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Abstract

Understanding of the heat and particle trans port proc e sses is highly important
since it determines the feasibility of controlled fusion. The particle transport in plasma
can be analyzed by observing the motion of impurity ions introduced artificially into
plasma, which are different species from the main plasma ions. This can be done by
impurity pellet injection when the source profile of the impurity is created along t
path of the pellet ablation. The pellet should be made ofalcdwmaterial such as
lithium inorder toprovide a fast and complete ionization of the injected impurity.
This essentially simplifies the calculations as the source term in the particle balance
equation can be neglected.

Experiments with Li pel let injec tion into Heliotron E plasmas have brought
important information about main characteristics of Li ions during the pellet ablation
and also about the transport properties of Li ions after the in jection. The transport
coefficients have been calculated by simulating the experimental data by means of the
impurity transport code, taking into account the impurity puffing from the wall and
the impurity recycling. However, because of the non-local initial s ource of lithium
ons, there i1s no clear transient process to anal yze and the transport task requires an
account of a variety of factors.

As an accurate diagnostic for local particle transport, a new method of TECPEL
(tracer-encapsulated cryogenic pellet) injection is proposed, which provides reliable
information about transport in plasmas without the need for complex measurements of
all the plasma parameters. With this method, the local transport is measured directly
by observing evolution of a small particle source as tracer, which is initially localized
within a limi ted plas ma vol ume. The t racer par tic les are deposited lo cally by the
TECPEL, which consists of a small core as the tracer of a light atom and the major
outer layer of a frozen hydrogen isotope. When such a pellet enters the plasma, the
outer layer is ablated first, which allows the tracer core to reach the central plasma
region with a higher temperature, This results in a more intensive ablation of the core
providing the necessary localization of the deposited tracer ions. It is shown that in
this case, the diffusion coefficient can be calculated analytically from experimentally
observed evolution of the impurity density.

A device for production and acceleration of tracer-encapsulated cryogenic pellet
has been constructed and tested experimentally. For a technical demonstration of the
device operation, a 240 pum diameter carbon sp here is encapsulated ina @3x3 mm
cylindrica | hydrog e n pel let. The acceler ated TE CPE L is photo grap hed from two
perpendicular directions simultaneously. From the obtained images, the 3D geometry
of TECPEL has been reconstructed and found to be consist e nt with the projected
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dimensions. Thus, the proof-of-principle of the device operation has been successfully
demonstrated.

As application for the existing fusion devices with a medium size plasma, an
alternati ve configura tion o f the pel let made of non- cryogenic mater ials has bee
proposed. The idea of the tracer-encapsulated solid pellet (TESPEL) injection will be
still advantageous if the emission of the core ions can be observed on the background
emission of the major pellet ions. From various TESPEL confi gurati ons tested, the
most appropriate one has been sclected inthe form of a poly styrene shell (30fim
diameter and 50 pm wall thicknes s) contain in g a li thium h ydri de core (50 um
diameter). This configurati on h as b e en aperimental ly real ized an d the produced
TESPEL s ha ve b e en successful ly acceler ated with cons e rva tio n of the TESPEL s
integrity. Calculation of the TESPEL ablation rate has demonstrated that the obtained
TESPEL dimensions and achieved pellet velocities are appropriate for injection into a
medium size plasma.

For proving the essenti al concept of the new diagn ostic m e thod, a series of
experiments with TESPEL injection has been carried out for the case of CHS plasmas.
The light emission from the ablating pellet is registered in H, and Li [ (or Li II) lines
with high ti me resoluti on, an d the sp atial res olu tion i s p rov ided by the CCD
photography . From these measurements, the information is obtained about the exact
location and width of the deposition of tracer material, and this confirmed that a good
localization of the tracer has been achieved. The experimentally measured TESPEL
ablation rate is compared with the calculation based on the im purity pellet ablation
model, and a good agreement has been found.

Behavior of the tracer ion s depo sited local ly in t he core p lasma region was
observed by CXR S method using the heating neutral beam as a sou rce of neutral
atoms for the charge-exchange reaction with Li*" ions. The observed diffu sion was
found to be consistent wit h the theo retical calc ula tio ns, and th e experimental data
have been simulated by means of the impurity transport co de fo r obtaini ng the
transport coefficients. The difference in the diffusion coefficient for various plasma
configurations is discussed.

Thus, a new diagnostic method for particle tra nsport study with TESPEL has
bee n acperimentall y implement e d fo r t he firs 1 ti me. The resu Its from CHS have
proved the new diagnostic concept from the both viewpoints of the production method
of a tracer-encapsulated pellet and observation of the transport properties of the tracer
particles.

il
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1. INTRODUCTION

1.1. Importance of transport measurement

One of the most important properties of plasmas in magnetic confinement devices
is the plasma transport. The characteristic times of particles and heat conservation or,
simply, the plasma confinement is merely determined by the transport processes. The
physics of the plasma transport is far from being established and still re mains an
important subject to be understood. The clarification of the me chani sm itself is an
interesting challenge for theoretical physics. Recently, however, an understanding of
the transport has become criti cal mainly from the practic al point of view. Fort
reliabl e design of an appropria te fusi on mach ine or even acommerc ial reactor,
prediction of its plasma confinement based on an accurate know ledge of the plasma
transport becomes crucial.

