longer pellet life—time than the Milora model. As 

discussed in chapter 4, the main reason is that our model includes 

the effect of the modification of ablation dynamics due to fast 

ions but the Milora model does not. We also showed that non—thermal 

electrons, produced by such as ECRF heating, may contribute to the 

pellet ablation considerably.
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                          CHAPTER 6 

           Transport Code Including Pellet Injection and 

                 Its Application to ISX-B Experiment 

6.1 Introduction 

     Influences of the pellet injection on plasma equilibrium, 

stability and transport is the most important issue for the pellet 

fueling. To study transport properties numerically, one dimensional 

(1-D) transport  code52),53) coupled with ABLATE code ( see section 

5.2 ) has been developed. Using the code, we studied the time 

evolution of plasma parameter, such as density, temperature and 

current profile, after the pellet injection. First, we describe our 

transport model and discuss the coupling of the ABLATE code to the 

transport code. As an example, we analysed a pellet injection into 

an Ohmic heating plasma in the ISX-B tokamak12).
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6.2 Description of the transport model 

     In order to examine the time evolution of plasma parameters 

and to calculate the confinement time and the energy balance at 

steady stata, we use one dimensional transport code. In our 

transport code, coupled with the ablation code ABLATE, we solve the 

following equations for electron density,  ne, electron temperature, 

Te, ion temperature, Ti, and poloidal magnetic field, BP : 

ane __1 a(rIe)+S(6.1) at
ray 

    —a(-3neTe) =—1a (rQe) + We ,(6.2) 
   at 2ray 

    at(2niTi) =-rar(rQt)+Wi,(6.3) 

aBP =a(~1a (rB )),(6.4) 
   atarpp ray P 

where ni is ion density, Qe and Qi include both conduction and 

convection terms as 

aTe 3(6 .5)        Qe =xene a r+ZTeFe, 

aTi 3(6 .6)         Q
i =xiniay+2Tire , 

and Fe is radial particle flux for electrons, 

re = Dane(6.7) ar 

  is the electron source term due to ionization of recycled 

neutrals and neutral beam particles during NBI heating. We includes 

the energy deposition to electrons by NBI, Ohmic input power, and 
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ionization loss, and  Wi includes the energy deposition to ions by 

NBI and charge exchange loss. Both terms also include the energy 

exchange between electrons and ions. In the calculation of neutral 

beam heating, we solve numerically the two dimensional linearized 

Fokker-Planck equation in velocity space for fast ions ( Fast Ion 

Fokker-Planck Code ; FIFPC )54). Furthermore, we assume tangential 

injection of NBI. The neutral particles are included through the 

AURORA code which is based on the Monte-Carlo method55), the halo 

neutrals produced by the NBI are, however, neglected. The impurity 

effect is included through Zet}=2 and the radiation loss is 

simulated by enlarging the electron ionization loss energy to 40 

eV. In transport coefficient in Eq.(6.6) is assumed neoclassical. 

However, electron thermal conductivity in (6.5) and diffusion 

coefficient in (6.7) include both neoclassical transport 

coefficients and anomalous transport coefficients obtained 

emperically. These anomalous coefficients are adjusted to reproduce 

the experimental plasma parameters. 

For` simulations of pellet injection experiments, there are two 

ways to introduce density increase and temperature decrease in the 

1-D transport code. One is the ablated pellet particles are 

regarded as the particle source term in the corresponding mesh 

region by assuming that are ionized instantly and that pellet 

particles become electrons and ions on the same flux surface. The 

other is that plasma density increases through the interaction 

between electrons and neutral particles by considering the pellet 

is the source for neutrals55). Depending on the selection , the 

radial diffusion velocity of supplied particles due to the pellet 

may be different. If we adopt the latter way, for example , the 
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ablated particles fly through the plasma as neutrals . In a real 

plasma, almost all ablated particles are ionized immediately and 

confined within the magnetic surface, and the others fly across the 

magnetic surface as neutrals. In the present study concerning high 

temperature target plasmas, we adopt the former way. 

     For pellet ablation calculation, we use ABLATE introduced in 

chapter 5. In this code, several ablation models are implemented 

for ablation rate calculation according to situations. If we 

consider the 'self-limiting ablation'  mechanism51), the changes of 

electron density and temperature are given simultaneously by this 

code. For ion temperature, we assume the adiabatic change and 

calculate ion temperature profile after the pellet injection, 

Ti(new) , from Ti(new)=ni(o Id) Ti(olc1)/ni(new) , where charge 

neutrality ni=ne is used. These plasma parameters just after the 

pellet injection are taken into account as initial values for next 

time step calculation in the transport code, since a pellet 

life-time and time scale for change of plasma parameters due to the 

pellet ablation are much shorter than the characteristic time for 

plasma transport. 

     When we calculate the transport for Heliotron E in chapter 7, 

we will modify the above 1-D tokamak transport code. Heliotron E is 

not a tokamak-type device but the toroidal helical device with a 

helical coil wound around the vacuume chamber producing both 

toroidal and poloidal magnetic fields. In 1-D transport calculation 

only the rotational transform produced by the helical coil winding 

is included. Thus, for Heliotron E, the plasma is approximated by a 

circular cross-section with an averaged radius and the poloidal 

magnetic field produced by the helical coil, Bp, and that by the 
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plasma current,  BpH ( in the case of Ohmic heating ). The former 

poloidal magnetic field is calculated from the rotational transform 

profile produced by the helical coil, ch(r) , as 

BP(r) = Btrth(r)/Ro 

     Ro        =+(           {coLaco) (a)4},(6.8) 

where co=ch(0) , ca ch(a) , Bt is the toroidal magnetic field 

produced by the helical coil, and Ro is the major radius. In the 

present study, we took co=0.55 and ca=2.5. Equation (6.4), 

therefore, is used only for BpH and the total poloidal magnetic 

field in transport coefficients is given by a summation of BpH and 

BP. In the calculation for Heliotron E in chapter 7, ripple 

transport and radial electric field on the transport are neglected, 

since collisionality is estimated in the plateau regime. When the 

Ohmic current is zero ( called as current-free plasma ), the plasma 

is maintained only by the external rotational transform, ch. In the 

simulations, we took into account the observed small toroidal 

current in Heliotron E instead of completely current-free plasma, 

but its contribution to confinement and heating is negligible57).
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6.3 Transport study of pellet injection 

       experiments in ISX-B 

     We will analyse a pellet injection experiment in the ISX-B 

 tokamak device12) by the 1-D tokamak transport code explained in 

section 6.2. The ISX-B tokamak plasma has a major radius of 0.92 m 

and a minor radius of 0.27 m. Calculations were carried out for an 

experiment of pellet injection into low density Ohmic heating 

plasma with the line averaged density of 1019m3 , the toroidal 

magnetic field of 1.51 T, and the plasma toroidal current of 110 

kA. An H2-pellet which consists of 3.2x1019 atoms was injected at a 

velocity of 900 m/s. 