Based on widely observ e d scal ing la ws , a longer con fin ¢ ment time can be
achiev e d with alar ger size of the plasm a. Th us, the app arent wa y 10 ensure the
performance of a designed reactor is to make the designed parameters such as the
plasma volume, th e magneti ¢ fi e Id strengt h, and the hea ting pow e ras large as
possible. Recently, this path became hard to fol low because of a new era of huge
machines I ke ITE R. Thedesi gn and constr uct ion ofth e first gperimental
thermonuclear reactor is going to absorb funds from several in dustria | countries to
cover the total stimated costs of $10 hillion. B esides the financial di fficulties, the
ITER project is not universal ly po pular among scientists, and this is due partly to
some doubts that the machine will provide the required plasma confinement and can
reach the expected power output. So, the plasma transport has to be clarified not only
for the plasma theory but also from the viewpoint of practical reactor construction, so
as to provide much improved accuracy in the machine design.

The variety of theoretical models of the plasma transport can hardly explain the
experimentally observed phenomena. At the same time, lack of accurate experimental
informatio n mak e s t he analysi s o ftranspo rt v e ry complic ated. Th e re are many
methods of transport analysis based on experimental data, and some of them will be
reviewed in the following section.
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In this work a new method is proposed as an accu rate diagn osti ¢ for particle
transport. It provides reliable information about transport in plasmas without the need
for complex measurements of all the plasma parameters.

Before coming to the details of this new method, let us briefly review the general
principles of the existing methods of studying plasma transport.

1.2. Common methods of studying transport in plasmas

Method s o fstudying the transport phenome na in plasmas can be cl assified as
static an d dynamic . T he stat ic met hod s are ba sed on the cons ider ation of the
stationary balance equations, while the dynamic methods employ the analysis of the
transient phenomen a. Bo th approa ches have t heir own advanta ges, wh ich will be
discussed below.

A general static method considers the reverse task solution for the system of't

transport equations averaged on the magnetic surface with radius r [1-3]:
on 168

39 | & 5 r, @
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where n is plasma density; [, — particle flux; § — particle source; T, and T; — electron
and ion temperatures; g, and ¢; — clectron and ion heat fluxes Qo — ohmic heating
power (if present); P, and P; — additional heating power for electrons and ions (if
present); (., — heat exchange between electrons andions ;0. and O; — other heat
sources and sinks for electrons and ions. Equation(1.1) is a particle balance equation
and equations(1.2), (1.3) are clectron and ion heat balance aquat ions, respectively.
The particl ¢ and heat flux e s a re determi ned throu gh the dens ity and temperature

gradients, respectively, with transport coefficients as proportionality coefficients:
dn

[ SSPas g, 1.4

= (1.4)
arT. oT.

g, =—K,—==—y n—=, 1.5

J ar % or (1:3)
oT T

e —b= p— 1.6

q; et ‘L (1.6)

where D and V are diffusion coefficient and pinc h veloeity , k¢ i, ¥ i — heat and

temperature conductivity for electrons and ions.
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The equation s(1.1)-(1.3) are writte n in the approxima tio n o fthe cylindrical
geometry, assuming axial symmetry and neglecting the inertia and viscosity of ions
and electrons. The system of equations(1.1)+(1.3) can be completed with Ohmic law
and Maxwel | quat ion s i fthe dec tric cu rrent d e nsi ty is a Isoa sub ject of the
calculation.

Solution of the defined set of the equations is aimed at the determination of the
transport coefficients D, V, y.,%:, which describe the transport in plasma and, in
general, define the plasma confinement. This task can be fulfilled by means of't
direct simulation of the equationg1.1)-(1.3) assuming some specific values for the
transport coefficient s a nd compari ng the simula ted eol utiono f n, T., T, with
the experimental data. The correct expression s fo r t he transpo rt coeffici e nts are
resolved by adjusting the input va lues and ac hiev ing the best a greem ¢ nt with the
experimental data.

Although the simulation of the full system of equations(1.1)-(1.3) is possible, it
is rather complicated and often not necessary. Therefore the above equations need to
be simplified further for particula rplasm acondi tio ns. On e of the common
simplifications can be made from the following relation observed experimentally:

Ke >> K- (1.7)

This allows to consider electron and ion heat transport inde pendently or simply
focus only on the electron heat balance equation (1.2).

For the stationar y plasm a condi tio ns, the time d e riv at ives can be neglected
(which is an advantage of the static methods) and, assuming zero particle source S (for
the core plasma), the particle balance (1.1) gives zero particle flux I,. Thus, equation
(1.2) becomes much simplified:

%%["IEH n %Jz'&nr + =0, +0, (1.8)

Here 15'3 denot e s dectr on temperat ure conduc tivit y der ived from the power
balance. The accurat e considerat ion of t his e q uation requires inf ormation about
stationary profiles for not only density and temperature, but also for all terms in the
right-hand side of the equation. Thus, the experimental data on the profiles of the ion
temperature, absorbed power of the additional heating, radiation losses, etc. should be
available. Tlus 1s a weak point of the static methods of the transport analysis, since the
reliable measurement of all these parameters is often complicated or not possible.

Because of the difficult ies with app lic ati on of the sta tic meth ods, recently the
dynamic method s beco me widel yus e d fo rstudyi ng the transp ort phenomena.
Dynamic method s a re appli cab le when consi deri ng the tim e o lution of the
perturbation of a plasma parameter (such as density or temperature). The magnitude
of the perturbation should be large enough for the higher signal/noise ratio, but much
smaller than the magnitude of the parameter in equilibrium state, so as to assume that
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the static terms in th e balanc ¢ quatio ns rema in unchanged. Then th ¢ dectron
temperature can be written as a sum of the two parts: the unperturbed profile and t
changing perturbation:

To(r,1) = Ty (r) + Te(r, 1) (1.9)
After substituting this to the equatifln2) one can obtain a mo re simplified
equation for the perturbed component:
30( =\ 18 oT,
——nT, |=——| rny, —= 1.10
Zﬁr( ) rf}r[ e ar] (L10)

(We neglect here the terms that are weaker than the dominant term with the second
derivative of T..)

Now the problem is limited to solving the equationl.10) with a given initial
profile ﬁ[:‘,ﬂ), Mote, that Eq. (1.10) is defined within a factor of the absolute value

of T, that means that the absolute value of the temperature is not significant and only

the measurement of the relative change is necessary. This is typical for the dynamic
method s a nd advant ageous comp ari ng to the static metho ds, since the absolute
calibration of the experimental data is not required.

There 15 a variety of the dynamic method s tha t di ffer in the ori gin of the
perturbatio n bein g studi e d. Amo ng the first, t here were the met hods that utilized
sawtooth oscillations of the electron temperature [4-7]. An advantage of such methods
is the use of the natural source of the perturbation in plasma, i.e. internal disruption,
50 that there i1s no need to create the perturbation, but it is only necessary to monitor
the change in the temperature profile by using standard diagnostics.

The perturbation 7,(r,0) can be represented as consisting of two parts: negative
inside the region r < rg (ry is the radius of the sawtooth phase inversion) and positive
for r = r¢. The temperature conductivity . can be obtained from the time delay of the
heat wave propagation at different radii. It is also possible, with some assumptions, to
estimate . from the sawtooth oscillation period [4]:

ok
Le =5 e

where Tsr is the sawtooth oscillation periodand ¥, is the electron temperature

(1L11)

conductivity averaged within r < rs.

Another kind o f dynami c meth ods uses ad dition al heat ing of the plasma as a
source of the temperature perturbation B-10]. In this case there is no perturbation of
the plasma density, which is advantag e ous comp ared to the sawt ooth oscillations,
since the electron balance equation can be solved independently.

In case of the pellet injection, there are two simultaneous perturbations: negative
for the temperature and positive for the density. Similar to the previous case, itis
possible to derivey, from the coolin g wa ve propagation, but the pro cess is more
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complicat e d becau se o f t he simulta neous ¢ han ge o f the d e ctron temp e rature and
plasma density. If the diffusion is slower than the heat conductivity D << y,) then
one can analyze the fast temperature change assuming the density quasi constant [11].
Besides this, the current density is also assumed to be unchanged during the short time
of heat diffusion (compared to the muc h long e r characteris tic time o f the current
diffusion). ['f the temperature perturbation is approximated as a negatiddunction
then y. at the plasma axis can be obtained as [12]
3.’;:,2

I:n:aE (1.12)

where ry is a radius of initial perturbation and At is the time delay of the cooling wa
propagation from=ry to r=0. We wil | consi der th is ro utine mo re in detail in
section .4,

It is also possible to estimate y. from the temperature relaxation during the longer
time scale, when the shape of temperature profile has been restored and the magnitude
is recovering exponentially [ 11]. In this case, the characteristic time of the central

temperature relaxation tey is connected with the energy life time of electrons as

Tee =2t (113)

and the average value of ¥ can be estimated from the following expression
_.aq _ a
- 4t m
Regarding the particle transport, from cquations(1.1) and (1.4) one can write the
following expression:

[

(1.14)

8, | e
_*’.z__a_r[nf’—‘nfu]w (1.15)
& ror o
And using the similar substitution for the perturbed component as (1.9)
Aa(r,)=n(r.1)—ny(r) (1.16)
one can write
L o
Bl Dm+l*’ﬁ] (1.17)
ot raor r

Equation (1.17) is very similar to the equation (1.10) and it can be analyzed in the
same way as the methods of obtaining . described above.

There is a variety of sources of the density perturbation, but the most common
one 15 the pellet injection |3, 14]. The density evolution is considered in a longer
time scale comparing to the heat wave propagation. Using the experimental data of
#(r, £) and assuming D and ¥ constant in time it is possible to solve numerically the
reverse task of finding the profilesD(r) and V(r) from the equation(1.17) [15, 16].
The accuracy of this procedure becomes low when the left-hand side of the equation
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(1.17) is much smaller than the terms on the right, meaning that the density change
should be fast enough.

It is important to mention, that in practice the substitution of (1.16) makes sense
when the value of the perturbationn(r,t) exceeds the accuracy of the experimental
measurement of n(r, £) for the full range of » and . Furthermore, for a clear separation
of the equation(1.17) on the static and dynam ic part, the gradient terms 161.17)
should not be much smaller than those in(l.15). In other words, the perturbation
f(r.t) should be rather localized.

These conditions are better satis fied when considering the dens ity evolution of
impurity ions artificial ly intro duced into the pla sma, w hen the constant component
np(r) is insignificant. Another advantage of the impurity transport analysis is that it is
not directly affected by the fluctuations of the background plasma density (caused by
gas puffing, NBI, etc.) if the density of impurity ions is low comparing to the plasma
density.

The impurity atoms can be injected into the plasma by means of a laser blow-off
method [17]. In this method the blow-o ffimpurities enter the p lasma th rough t
scrape-off layer, which makes difficu It an stim ati on of the total am ount of the
injected impuriti e s. Th us, a quan titative a nal ysis 1s rather ¢ omplic ated although a
qualitative observation of the impurity transport is possible.