     Transport coefficients in Eqs.(6.5), (6.6), and (6.7), or 

diffusion coefficent for particles, D, electron thermal 

conductivity, Ke, and ion themal conductivity, 1ci are given as 

        D = Dneo + Dano 

Ke = neXe = Keneo+Keano 

Ki =1LtiX1 =1cineo 

where transport coefficeints with superscripts of neo are 

calculated from the neoclassical theory51” and those with ano are 

anomalous transport coefficients. We assume the anomalous transport 

coefficients will obey the empirical Alcator-like scaling, 

Dano = Ci/.ne 

Keno = C2,neDano 

Here C1 and C2 are adjusted so as to reproduce the experimental 

plasma parameters just before the pellet injection and we took 
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 C1=5.5x1018 and C2=2.1 for the example of ISX-B tokamak. 

      Now, the result of the numerical calculation are explained. 

Figure 6.1 shows the ablation rate profile calculated from ABLATE 

with Milora-Foster mode119) and electron density and temperature 

profiles at different times. The origin of the time shown in the 

figure for the electron density and temperature profiles is the 

pellet injection time. For example, the Fig.6.1(b) signified TIME _ 

-2 ms denotes the electron density and temperature just before the 

pellet injection. Fig.6.1(a) show the ablation rate profile of the 

pellet injected into the plasma in Fig.6.1(b). In experiments of 

pellet injections into low density Ohmic heating plasmas of ISX-B, 

it was shown that the lifetime of the pellet in a plasma becomes 

smaller than that predicted by the Milora-Foster model due to the 

presence of runaway electrons12). Here, since our main purpose is 

examining transport process after the pellet injection, we use a 

pellet injection velocity of 500 m/s in this simulation and adjust 

the penetration length of the pellet to the experimental value . The 

effect of runaway electrons can be examined by our model in chapter 

3 and a typical example is shown in section 4.3. Since the pellet 

cannot reach to the magnetic axis, the density profile just after 

the pellet injection shows a hollow profile and the electron 

temperature profile just after the pellet injection becomes peaky . 

These profiles gradually recover the original bell-shaped profiles 

through the transport process during 20 ms after the pellet 

injection. When we compare the numerical result to the experimental 

data of electron density profile 1 .7 ms after the pellet injection, 

The peak of density profile around r=7 cm seems to be broader in 

the experiment than that in the simulation ( see Fig .6.1(c) ). If 
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it is meaningful, it is conjectured that the ablated pellet 

particles fly in a plasma as neutrals and expansion of the density 

becomes more rapid than our result. Then, a volumetric source of 

particles extended spatially is more appropriate than the point 

source assumed in the numerical model. From the measurements of the 

ablation cloud surrounding the pellet with visible light, it was 

shown that the ablation cloud spread over 5 cm width, and there is 

a possibility that the ablated particles becomes fully ionized in 

the region far from the pellet surface. It is not easy to examine 

the volumetric particle source in the ablation model, and this will 

be a future problem. 

     There is another difference between the experimental result 

and the numerical result. The recovery of the central electron 

temperature in Fig.6.1 is a little slower than that of the 

experimental result. This might be related to the improvement of 

the electron energy confinement after the pellet injection, but 

this is not clear. Though there are some small quantitative 

differences mensioned above, the time evolutions of the plasma 

parameters after the pellet injection by our code agree well with 

the experimental data without change of the transport coefficients. 

It is summarized that the transport phenomena do not change by the 

pellet injection in this ISX-B experiment. 

     Next, we show the volume averaged electron density, the 

central ion temperature, the loop voltage, and energy confinement 

time in Fig.6.2. Typical characteristics are that total number of 

plasma particles increases three times, volume averaged electron 

temperature decreases by factor 3, and central ion temperature 

increases by factor 1.5 after the pellet injection. Main reason for 
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increase of the central ion temperature is that energy transfer 

from electrons to ions through collisions is enhanced by the 

density increase due to the pellet injection. The increase of the 

loop voltage after the pellet injection is related to the increase 

of plasma resistivity due to the electron temperature decrease. 

Also the energy confinement  time TE increases accompanied by the 

density increase, which is understandable from the Alcator 

confinement scaling. Here we define the energy confinement time by 

zE =Wj - dQ/d t,(6.9 ) 
where Q designates total heat content of plasma and Wj denotes 

total heat power due to the Ohmic heating. These results also agree 

well with the experimental results in ISX-B tokamak.
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6.4 Conclusion 

     We described the transport code including the pellet injection 

to investigate transport properties after the pellet injection. By 

the application of the transport code to a pellet injection into an 

Ohmically heated plasma in ISX-B tokamak, it is found that this 

transport code can reasonably simulate a pellet injection 

experiment in ISX-B. It seems that transport phenomena do not 

change by the pellet injection in this experiment, and energy 

confinement time increases according to the Alcator scaling. The 

increase of the central ion temperature can be explained by the 

enhancement of energy transfer from electrons to ions through 

collisional coupling due to the density increase after the pellet 

injection.
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                          CHAPTER 7 

                    Analyses of Pellet Injection 

                      Experiment in Heliotron E 

7.1 Introduction 

     In Heliotron E, current-free discharges were realized by a 

combination of ECRH ( electron cyclotron resonance heating ) and 

NBI heating. Pellets were injected into such current-free plasmas. 

In the analysis of the pellet ablation, therefore, the effect of 

fast ions must be taken into account. We will discuss the ablation 

profile of the pellet injected into an NBI heated plasma in section 

7.2. The ablation rate profile is calculated by using our model and 

is compared to the experimental results. Numerical results by using 

other models are also discussed. In these calculations, an elliptic 

cross-section of the Heliotron E plasma is taken into account for 

quantitative comparison. 

     In section 7.3, we will examine the effects of the pellet 

injection on the transport properties for the  Heliotron E plasma. 

Here we discuss both the model transport calculation for the pellet 

injection into an Ohmically heated plasma and the transport 

simulation of the pellet injection experiment into an NBI heated 

current-free plasma. 

     In the high 0 experiment of the NBI heated current-free plasma 

with the pellet injection, sometimes density fluctuations were 

observed. In section 7.4, we will discuss stability against 

interchange modes in a pellet injected current-free high (3 plasma 
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by solving reduced MHD  equations.
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7.2 Study of ablation rate profile 

     We examine the pellet ablations injected into both high power 

and low power NBI heated plasmas with the velocity of 580  m/s. In 

the high power NBI heated plasmas with a magnetic field 8=0.94 T, 

the central electron density is about 4x1019 m-3 and the central 

electron temperature is 300 eV 400 eV before the pellet 

injection. For the low power NBI case, the central electron density 

is about 3x1019 m-3 and the central electron temperature is 200 eV 

ti 300 eV. For both cases, it is observed that profiles of electron 

temperature and density before the pellet injection are broad, 

penetration lengthes of both pellets are almost the same, and they 

cannot reach to the magnetic axis. 