Impurity pellet injection has also been used 1o measure the particle transport [18,
19]. This method gives intrinsically a broad source profile of the impurity distribution,
which is created along the path of the pellet ablation. This needs also a complicated
analysis and accurate experimental measurements of the subsequent evolution of the
impurity profile. For the material of impurity pellet, a light atom (like lithium, etc.) is
more preferable because of the faster full ionization of its ions at the typical plasma
conditions. This results in a very low rate of atomic processes during diffusion, which
yields a negligibly small source term S in Eq. (1.15).

In Chapter 2 we shall discuss the experiments with injec tion of lithium pellets
into the plasma of Heliotron E device [20] and present the results o f the impurity
transport simulation.

Summarizing the review of the methods of transport analysis, it is necessary to
emphasize the following:

1) Equations of the particle and heat transport can be analyzed separately if the heat
diffusion is faster than the particle diffusion.

2) Static methods of the heat transport analysis are applicable only if the experimental
information about all the plasma parameters is available. Dynamic methods require
a certain perturbatio n fo r t he analysi sa nd ca nbe a ppl ied to non-calibrated
experimental data.

3) In general, the balance equations can be solved only numerical ly. The analytical
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solution requires several assumptions about the plasma parameters and about the
form of the initial perturbation.

4) The transport coefficients can be calculated with a higher accuracy when the terms
with derivativ € s a re domina nt in the bala nce quati ons . [t means that the
perturbation should be fast developing and localized.

5) The particle transport can be measured more correctly by analyzing the evolution
of low Z impurity ion s artificial ly intro duced into pla sma, w hic h are different
species from the main plasma ions.

1.3. Concept of Tracer-Encapsulated Pellet Injection

The problem of measuring the parti cle transp ort with h igher accu rac y can be
solved by the new method of the tracer-encapsulated pellet injection (also referred to
as double-layer pellet injection). The concept of multi-shell pellet for the diagnostics
was discussed qualitatively in Referendéd and a more detail e d calculation of the
pellet ablation was carried out in Reference 22.

The essential point of the diagnostics is based upon the poloidally and toroidally
localized particle source as a tracer within a limited small volume of about lem’ in
the plasma. The tracer particles are deposited by a tracer-encapsu lated cryogenic
pellet (TECPEL) which consists of a small core as the tracer of a light atom and the
major outer layer of the frozen hydrogen isotope which is the same species as the bulk
plasma ions. The ions which are not contained in the pl asma intrinsica lly, such as
lithium, can be used for tracing the particle motion.

When such a pellet mters the plasm a, the outer | ayer of hydr ogen is otope is
ablated first, which allows the TECPEL’s core to reach the central plasma region with
a higher temperature. This results in a more intensive ablation of the core providing
the necessary localizat ion of the d e posit e d tra cer ions. C alc ula tion of the pellet
penetration and deposition width of the tracer will be discussed later in section 4.2.

The principle of particle transport diagnostics by means of the TECPEL is shown
in Fig. . At the first stage after injection, the tracerions will flow approximately
along the magnetic field lines being affected byE x B drift and other dfects. The
motion o f thetracer ions canbedetected by various m e thods , s uc h as a charge
exchang ¢ recombinati on spectrosc opy (CX RS) a rray with hi gh time and spatial
resolution at the location of neutral beam used for plasma heating. After a short time,
the distributi on of the tr acer ions g ualizes pol oid ally and to roidally forming an
annular domain of particles localized at a certain plasma radius. In a longer time scale,
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Fig. 1. Schematic view showing the basic principle of particle transport diagnostics by means
of a tracer-encapsulated pellet.

particles on such a surface will move inward and outward in radial direction due to the
particle diffusion and pinch effect. By monitoring this motion, it is easy to measure
accurately the radial transport in post-injection plasma, owing to the very local
deposition of the tracer particles. The following two sections explain the method of
calculating the diffusion coefficient directly from the observed motion of the
deposited tracer ions.

In Chapter 3 we shall describe the process of manufacturing of the TECPEL
made of frozen hydrogen with a carbon core and discuss the experiments with the test



Chapter 1 Introduction

acceleration and photographing of TECPEL.

Several alternativ eanfigurati ons of the tracer-encapsul ated solid pellet
(TESPEL) are reviewed in Chapter 4 and their advantages are compared. In Chapter 5
we shall present the first results o fexperiments with injection ofsuch pellets into
real plasma and discuss the resu lts of impu rity tran sport sim ulatio n based on the
obtained data.

Now, let us describe the procedure of calculating the diffusion coefficient directly
from the observed motion of the deposited tracer ions.

1.4. Calculation of transport coefficients.

As it was mention ed insectioln2, the problem of alculatin g th e particle
diffusion is reduced to solving the cquation
-ai=—l-£r[ﬂa—n+l’uj (1.18)
ot orar or
(Here n denotes the density of the tracer ions.)
Initial profile of the deposited tracer ions can be approximated as a é-function:
n(r,0) =N, 8(r,) (1.19)
where g is the radius where the tracer was deposited and N is a total amount of tracer
particles. Suppose that the value of 1y is known and we are monitoring the change of
n(1) at a certain radius ry.

During some time after injection, n(») remains peaked and the diffusion term in
(1.18) dominates over the term with pinch (as will be shown below), which therefore
can be neglected. Within the limited region r < ¥ < 1| we can assume D to be constant
or interpret it as averaged in that region. So, the transport equation can be written as

! =£i(rﬂ] (1.20)
o ror\ or

It is worth to mention that the heat balance equation (1.10) can also be simplified
in the following way. When obtainin g expressiot(l.11) it was assume d [4] that
n=const and y. was averaged within the considere d area, which made possible to
take both n and . out of the gradient brackets. [n fact, this can be justified with a
weaker assumption that ny, = const, which is due to the widely observed dependence

for the anomalous . (known as Alcator scaling [23]):

17
310 ot g (1.21)
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And, assuming that the density is changing much slower tha n the temperature,

we have:
1_?3:_6(@:] (1.2
2 ot rorl or

Now it is dearthatequations(1.20) and (1.22) have identical solution if the

; : A ; 2
diffusion D is taken as equivalentto — y, .
3

The common solution of the equation (1.20) can be found as [4]:

Ny P\ 2 Frt
nlet)=—"=—exp| ——— *0)expl ——— |[ ‘vt 1.23
=30 p[ 41};)“"& ) I{ 4Dt ) \2D1) “ Ut

where fy(x) is the modified Bessel function.

In general, the integration in this expression can not be carried out analytically,
but since the initial profile n(#, 0) is the 8-function, this easily comes to:

Nyr 4t P
u{f',r)z 2?);’ exp[~ 4D;’ ]IH[E.{;;] (1.24)

Behavior of the function n(r, 1) is clarified by Fig. 2, where different curves for
various values of r and ¢ are shown. [t is seen that the time curve at any radius »
achieves the maximum after a certain delay, which is longer for larger r. Such curves

b)

n(r, t)
n(r, t)

Fig. 2. Different shapes of alr, 1) caleulated from (1.24) for rp=10cm and D =04 m’/s

a) Time curves at different radii. Points of maximal values are indicated by small circles
b) Profiles at different moments of time.
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can be obtained experimentally if n(r, £) is observed from a set of points with different
radial positions.

Althou gh there is alwa ys so me uncertain ty in experiment al measuremen ts, the
peak of a time dependence can usually be detected easily. Thus, it is of the practical
interest to calculate the diffusion coefficient D from the time ¢ of arrival of the density
peak to a certain radius r.

Maximum of n(r, 1) is achieved when

én Ny re
on - P(r,t)-0(r.0))=0, 1.25
gt exp[ 5. | (P =0(n0) (1.25)
which is equivalent to P(r,t}-Q(r,t)=0 (1.26)
where P(r,ty=(r? + 52 —4D 1)1,(x), (1.27)
O(r,0)=2rnl (x) (1.28)
and P (1.29)

2D1¢

At this point, we should note that the absolute value of the density (defined by
Np) has no effect on the solution of Eq.(1.26), hence the experimental data of n(r, 1)
do not need to be calibrated.

It is not possible to transform equation(1.26) so as to express its root directly.
The zero-order approximation can be found whens, — 0. Then, the Bessel functions
fi(x) =0 and [;(x) =1, and the root of equation (1.26) becomes

e B
re 4+
=— 1.30
" 4D d:2%)

Since » and ry are involved in(1.26) symmetrically, itis approximated with the
root fo when either r <<y or 1 <<r.

Now we shall find the next order approximation to the roots as a correction to f,
by expanding (1.26) in a Taylor series around the point ¢:

d
PO -Q()= Plty) = Qi) + (1 =)= (P()- Q)] +... (1.31)
.I':.fn,
The left side of this equation as well as P(1,) is equal to zero. So, after simple

transformations one can obtain;
|

| =(s=1/5)1,(s)/ 1,(s)

and 5= f”’"‘z (1.33)
r +rn

t=als)t; with afs)=1- (1.32)

Now let us consider the other extreme asc when r— 5, that means that the

observation point is located very close to the origin of the perturbation. Clearly, in this
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case the sought time ¢ will be very small and the parameterx in (1.29) becomes large.
For a large argument the Bessel functions have the following approximations:

f{x}—i— 1+—i~+ Li(x)= £ I—i— 2 + (1.34)
" J2nxl 8x ) Sl 8x 27T '
{(For /i(x) one extra term was added in expansion (1.34), as it does not complicate

the result.) With these substitutions equation (1.26) becomes a quadratic equation for ¢
and can be solved directly:

x

t=p(s)ty, (1.35)
B(s) = i(uﬁ.ﬁ-— 37 3..[1',]2? - 6865 + malf) (1.36)

Curves for a(s) and [3(s) are shown in Fig. 3. For s << 1 (i.e. when r strongly
differs from ry) the function a(s) should be used, while the functiofi(s) is for s = |
(i.e. when r is close to »y). The relative error s (fr om @ompari son with numerical
solution) &, and € of the approximations a(s) and [(s), respectively, are also shown
in the lower part of Fig. 3. It is scen, that for all values of parameters, the error is
below 10%, which means that the used approximatio ns are quite approp riate. The
largest error is achieved when r differs from sy in abouttwo times ands = 0.8. In

)
==
o)
3 3=
e
o 2
= b
@
QL
= 5 \‘ 18 2
a | ‘\‘ \\ o
eﬁt’- 1\ W E
\.\\ %
, . ",
0.2 04 : 1.0
s
Fig. 3. Functions ofs) and B(s) used for calculation of 1. In the lower part of the plot the

relative error curves are shown,
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practice, the ase when r is close to ry is more relevant, because of the larger
magnitude of the perturbation and easier detection of its peak (as discussed in the next
section).