     First, we calculate the ablation rate for high power NBI case. 

Injection energy of the neutral beam is 26 keV. A pellet size 

injected into the plasma is estimated from the average density 

increment, dneti2.5x1019 m-3 , and a radius of 0.577 mm is given ( it 

contains about 4.28x1019 atoms ). Profiles of the fast ion density, 

nf, the electron density, ne, and the electron temperature, Te, are 

given by 

of = 2x1018{1—(r/a)3}2 (m-3) , 

ne = 4x1019{1—(r/a)t0} (m3) 

Te = 40011—(r/a)6)(eV) , 

where we take broad profiles for electron density and temperature 

in accordance with the experiment. Their volume averaged values are 

<n f>-, 9 x 1017 m-3 , <ne>ti3.3 x 1019 m-3 , and <Te>ti300 eV . The 

representative fast ion energy andheat flux are obtained from 
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moments of the distribution function by using  Eqs .(4.18) to (4.20). 

For the above electron density and temperature , the slowing-down 

time of fast ions, Ts, is about 6 ms and the NBI power deposited to 

the plasma is estimated as 

    PNBI eNfENBI/-rs ti 1060 kW, 

where Alf denotes total number of fast ions at steady state . In the 

ablation rate calculation, we assume that the pellet path length to 

the magnetic axis is 0.3 m to take the elliptic shape of Heliotron 

E plasma into account. Results from the ABLATE code in the case of 

our ablation model are shown in Fig.7.1. Fig.7.1(a) shows the 

pellet ablation rate profile, and Fig.7.1(b) shows the electron 

density profile just before ( indicated with dashed line ) and just 

after ( with solid line ) the pellet injection. The electron 

temperature profile at the same times are shown in Fig.7.1(c) with 

dashed and solid line. The pellet cannot reach to the magnetic 

axis, and a hollow electron density profile appears after the 

pellet injection. 

     Next, we calculate the low power NBI case. Neutral beam energy 

and pellet injection velosity are taken as the same value as those 

in the higher power case. A pellet radius is 0.524 mm and the 

pellet contains about 3.2x1019 atoms which corresponds to 

dnetil .9x1019 m-3 . Profiles of the fast ion density, of, , the 

electron density, ne, and the electron temperature, Te, are given 

by 

of = 7x1017{1-(r/a)8}2 (m3) , 

ne = 3x1019{1-(r/a)6} (m-3) , 

   Te = 280{1-(r/a)8}(eV) . 
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Their volume averaged values are  <nf>ti5x1O17 m-3 , <ne>' 2.25x10t9 

m-3 , and <Te>-'220 eV. Deposited beam power to the plasma is 

estimated approximately 600 kW. The results are shown in Fig.7.2. 

Compared to Fig.7.1, the effect of the fast ions on the ablation 

becomes more significant in the edge region of the plasma and the 

resultant electron density profile becomes broader than that of the 

high power case. These results seems to be consistent with the 

experimental results. Numerical results from the Parks and Turnbull 

model, and the Milora model for the high power case are shown in 

Fig.7.3. Figure 7.3(a) shows the result without the effect of fast 

ions on the ablation ( PT model ). The longer penetration length is 

obtained than the experimental result. On the other hand, 

Fig.7.3(b) shows the case including the effect of fast ions on the 

ablation ( Milora model ) and the shorter penetration length is 

obtained. Although uncertainty of the spatial distribution of fast 

ions remains, our model gives more reasonable results to explain 

the experimental data than the Milora model.
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7.3 Transport analysis after the pellet injection 

     In this section, we analyse transport properties in the 

Heliotron E plasma after the pellet injection by using the 1—D 

transport code described in section 6.2. Since main purpose of this 

study is to examine the effect of the pellet injection on the 

transport properties, we will calculate several model problems . 

     First, in order to examine the effect of Ohmic current on the 

transport after the pellet injection, we have done model 

calculations for the pellet injection into an Ohmically heated 

plasma. In these simulations the following parameters are given: 

major radius, 2.2 m, minor radius, 0.2 m, magnetic field at the 

magnetic axis, 1.98 T, and Ohmic current, 30 kA. An  H2 pellet which 

contains 4.2x109 atoms is injected at a velocity of 800 m/s. The 

ablation rate of the pellet by the Milora—Foster model is shown in 

Fig.7.4 and time evolutions of electron temperature, density. and 

toroidal current density profiles are shown in Fig.7.5. Total 

number of plasma electrons before the pellet injection is 5.1x1019. 

Since electron temperature is low before the pellet injection, the 

pellet does not ablate completely inside the plasma column and 

number of pellet particles ablated in the plasma column is only 

4x1019. The volume averaged electron density increases up to 5x1019 

m3 after the pellet injection from 2.9x1019 m-3 before the 

injection. Owing to the self—limiting ablation introduced in 

section 5.2, ablation rate at the magnetic axis is depressed. When 

a pellet passes through the magnetic axis, it has a tendensy that a 

pellet goes through out the plasma column, since it meets the 

background plasma with lower temperature cooled by the pellet 
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ablation before reaching to the magnetic axis. It is seen that just 

after the pellet injection, the electron density has a peaked 

profile at the magnetic axis, and electron and ion temperatures 

have hollow profiles. Such profiles are sustained for 20 ms and 

recovery of the temperature is slow. Because of the low Ohmic 

current, the Ohmic heating power to heat the high density plasma is 

not enough. Since Spitzer resistivity is proportional to  TQ3/2, the 

current density profile also becomes hollow according to the 

electron temperature with a time scale of the plasma skin time 

after the pellet injection. Ohmic heating power to electrons, 

therefore, becomes maximum around r=0.1 m and the electron 

temperature has a broader profile than that before the pellet 

injection at steady state. Since the density before the pellet 

injection is rather high and a difference between the electron and 

the ion temperature is small in this case. After the pellet 

injection, the ion temperature does not recover the value before 

the pellet injection, which is similar to the pellet injection 

experiment of ISX-B discussed in section 6.3. The time evolution of 

the ion temperature is almost the same as that of the electron 

temperatre. 

     Figure 7.6 shows time evolution of electron temperature, 

density and current density in the case of slower pellet injection 

velocity of 200 m/s. Because of slow injection velocity, pellet 

cannot reach to the magnetic axis. Therefore, the electron density 

has a hollow profile just after the pellet injection and broad 

density profile is obtained at steady state after the pellet 

injection. On the other hand, profiles of the electron temperature 

and the current density become peaky. Since shrinkage of the 
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current channel may induce current—driven instability even in 

Heliotron  E59), edge cooling of the plasma due to the pellet 

injection may affect the plasma stability. 

     Next, we calculate a pellet injection into an NBI heated 

current—free plasma. In this case, magnetic field is 1.9 T at the 

magnetic axis and total NBI power is 1.4 MW. In the Heliotron E 

experiments, the current—free plasma is firstly produced by ECRH 

and heated by the following NBI. In the numerical calculation, 

however, an initial plasma with the toroidal current of 10 kA is 

given. It is heated by NBI during decreasing the plasma current, 

and almost current—free plasma with the total plasma current of 

0.5kA sustained by NBI is obtained in the numerical simulation. 

Although, neutral beams are injected almost perpendicularly into a 

plasma in Heliotron E, we assume tangential injection in the 

numerical model in order to use the Fokker—Planck equation for 

calculating an energy deposition profile by NBI. A pellet consists 

of 4.2x1019 H—atoms is injected at 150 ms with the injection 

velocity of 1 km/s. The ablation rate profile and change of 

electron density and electron and ion temperature profiles by the 

pellet injection are shown in Fig.7 7. Total number of plasma 

electrons are approximately 5x1019. In the NBI heated current—free 

plasma in Heliotron E, heat source is fast ions produced in a 

plasma by the neutral beam and a birth profile of fast ions is a 

principal factor to determine the plasma temperature profile. The 

plasma temperature profile is broad before the pellet injection 

( at 145 ms ), and this becomes further broader at 30 ms after the 

pellet injection. The reason is that the fast ion birth profile is 

broad or hollow accompanied by the decrease of the mean free path 
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due to the density increase. In accordance with this, profile of 

deposited power from fast ions to electrons and ions becomes flat. 

In Fig.7.8, histories of significant plasma parameters are shown. 

The volume averaged electron density,  <ne>, increases doubly from 

2.5x1019 to 5x1019 m3 . Large increase of the central electron 

density at the pellet injection means that the pellet exceeds the 

magnetic axis. Recovery of the temperature is faster than that in 

the case of Ohmically heated plasma, since fast ions are 

thermalized rapidly and give thier energy to both electrons and 

ions efficiently just after the pellet injection. Fig.7.9 shows the 

power balance of fast ions. At the pellet injection time of 150 ms, 

there is no change of the deposited power. However, energy transfer 

from fast ions to the background plasma especially to electrons 

increases considerably, since fast ions thermalized quickly due to 

both the rapid increase of the plasma density and the decrease of 

electron temperature. The characteristic time for thermalization of 

fast ions, or Spitzer's slowind-down time, is about 15 ms at the 

plasma center before the pellet injection, and it becomes less than 

3 ms after the pellet injection. Another result in Fig.7.9 is 

decrease of charge-exchange energy loss of fast ions. About one 

third of input power to fast ions is lost by charge-exchange 

reaction with thermal neutrals before the pellet injection. When 

the plasma density increases by the pellet, thermal neutrals are 

ionized rapidly and the density of thermal neutrals decreases. 

Furthermore, since the ion temperature decreases by the pellet 

injection, the energy of neutrals becomes low. This means that the 

mean free path becomes short and neutrals arrived at central region 

from the edge decrease. The charge-exchange loss of fast ions, 
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therefore, decreases after the pellet injection by the decrease of 

neutrals. The change of pressure profiles by the pellet injection 

are shown in  Fig.7.10. Just after the pellet injection, pressure 

has a highly peaked profile at the magnetic axis . The density 

increases and the temperature decreases considerably at the plasma 

center in accordance with the self-limiting ablation, which is 

based on the adiabatic process. The peaked part of the pressure 

profile shows a deviation from the adiabatic low. This may be 

explained by that rapid thermalization of fast ions and increased 

energy flow from fast ions to the background plasma is taken place 

at the plasma center. At 30 ms after the pellet injection, the 

pressure profile recovers a bell-shape, but pressure gradient 

becomes larger on the whole regime than that before injection. 

Pressure diven instabilities related to these pressure profiles 

will be discussed in the next section. If we need broader pressure 

profile than that Fig.7.10, slower pellet injection is available. 

With an injection velocity of 500 m/s, a pellet cannot reach to the 

magnetic axis and hollow electron density profile appears just 

after the pellet injection. Behaviors of macroscopic plasma 

paramters are almost the same as the case with the injection 

velocity of 1 km/s, but the obtained pressure profile becomes 

broader than that of Fig.7.10 as shown in Fig.7.11.
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7.4  MHD stability related to the pellet injection 

    In toroidal plasmas without net current in 

stellarator/heliotron type configuration, the dominant driving 

force of MHD instabilities is a pressure gradient. In a heliotron 

configuration with a high shear and a rotational transform above 

unity at the edge, low m interchange modes can be unstable for 

increasing R value. 

     It was demonstrated that central plasma density was 

effectively by the pellet injection instead of the gas puffing. An 

interesting result is that the density fluctuations were observed 

only after the pellet injection. 

     We study the linear stability against the ideal and the 

resistive interchange modes for the pressure profile produced by 

the pellet injection'°). The a limit due to the pressure driven low 

m modes is estimated. We solve the reduced MHD equations derived by 

using the stellarator expansion as an initial and boundary value 

problem for resistive cylindrical plasmas60'61) The equations are 

linearlized and the time evolution of the perturbation is 

calculated for fixed boundary condition. When the perturbation 

grows exponentially, a linear groth rate and an eigen mode are 

obtained. 

     In the equilibrium, a very small current with a parabolic 

profile with ci(a) =0.05 is included, where cl(a) denotes a 

rotational transform due'to plasma current at the plasma surface . 

It is checked that this current does not bring about any 

current—driven mode. The resistivity profile is chosen as 

17(r)«1/j(r) , where j(r) is the plasma current density profile . The 
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profile of the external rotational transform  ch is chosen as 

ch(r)=0.51+1 .69(r/a)2•5 . The rational surface, c4( .h =n/m, for the 

m=3/m=2, m=1,n=1, and m=2/n=3 modes are r/a=0 .26, 0.57, and 0.78, 

respectively. 

     Two cases of pressure profiles shown in Fig .7.10 are used for 

the present study. The pressure profile except for the peaked part 

in the central region just after the pellet injection ( case 1 ) is 

broader than that of 30 ms after the pellet injection ( case 2 ). 

     The linear growth rate y for the m=1/n=1 pressure driven mode 

in the case 1 are shown in Fig.7.12(a) for various S value, where S 

denotes the magnetic Reynolds number measured by the poloidal 

magnetic field. The abscissa denotes the central beta value 0(0). 

The 0 limit for the ideal m=1/n=1 mode seems /3(0)-'-3.5 % in case 1. 

Its value is estimated from the extrapolation by assuming the 

relation that y2 is proportional to 0(0) near the marginal state. 

Below this value the m=1/n=1 mode is destabilized by the 

resistivity. For 13(0)ti7 %, the growth rates are almost independent 

of S. 