Thus, the time ¢ should be alculated from (1.32) or (1.35) depending on the
value of the parameter 5. In both @ses the expression (1.30) is used, and therefore,
one can easily invert the formula and calculate the diffusion D from the experimental
values of ¢, r and ry:

Pt [als), for s<0.8

D=—x[ (1.37)
41 B(s), for s>08

In the beginning of this section, the pinch velocity ¥ in the Eq. (1.18) has been
neglected. Calculations show that the diffusion term is at least se veral times larger
than the term with ¥ (for a typical value of V' of a few meters per second) in the initial
phase of the evolution. M ore exact ly, this is valid at any radius w here parameter
520.7 and during the time until the maximum of a(r, ¢) is achieved. These conditions
are casily satisfied for the present task, when measuring the time of maximum ata
radius r close to ry.

1.5. Calculation of diffusion for non-zero deposition width.

The described above method allows to calculate the diffusion coe fficient for the
hypothetica | situa tion when the initial pert urb ation is ¢ o ncen tra ted i n one point of
minor radius ry. Althou gh this ¢ ase is practica lly unr cal, the met hod @n still be
utilized for the case when the tracer deposition width Ar is not equal to zero.

It is seen from Fig. 2b that at some early time { = 1 the decaying profile n(r, t) has
a bell-like shape, which is very appropriate for approximating of the tracer deposition
profile. It means that the initial perturbation profile:(r, 0) can be considered as one
transient phase n(r, 1) of the found earlier so lution of the diffusion task (See Eq.
(1.24)). Clearly, all the following phases of such a profile will conform to the formula
(1.24) with a shifted time axis. A certain profile n(r, fe,;) measured experimentally
will be achieved earlier than the time fy,eo calculated from (1.37) by the time shift t:
-1 (1.38)

Now it is necessary to express t in termis of the given deposition width Ar, i.e. the

'r».'xp o Ilhcnr

characteristic width of the profil en(r, ). For that, one shoul d make the following
transformations to the function n(r, 1) of Eq. (1.24), which can be written as:

PNl 2 X 5
n(r,r)= ']r”—cxp{uj T ]fn[zun] (1.39)
a o

o

13
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where =410 .

Approximation of the deposition profile with n(r, ) is valid for small t when the
profile remains bell-shaped and compact in » (as the one in Fig. 2b at { = 0.2 ms). For
small T, one canuse previous expansior(1.34) of fy(x) for x >> | and after simple
transformations obtain

2
i :%;-exp[—g:ﬁﬁ}—] (1.40)

Here the square root dependence on r is much weaker than the exponent and can
be neglected. The exponent in (1.40) has a typical Gaussian bell form with the center
at rg and the half-widthof Jo. Thus, the daracteristic width of the profile n(r, 1)
(with attenuation in € times) is

Ar=41D (1.41)
After substitution of this relation to (1.38) and using Eq. (1.37) for fyer One can
finally obtain
5), for s<0.8 2
.D':L (r2+1h2)x b ke _ﬁL (1.42)
41 B(s), for s>0.8 4

where ¢ is the measured time moment of the maximal density at radius r ;
rp and Ar are the center and the characteristic width of the initial perturbation;
afs) and B(s) are calculated from Egs. (1.32) and (1.36), respectively.

When Ar — 0, the formula (1.42) reduces to Eq. (1.37) and therefore it can be
considered as an extension of Eq. (1.37) for the case of non-local tracer deposition.

It should be noted that for large values ofAr, expression (1.42) may become
negative. This can be easily understood, because for a wide deposition profile (like the
one in Fig. 2b at ¢ = 1.0 ms) the density at a certain observation radiusr may have
already passed the maximum by the timet (i, €. T> lineor), 88 it is seen inFig. 2a for
r=12cmand t= 1.0 ms. This may happen for the observation points located close to
the onigin of perturbation ry.

On the other hand, the awrvature of the tim e depende nce at the time ofits
maximum becomes larger when r is closer to ry (as it is seen from Fig. 2a). Obviously,
for a larger curvature, the density peak can be detected more distinctly fro m the
experimental signal containing noise. However, the nearest torg location r = ryy, is
limited by the above described situation with the non-zero deposition widthir. The
location r = ryip can be calculated from Eq. (1.42) by setting the differe nce in the
brackets equal to zero.

For smaller values of Ar, the observation point can be located closer to ry and the
time of density peak an be measured more accuratel y resulting 1n a sma ller error
when calculating the diffusion. This dear ly indica tes the impor tan ¢ e of the high
localization of tracer deposition.
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1.6. Summary

In this chapter we have discussed the necessity of the accurate measurement of
the transport in plasma and reviewed several methods of the transport analysis. It was
demonstrated that the metho ds studyi ng t he transie nt transpo rt process es are more
appropriat e whe n th e experimenta | informat ion abo ut all the plasma para meters is
deficient for a complete transport model. The transport coefficients can be calculated
more accurately when the perturbatio n bein g studi ed is rath er locali zed and fast
developing. As regards to the particle transport, it can be measured more correctly by
analyzing the evolution of lowZ impurity ion s artificia lly intro duced into plasma,
which are different species from the main plasma ions.

For the accurate diagnostics of t he par ticle trans port , the me thod of tracer-
encapsulated pellet injecti on is ve ry promisin g. By ceat ing the hig hly localized
impurity tracer source in the plasma core, the method allows measuring the particle
transport both in parallel and in perpendicular to the magnetic field lines.

The procedure of analytica | @lculat ion of the dift usion @e fficie nt from the
experimentally observed density evolution was described, which is applicable for a
point origin of the initi al perturbation. The method was also extended for the ase
when the initia | densit y perturbat ion ha s a s mal I but finite wi dth and an be
approximated wit h a bell-shap ed Gauss ian @r ve. It was sh own t hat with more
compact distributi on of t he tracer dep osit ion the dif fus ion an be @lculated with
smaller errors. This proves the idea that the deposition of the tracer particles in plasma
should be very localized.