     Figure 7.12(b) shows the growth rates for the m=3/n=2 mode in 

the case 1. The ideal beta limit of m=3/n=2 mode is about 

/i(0)=2.5%. However, the increment rate of y with the increase of 

0(0) is smaller for the m=3/n=2 ideal mode than that for the 

m=1/n=1 ideal mode. The growth rates for the resistive modes of the 

m=1/n=1 and the m=3/n=2 are comparable. 

     We have also done the stability calculation for the m=2/n=3 

mode in the case I. It is found that the m=2/n=3 ideal mode is 

linearly stable till /3(0),7 % and that the growth rates of the 

resistive modes are smaller by a factor ti2 than those of the 
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m=1/n=1 and the m=3/n=2 modes. 

     Figure 7.13(a) and (b) show the growth rates for the m=1/n=1 

and m=3/n=2 modes, respectively, in the case 2. The ideal  13 limits 

are  13(0)-2.5 % and 13(0)-1.5 % for the m=1/n=1 and the m=3/n=2 

modes, respectively. In Fig.7.13(a), the growth rates are almost 

independent of S for 13(0)-4 %. We find that the structures of the 

resistive modes coincide with that of the ideal mode for three 

modes, the m=1/n=1, m=3/n=2, and m=2/n=3, in the case 2. The 

m=2/n=3 ideal mode is linearly stable for 13(0)<4%. 

     The pellet injection experiments of Heliotron E show that the 

density fluctuations with the asymmetry around the central chord 

corresponding to the odd modes appear only after the pellet 

injection. The experimental pressure profile is between the case 1 

and the case 2. And the experimental threshold value of 13(0) for 

the appearance of the fluctuations seems to be 1.0 to 1.5%. By 

comparing these data with our results, both the m=1/n=1 and the 

m=3/n=2 modes become candidates to explain the experiments in the 

framework of the linear stability analysis.
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7.5 Conclusion 

     The ablation rate calculation of the pellet injected into an 

NBI heated plasma in Heliotron E by the ABLATE code demonstrated 

results consistent with the experiments. The effect of fast ions on 

the pellet ablation in the edge region of the plasma is shown, and 

the broad density profiles are obtained after the pellet injection. 

In the application to PDX, the Milora model predicts a shorter 

penetration depth than that by the ABLATE code. 

     In the transport analysis by using the 1-D transport code, the 

pellet injection into an Ohmically heated plasma in Heliotron E at 

the velocity of 800  m/s results in a centrally peaked density 

profile, a hollow electron temperature profile, and a hollow 

current density profile, which are maintained for 20 ms. In 

contrast, at the case of slower pellet injection or when the pellet 

cannot reach to the magnetic axis, profiles of the electron 

temperature and the current density become peaky. A shrinkage of 

the current channel due to the slower pellet injection into the 

Ohmic heating plasma has a possibility to induce a current-driven 

instability even in Heliotron E. 

     From the calculation of the pellet injection into an NBI 

heated current-free plasma, faster recovery of the decreased 

temperature by the pellet ablation than that in the case injected 

into an Ohmically heated plasma is obtained because of the rapid 

thermalization of fast ions. Increase of the plasma density by the 

pellet injection results in a broad birth profile of fast ions. 

Accordingly the broad temperature profile is obtained by the 

heating due to fast ions. In the case of deep pellet injection 
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beyond the magnetic axis, pressure profile after the pellet 

injection becomes peaky. 

     The linear stability analysis against the ideal and the 

resistive interchange mode suggests that a peaked pressure profile 

at 30 ms after the pellet injection, which obtained from the 

transport calculation, may be unstable for  j3(0)>1%. By comparing 

the experimental data with our results, both the m=1/n=1 and the 

m=3/n=2 modes become candidates to explain the density fluctuations 

observed in the pellet injection experiment.
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                          CHAPTER 8 

        Possibility of Achieving Q >  1 by Tritium Pellet 

                Injection into Hot—Ion—Mode Deuterium 

                      Plasmas in a Large Tokamak 

8.1 Introduction 

     Recent Japanese large tokamak ( JT-60 )  experiments and 

experiments in TFTR63) and JET64) are progressing towards obtaining 

hydrogen plasmas with Ti(0) > 10 keV and nTE < 1014 cm-3 s, where n 

is the electron density and TE is the energy confinement time. One 

of the next important targets of fusion plasma research will be a 

D—T plasma experiment that satisfies Q > 1, Q being the ratio of 

total fusion output to injected power. 

     In order to completely investigate the physics of a reacting 

plasma, we need a next generation device comparable to INTOR65). In 

such a device a perfect tritium handling system will have to be 

installed and an amount of tritium of the order of one kilo—gram 

will be consumed to study the engineering aspects of a fusion 

reactor. Before starting such experiments, first experiments with a 

D—T plasma will be performed in modifications of the above large 

tokamaks. 

     As tritium is radioactive, we hope to minimize the tritium 

inventory in initial D—T plasma experiments aiming at Q > 1. For 

this purpose, tritium pellet injection into deuterium plasmas 

heated by neutral deuterium beams is considered. 

     Here, we assume that the neutral shielding model including 
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fast ions is applicable to high temperature plasmas having 

 TitiTeti1OkeV. In the ablation rate profile calculation in section 

8.3, we use our ablation model including fast ions which directly 

solves the fluid dynamics equations describing a neutral cloud with 

two heat source terms, electrons and fast ions. 

     To investigate possibility of achieving Q>1, we use a 

transport code for multispecies ions of deuterium and tritium 

including D-T fusion reaction.
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8.2 Description of the transport code for D—T plasma 

       including Two—Component—Torus(TCT) effect 

     In the transport studies, we consider a JT-60—like large 

tokamak  a=0.9 m, Ro=3.0 m, BT=4.5 T, and 4=2.7 MA. We assume 

tangential neutral beam heating with a heating power of 17 MW. 

Therefore, we need additional terms in transport equations and 

Fokker—Planck equation which are explained in section 6.2. Also, we 

need additional equations for multispecies ions. In the transport 

code, coupled with the ABLATE code, we solve the following 

equations for electron density, ne, tritium density. nr, electron 

temperature, Te, ion temperature, Ti, and poloidal magnetic field, 

Be 

ane __1a(rre)+,S,(8. 1 ) at
rar 

   anT __ _a(rr,DT              T) — npnT<OV> —,~"TCI'>(8.2) at
rar 

at(ZneTe) =—ra(rQe) + We,(8.3) 

  at(2)=-rar(rQi)+ Wi ,(8.4) 

  aBe __a (a1 a(rBe)) ,(8.5) 
    at ar µorar 

where ni is total ion density, Qe and Qi include convection terms 

as 

  aTe3(8 .6) Q. =xene a
r+2Ter'e>
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         aTi 3  Q
t=xiniar+2Ttie(8.7) 

and Fe and rT are radial particle fluxes for electrons and tritium 

ions, respectively ; 

 Fe =Dare,(8.8) 

FT =DarT(8.9) 

S is the electron source due to ionization of recycled neutrals and 

beam particles, Sn7 signifies the loss of tritium particles due to 

the Two—Component—Torus (TCT) effect66) ( thermal tritium reacting 

with beam dueterons ). The second rhs term of Eq.(8.2) describes 

the fusion reactions of thermal particles. We includes the energy 

deposition to electrons by NBI and ionization loss and Wi includes 

the energy deposition to ions by NBI and charge exchange loss. Both 

terms also include the energy exchange between electrons and ions. 