15



2. LITHIUM PELLET INJECTION

2.1. Introduction

It was shown in Chapter | that the particle transport in plasma can be analyzed by
observing the motion of impurity ions introduced artificially into plasma, which are
different species from the main plasma ions. This can be done by impun ty pellet
injection when the source profile of the impurity is created along the path of the pellet
ablation. The radial distribution of the impurity ions and the pellet penetration into
plasma are determined by the pellet ablati on rate, which should be alcul ated from
experimental data. The impurity transport study is also important for measuring the
confinement of the impurity itself as the accumulation of impurity in plasma leads to a
degradation of the plasma quality and results in a shorter energy confinement time.

It was also mentioned that the pellet should be made of a low Z material such as
lithium in order to provide a fast and complete ionization of the injected impurity and
achieve a very low rate of the atomic processes. This essentiall y simplifi es the
calculations since the source term in the particle balance equation can be neglected.

Lithium has another advantage due to its high chemical activity. Being coated on
the plasma limiter or divertor it is capable of absorbing the other impurities (mainly,
oxygen) from the plasma, thus reducing the impurity recy ¢ ling and im proving the
plasma quality [24]. Experiments with lithium pell et inje ¢ tion with the purpose of
coating on the plasma divertor have been extensive ly performed on TFTR [25] and
have revealed a remarkable improvement of the plasma confinement.

In case of the helical magne tic configuration of Heliotron E the lithium pellet
injection experiments pursued the following objectives:

1) Measure the response of the main plas ma parameters during the injection and a
possible change in global plasma confinement due to injection;

2) Analyze the behavior of lithium ions during the pellet ablation and in a longer time
scale. Perform a numerical simulation of the experimentally measured lithium ion
density evolution by means of impurity transport code.

3) Compare the ablatio n properti es of Lipel let du ring EC H an d NBI heated
currentless plasma.

4) Study the plasma-wall interaction related to the lithium coating on the wall;
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Before discussing the experimental setup and obtained results, let us describe the
construction of the lithium pellet injector and the pellet loading routine.

2.2. Construction of the pellet injector

The schematic view of the lithium pellet injector is shown i tFig. 4. Prior the
injection a set of 30 pellets is loaded into the disk / of the magazine 2. This procedure
of loading and details ofthe construction of the magazine will be discussed below.
After the pulse of the propellant gas from the shooting valve 3 with duration of 2-4 ms
and pressure of 30-50 atm, a pellet 4 located on the shooting axis is accelerated and
goes through the removable barrel 5, manual valve 6, and the main barrel 7. The inner
diameters of the removable barrel and the main barrel are 1.0 mm. The length of the
acceleration path ofthe pellet is |.2m. Then the pellet cosses the beam of He-Ne
laser & expanded by the beam expander 9. The light from the beam expander goes to
the light detector /0 that has two input slits at 5.5 mm distance and this allows a rough
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Fig. 4. Schematic view of the lithium pellet injector.
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Fig. 5. Photo of lithium pellet injector with differential pumping system.

estimation of the pellet velocity. The accurate measurements were made by the time
difference of the light detector signal and the plasma density increase due to the
injected pellet. After each shot the disk in the magazine is manually rotated by the
handle // so as to position the next pellet.

A photo of the pellet injector with differential pumping system is shown in Fig. 5.
The differential pumping system consists of four vacuum chambers isolated by gate-
valves. Three of them are pneumatic type gate-valves with closing time of
0.5-1 s and the nearest to the injector is electromagnetic gate-valve with closing time
of about 0.05 s for a faster cut-off of the propellant gas wave following the pellet.
The four guide tubes are 0.14 m, 1.5 m, 0.4 m, and 2.7 m long, respectively. The inner
diameters of these guide tubes are 2.27 mm, 4 mm, 7.53 mm, and 10.7 mm, respec-
tively. The gap distances between the guide tubes were calculated so as to allow a
pellet to pass the gaps safely for the typical scattering of the pellet trajectory of within
1 in full angle.

To load the pellets into the magazine the latter is dismounted from the injector
(See Fig. 6). For that, the valve [ is closed and the accelerating valve 2 is removed.
Then the nut 3 is removed and the magazine 4 with the removable barrel 5§ is shifted
from the "main position" to the "dismount position”. A pair of O-rings 6 maintains the
vacuum isolation. Then the manual gate valve 7 is closed and prevenis air from
coming into the differential pumping system. Finally, the magazine 4 is separated at
points & and now it can be used to load the pellets.

18
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Fig. 6. Principle of dismounting of the pellet magazine,

2.3. Preparation and loading of the lithium pellets

The pellet production routine described be low is similar to that used on TFTR
where rather large (@2x2 mm size) cylindrical lithium pellets were produced for the
injection [26]. For the Heliotron E plasma, the Li pellet size should be much smaller
implying a higher accuracy requirement during the pel let pro duction and handling.
The process was also improved with respect to maintaining Li pellet purity.