We solve the equation for the tritium density after pellet 

injection, assuming that the deuterium ion temperature and the 

tritium ion temperature are equal to Ti. Density increase and 

temperature decrease at the instant of pellet injection are 

calculated with help of the self—limiting model proposed by 

Houlberg et al.51) For alpha particles we solve the following 

equation, 

a71a = DT           TLDRT<UU>+SRI' (8 .10) 

Here we neglect the alpha particle diffusion in (8 .10) as we did 

the alpha heating in (8.4). The alpha heating power is small 

compared with the neutral beam heating power in Q-'1 plasmas . The 
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deuterium density is calculated from  nD=ne-nT-2na. The assumption of 

no alpha particle diffusion may influence the deuterium profiles, 

however insignificantly, since na << nT. Also tritium recycling is 

assumed to be negligible. 

     In the calculation of deuterium beam heating, we solve 

numerically the linearized Fokker-Planck equation which includes DT 

reaction term. Furthermore, we have assumed tangential injection, 

different from the NBI system in JT-60. 

     The TCT term in (8.2) is given by 

,STCT = 47r f nToDT (v) f (v) v3d v(8.1 1 ) 
where the fast deuterium distribution function f is calculated by 

the Fokker-Planck code, and aDT is the DT fusion reaction 

cross-section. The neutral deuterium particles are included in the 

calculation through a Monte-Carlo method similar to the AURORA 

code55), the halo neutrals produced by the NBI are, however, 

neglected. 

     For the transport coefficients in re, FT, Qe and Qi , we assume 

Alcator scaling for the electron thermal transport and particle 

transport, xe=(5x1019/ne) m2/s and D=(5x1018/ne) m2/s . The ion 

thermal transport is assumed to be three times as largeas the 

neoclassical value given by Hinton and Hazeltine58). It is noted 

that tokamak confinement usually degrades for high power neutral 

beam injection and that confinement scaling in that case is 

different from the Alcator scaling. However, if H-mode operation 

can be realized in large tokamaks, the plasma confinement may be 

comparable to that given by the Alcator scaling6n. If the Ware 

pinch effect is included, the tritium density in the central region 
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is expected to increase and more optimistic results than the 

present model may be obtained. The impurity effect is included 

through  Zeft=2 and the radiation loss is simulated by enlarging the 

electron ionization loss energy to 40 eV. 

     For pellet injection, the pellet size and injection velocity 

are decisive parameters. We chose the smallest pellet to minimize 

tritium consumption in the experiment for Q > 1. The maximum size 

of pellets produced by present injectors is 2 mm ( radius )36). We 

assume such a 2 mm radius tritium pellet in the following 

calculations. The total number of atoms in this pellet is 

2.164x1021 and the radioactivity is 3.881x1012 Bq. Its weight is 

10.85 mg. In order to understand the physics of reacting plasmas, 

we may need about one thousand pellets. Thus, this size will be 

reasonable in the initial experiments. In general, it is difficult 

to inject pellets smaller than 2 mm radius into the central region 

of a large tokamak, when the pellet velocity is limited within a 

few km/s. The maximum pellet velocity realized in TFTR is 1.5 

km/s37). However, this velocity is not sufficient to inject a pellet 

of 2 mm radius into the central plasma core. We assume that an 

injection velocity 5 km/s will be realized in the near future by 

further development in the injection technology. The following 

development seems possible. The maximum velocity of a pellet 

accellerated by applying a high-pressure hydrogen propellant is vm. 

= 5CH, where CH is the sound velocity of hydrogen . At room 

temperature, vm„ = 6.5 km/s and at 100 K, vm = 3.8 km/s68). Thus an 

injection velocity of 4 to 5 km/s may be possible.
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8.3 Results of numerical calculations 

     We will now explain the achievement of Q >  1 through our 

transport model. Figure 8.1(a) shows an ablation profile calculated 

by using ABLATE code discussed in section 5.2. The model predicts a 

penetration depth consistent with the pellet injection into the NBI 

heated plasmas of Heliotron  E46). Since the ratio between the fast 

ion heat flux to the electron heat flux is relatively small, the 

effect of fast ions on the ablation is not significant in this 

case. The pellet size is 2 mm ( radius ) and its velocity is 5 

km/s. The target plasma has a central ion temperature, T=(0)ti28 

keV, a central electron temperature, Te(0)ti9.5 keV, and a central 

density, ne(0)ti8.5x1013 cm-3 , as shown in Fig.8.1(b),(c), and (d). 

The neutral beam energy is assumed to be 135 keV. The temperatures 

and the density just after pellet injection are designated by 

continuous lines in contrast to the dashed lines which signify the 

discharge before the pellet injection. Here, we assumed a 

self—limiting ablation process51) ( see section 5.2 ). The target 

plasma is called a 'hot—ion—mode' plasma, in accordance with 

Ref.(69). 

     Figure 8.2(a) shows the time evolution of both the average ion 

and electron temperatures. The profiles of Ti and Te are shown in 

Fig.8,4(c) and (d), the corresponding Q value in Fig.8.2(c). From 

t=3.2 s to t= 3.85s, Q > 1 is obtained. During this period the TCT 

reaction is responsible for approximately one third of all the 

reactions. The sharp peak in the Q value just after the pellet 

injection is due to reactions between the injected tritium and the 

fast dueterium ions before the rapid energy relaxation as a result 
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of the pellet injection. The decay of the peaked Q value contains 

information on the slowing down process of the fast ions ( see 

Fig.8.3(c) and Fig.8.4(b) ). Figure 8.2(b) shows the energy and 

particle confinement times. The ion energy confinement time is 

about 4 s before and after pellet injection. The electron energy 

confinement time increases from 150 ms to  ti 300 ms. This 

tendency is expected from the Alcator scaling law. Energy 

deposition from the neutral beam to the ions and the electrons is 

shown in Fig.8.2(d). 

     The time evolution of electron, deuterium, and tritium 

densities is shown in Fig.8.3(a) and (b). The decay of the electron 

density before pellet injection ( Fig.8.3(a) ) is due to an assumed 

recycling rate less than unity, which is also assumed after the 

pellet injection. The density of fast ions is given in Fig.8.3(c). 

The increase of the average deuterium density after the pellet 

injection ( Fig.8.3(b) ) is due to an enhancement of the energy 

relaxation of fast deuterium ions, caused by an increase of the 

electron density and a rapid decrease of the electron temperature 

just after the pellet injection. This is confirmed by the observed 

decrease of the fast deuterium as shown in Fig .8.3(c). The 

corresponding time evolution of nT and that of the fast ion density 

profiles are shown in Fig.8.4(a) and (b), respectively. In order to 

understand the most important factor for obtaining Q > 1, the fast 

ion profile as shown in Fig.8.4(b) is crucial. Before the pellet 

injection the fast ion density is peaked at the magnetic axis . 

After the pellet injection the fast ion density has a shallow peak 

at r/ati0.6 . It moves gradually to the magnetic axis . The reaction 

rate profiles for both the thermonuclear reactions and the TCT 
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reactions are shown in Fig.8.5(a) and (b). In this calculation the 

tritium density is peaked at the center except during approximately 

100 ms after the pellet injection ( Fig.8.4(a) ). 

     The main cause for Q to exceed the value Q=1 in the case shown 

in Figs.8.1-8.5 are  : (1) the tritium pellet penetration is fairly 

deep, and (2) the fast ions can penetrate into the central region 

except just after the pellet injection and the ion temperature 

increases fairly rapidly (see Fig.8.2(a)). The first point depends 

on the pellet velocity, the pellet size, and the ablation model. 

The second point depends on the calculation of the NBI heating 

process. For both points we believe our approaches are reasonable 

even for a quantitative prediction. 

     We will now make a few remarks on phenomena that may affect 

our results. In the above model calculation we neglected the alpha 

particle heating which is of the order of 3 MW, and, thereby, may 

be instrumental in keeping Q>1. During the period when Q exceeds 1, 

the central beta value, a(0), increases up to 6.5%, whereas, the 

average value, R, is 0.7-0.8% as shown in Fig.8.3(d). These values 

are close to the ideal MHD beta limit of a circular cross-section 

tokamak, but these are realistic since in the JFT-2 experiment, Q 

reached a value of ti 2% 70). There is a possibility that pellet 

injection triggers a disruption. This depends on the injection 

condition. Pellet injection with a sufficient penetration depth 

into a NBI heated plasma, however, does not necessarily trigger a 

disruption. At the instant of pellet injection, the pressure 

profile does not change significantly since the self-limiting 

process is adiabatic. This means that the current density profile 

and the safety factor profile also do not change appreciably. An 
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additional consideration is that, since the NBI heating heats the 

plasma edge region, a shrinkage of the current density profile may 

be supressed during the transient phase after the pellet injection. 

     Figure 8.6 shows the case that the pellet velocity is 2 km/s 

and the pellet radius is 2 mm. The penetration depth is roughly 80% 

compared to that of Fig.8.1(a). The maximum Q value is now 0.91 as 

shown in Fig.8.6(d).  Fig.8.6(c) shows that the behaviors of the 

average electron and ion temperature are similar to those of 

Fig.8.2(a). The reduction of the Q value can be explained by the 

fact that the tritium density in the central high ion temperature 

region becomes lower and the fast ion density profile becomes 

broader than those in Figs.8.1-8.5 due to the short-range 

penetration of the pellet. 

     Figure 8.7 shows the case that the pellet velocity is 2 km/s 

and the pellet radius is 2.2 mm. The total number of tritium atoms 

is now 2.88x1021 which is 33% larger than that of the 2 mm radius 

pellet. Also for these values Q > 1 is possible within our 

transport model. An existing pellet injector such as used for TFTR 

may realize these values upon improvement of the injector . 

     When the pellet velocity is limited within 2 km/s, an idea to 

inject tritium atoms deeply into the plasma column without 

increasing the total tritium weight might be the injection of a 

deuterium-coated tritium pellet. For example, the total radius of 

such a pellet could be 2.5-3 mm, while that of the tritium sphere 

is only 2 mm. The technology of producing coated pellets can also 

be applied to study two-ion hybrid cyclotron heating in 

magnetically confined plasmas . 
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8.4 Conclusion 

     In order to achieve Q >  1 with minimum tritium consumption in 

reacting plasma experiments, tritium pellet injections into 

deuterium plasmas heated by neutral deuterium beams with EBEAH > 100 

keV look promising. In the presented computation a tokamak 

transport code is combined with a pellet ablation code based on a 

neutral shielding model including fast ion effects in the ablation 

process. Q >  1 is realized during half a second by injecting a 

pellet with a radius of 2 mm and a velocity of 5 km/s into a plasma 

of Tt(0)=25-30 keV, Te(0)=9.5 keV, and ne(0)=8.5x1013 cm-3 , i.e a 

'h
ot—ion—mode' plasma. The tokamak parameters are : a(minor radius) 

= 0 .9 m, Ro(major radius) = 3.0 m, BT(toroidal magnetic field) = 

4.5 T, and Ip = 2.7 MA. The anomalous electron transport is assumed 

to follow Alcator scaling and the ion transport is assumed three 

times larger than the neoclassical value. The total neutral beam 

power is 17 MW. The total energy confinement time is approximately 

0.5 s and the average electron density is around 6.5x1013 cm-3 

during Q > 1. For larger pellet radii, smaller injection velocities 

appear feasible.
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                          CHAPTER 9 

                          Concluding Remarks 

     Theoretical analyses of several physical problems relating to 

the pellet injection into magnetically confined plasmas have been 

described. Main results of this study are summarized as follows. 

(1) On the basis of the neutral cloud shielding model by Parks and 

 Turnbull6)  , a new ablation model applicable to the case that 

   multiple energy carriers exist in the ablation cloud has been 

   developed. This model is useful especially to analyse pellet 

   injection experiments into NBI heated plasmas. 

(2) The model has been applied to the cases including both thermal 

   electrons and fast ions, and including both thermal electrons 

   and non—thermal electrons as incident heat fluxes, respectively. 

   The ablation rate essentially depends on the range of the 

   multiple energy carriers in the cloud. The effect of fast ions 

   on the ablation rate was more milder than that by the Milora 

   model. 

(3) When the incident heat flux of fast ions produced by the 

   neutral beam injection governs the ablation process, the simple 

   scaling law7) for the ablation rate has been presented and it 

   saves computational time for analysing the pellet ablation. 

(4) The ABLATE code based on the present model has been developed, 

   which calculates the ablation rate profile of the pellet 

   injected into the magnetically confined toroidal plasma. 

  Analysis for a neutral beam heated toroidal plasma by the ABLATE 

   code made clear that the fast ions enhanced the pellet ablation 
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(5)

(6)

(7)

especially in the edge region of the plasma column as observed 

in many experiments. Generally, our model gave a larger pellet 

penetration depth than that by the Milora  model8) in which the 

effect of fast ions was treated without solving the cloud 

dynamics directly. It was shown that non-thermal electrons yield 

the high pellet ablation for E}/Te>16 and of/ne>0.003 , where E1 

is an energy of non-thermal electrons and of is a density of 

non-thermal electrons. 

 The transport code including the ABLATE code has been developed 

to investigate transport properties after the pellet injection. 

By using this transport code, the pellet injection experiment 

into the Ohmically heated plasma in ISX-B12) was simulated. A 

consistent result was obtained by assuming the anomalous 

transport known as the Alcator scaling. 

 By the ABLATE code, it was shown that our model can explain the 

penetration depth of the pellet injected into Heliotron E, when 

the plasma was heated by the NBI. The Milora model gave a 

shorter penetration depth than that observed experimentally. 

 In the analysis of an Ohmically heated Heliotron E plasma by 

the transport code, a shrinkage of the current channel was 

obtained after the pellet injection, when the pellet penetration 

depth was shallow. This is because the plasma is cooled and the 

conductance is reduced in the peripheral region by the shallow 

pellet injection. If it makes the rotational transform exceed 

unity in the central region, it has a possibility to induce a 

current driven instability. In the calculation of the pellet 

injection into the NBI heated current-free plasma, quick 

recovery of the electron and ion temperatures was obtained in 
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   contrast with the case of the Ohmic heating plasma, since 

   thermalization of fast ions is enhanced by the rapid density 

   increase and the associated electron temperature  decrease. 

(8) The linear stability analysis on Heliotron E against the ideal 

   and the resistive interchange modes ( G modes ) suggested that a 

   peaked pressure profile after the pellet injection may make the 

   plasma unstable against the G modes when a(0) exceeds 1%10) 

(9) Possibility of achieving Q>1 by the tritium pellet injection 

   into deuterium tokamak plasmas with the neutral deuterium beam 

heating") was investigated. By using the transport model for D-T 

   burning plasmas including the TCT effect, it was revealed that 

   the sufficient TCT effect and the deep penetration of the 

   tritium pellet are essential to achieve Q>1 in a tokamak similar 

   to JT-60 with 17MW NBI heating. These were obtained by the 

   pellet injection into the 'hot-ion-mode' plasma heated by the 

   high energy NBI. 

     There are limitations in our new ablation model based on the 

neutral cloud shielding. When the assumption of the surface 

ablation becomes invalid, our model will not be applicable. In 

other words, simplified boundary conditions used in chapter 4 ( or 

conditions that the flow velocity of the cloud and the incident 

heat flux are negligibly small on the pellet surface. See 

Egs.(4.10) and (4.11) ) is not applicable, for example, when the 

heat flux at the pellet surface is significantly high. So far, our 

model seems to be valid for the conditions of the present pellet 

injection experiments, and it will be applicable even to the pellet 

injection experiment in reactor relevant large tokamaks such as 

TFTR. The remaining problem is an alpha particle effect on the 
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pellet ablation in D-T burning plasmas. 

     In future, the effect of the Maxwellian energy distribution of 

thermal electrons, instead of monochromatic electrons in the 

present study, should be taken into account in our model with 

appropriate boundary conditions discussed in chapter 3. 

Furthermore, additional shielding mechanisms, such as magnetic 

shielding and plasma shielding by a plasma spread along the field 

line, should be examined to establish an ablation model applicable 

to the pellet injection into a future reactor plasma. 

     From technological point of view, the ABLATE code is useful to 

optimize teh pellet velocity and the pellet size in the design of a 

new pellet injector for a new experimental device .
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APPENDIX 

     We shall present here briefly the basic equations and 

solutions of the Milora model, given in Ref. (8) concerning our 

present article. 

     The basic equations determining the ablation rate of a pellet 

can be written as 

             dr 
           t =-1r25 (2e<W>rp) h/'3 pdr(A. 1 )     prp 

and 

drp - - Qp(A .2) dt 47r rp t n5 

where <W> is the average heating power per mass of the ablation 

cloud in eV/kg. sec, Qp is heating power at the pellet surface in 

eV/sec, and ? is the ablation energy per pellet atom. Equation 

(A.1) is called the shielding equation of the cloud and gives a 

scaling relation between the heating power and the integrated 

column density of the cloud, D, defined as 

          D = ~pdr . 
                               Tp 

The scaling relation (A.1) is obtained from numerical calculations 

of the fluid equations for the cloud, including electron heat flux 

only(19) . This scaling relation is assumed to be unchanged by the 

presence of fast ions. Eq.(A.2) is energy balance equation at the 

pellet surface. Here we use sublimation energy as the ablation 

energy and K = 0.005eV/atom for a hydrogenic pellet . If a relation 

among <W>, D, and Qp is found, Eqs.(A.1) and (A.2) can be regarded 
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as a closed set of equations. 

     From the attenuation equation of the electron heat flux, the 

column density of the cloud is related to the electron heat flux at 

the pellet surface as 

                                              E'—                m l n (2 geo  —1) +m
JdCefor Eep<Eeo  D(

y) =ae1Jge—EeoLe(A.3) 
          mfEewdEe f  or Eep —Eeo . 

                       yEeoo Le 

Here, y°qep/qes, Ee=3/2Te , E0=20 eV, and numerical factor ae=2x10-2o . 

In Eq.(A.3), the logarithmic term denotes the effect of elastic 

collisions at low electron energy (Ee<Eep), and qeo is the heat flux 

at Ee=Eeo. When EeEe0, elastic collisions are negligible. If we 

neglect the energy scattering of the fast ions in the cloud, the 

heat flux of the fast ions on the pellet surface is related to 

column density D by 

Int  gfp — 2e j' Vp.f (vf) vidvf ,(A.4) 

where 

v = [2eJ(nifvt~3/5_a                           fD15/3]1/2 Pmf l\2e5m J 

and 

                   vmin               __[2e(3afD\s/3t/2               mf5mj 
Here up is obtained by integrating Eq.(3.15) with (4.8). qfp is 

also considered to be a function of y through Eq .(A.3). Here 

af=1.93x10-20. In the slab approximation, the average heating power 

in the cloud, <W>, as a function of y is given by 

            <W> = {fBege=(1—y)+fBf(gf„,— gfp(y)) } /D (y)(A .5) 
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and the heating power on the pellet surface is 

 Qp = pge=Ae + gfp(p)Af(A.6) 

where Ae and Af are effective cross sections of the pellet for 

electrons and fast ions, respectively. We assume Ae=27rrP and 

Af=47rr . Since <W>, Qp , and D are expressed in terms of p, 

Eqs.(A.1) and (A.2) become closed equations for clrp/dt and p. The 

ablation rate, drp/dt, is obtained by solving these equations, when 

the ambient plasma parameters are given. If there is no solution 

for p in the region (c,1) with c=10-70, p is regarded as zero, and 

Eq.(A.3) cannot used any longer In this case, since <W> and Qp can 

be expressed as functions of D, Eqs.(A.1) and (A.2) are solved for 

drp/dt and column density D. This corresponds to the case where 

incident electrons cannot reach the pellet surface; however, the 

heating power in the cloud is still assumed uniform and the average 

heating power <W> of (A.5) is used.
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