2.3.1. Physical and chemical properties of lithiu

Because of its high diemica | activity, hithium reacts quick ly with oxygen and

water from the air and slower with nitroge n. This mak es imposs ible any operation
with lithium on the open air. In the nitrogen atmosphere due to the interaction with N5

lithium slowly turns into lithium nitride Li;N, warms up and reacts quicker. This does

19



Chapter 2 Lithium Pellet Injection
e

not allow to use nitrogen gas for preserving lithium purity. It seem s th at only the
noble gas atmosphere can resol ve this problem. The other way to wmns erve lithium
may be in keeping it in a non-active liquid. Besides water lithium reacts with many
organic substances except for hydrocarbons and some others. Therefore it is possible
to use light liquid hydrocarbons such as hexane to avoid the contact of lithium with
the outer atmosphere. At the same ti me the se liquids are very volatile and quickly
disappear during the vacuum pumping thus satisfying to the high vacuum conditions.

The physical properties o flith ium also m ake ope rati on with it very difficult.
Lithium is a soft but very sticky metal. Being pressed on a steel plate lithium fills in
the harshness ofthe metal surface and casily sticks toit. After that the omplete
cleaning of the polluted surface is possible only by washing in a water. Among the
most inert to the lithium stickiness materials are nickel and nickel oxide (NiO).

2.3.2. Operation in the glove-box.

According to the above remarks all the work with lithium is per formed in the
hermetic glove-box filled with helium gas (Se&ig. 7). It has a 15 an size abic
sluice / from organic glass with twodoord that can be hermetically dosed. The
sluice can be pumped out to low vacuum through valve 3 and filled with helium. The
vacuum level in the sluice is monitored by the vacuum gauge4. By means of such a

gloves

Fig. 7. Schematic view of the glove-box.

20



Chaprer 2 Lithium Pellet Injection
e

sluice it is possible to insert and remove necessary utensils and the magazine itself
without direct contact of the inside atmosphere of the glove-box with the outside air.

To simplify the connection of the pipes the pumping of the glove-box and filling
of the sluice are performed through the pipe 5. The valve 6 is always open and the
valve 7 is open only for equalizing the pressure in the sluice and the glove-box. The
helium supply to the glove-box is performed mainly through the valve 8.

The construction of the glove-box does not allow a complete evacuating of its
atmosphere and subsequent filling with helium gas. To solve this problem a poly-
cthylene balloon of a size bigger than the glove-box is put into the glove-box in the
compressed state. Then a pipe 9 that goes inside and supplies helium is inserted into
the balloon and fills it with helium. Thus the balloon occupies almost the whole space
of the glove-box while the old atmosphere 1s pumped out through the pipe 5. Then the
filling is stopped and the remaining free space is ventilated with helium through the
valve &8 for a few minutes. After that the balloon is blown out and removed from the
glove-box through the sluice. After such a process the purity of helium atmosphere
keeps the surface of a cleaned lithium piece gleaming for about 15 minutes.

2.3.3. Loading of the Li pellets.

Because of the lithium softness it is very easy to produce a thin (=1 mm) lithium
layer by pressing a piece of lithium between two thick metal plates, which are covered
by nickel or nickel oxide to reduce adhesion to lithium. It is also good to moisten the
surface s o fthe plate s wi th li quid he xane be fore pres sing. After tha t the prepared
lithium layer is used for punching out the pellets by means of a special pipe with inner
diameter | mm, outer diameter 3 mm, and length about 120 mm. The working edge of
the pipe is sharpened at 457,

To prolong the life time of the lithium purity, the lithium layer is placed ina
shallow hexane bath when punching out the pellets. Finally, the pellets are loaded into
the disk as shown in Fig. 8. The pellet / is pushed out of the pipe by means of the
@1 mm wire when the pipe 1s set upon the next hole in the disk 4. The exact position-
ing of the disk with pellets is provided by a special stopper? with spring. The disk 4
has a radial set of corresponding hollows 3. The O-rings 4 are designed to prevent the
propellant gas from getting into the magazine during the injection. Another function
of these O-rings is to isolate the inner space 7 with pellets from the outer atmosphere.
In fact, only 29 pellets are loaded, and the hole at the shooting axis is left empty. After
the magazine is removed from the glove-box, the inner space of the disk with pellets
is pumped out through the holes. Thus, 29 pellets are isolated from the air and the
magazine can be mounted back on the pellet injector. In this state the loaded pellets
may remain during 2 0-30 hours befo re the injectio n. After that th e injection may

21



Chaprer 2 Lithium Pellet Injection

B
i
| |
3
R
i
i
+::§ ! |
\,-._‘:
\p
N

\ / /x/fi——; Z {/{4\ §€ R\\\N\\\\\\\\
L)- Pumping 2

Fig. 8. Method of loading Li pellet into the disk of the magazine.

become difficult as lithium slowly absorbs impuriti es from the stainless steel of the
disk and adheres to it.

2.4. Testing of lithium pellet injector

The main purpose o fthe laboratory tests of the lit hium pellet in jecto r was to
achicve a high reliability of the injection and to define the main reasons that made the
injection unstable. Among these reasons it is necessary to mention (in the order of
decreasing of their probability):

1) Pellet may fall out from the disk during the mounting of the magazine.

2) Pellet may remain in the disk after the shot of the propellant gas.

3) Pellet may stop at the joint of the removable barrel and the main barrel (see "main
position" in Fig. 6).

4) Pellet may stop in the main barrel.

Let us discuss the above problems and their solutions. The first tests were made
with the disk having @1.1 mm holes. In average 20% of pellets fell out from the disk
before the injection due to accidental shakes of the magazine. In the new construction
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Fig. 9. Achieved velocitics of the lithium pellets vs. propellant gas pressure.
The right axis shows approximate statistics of the injection reliability.

of the disk the diameter of the holes is 1.0 mm. This allows to reduce the percentage
of the losses to 3-5%.

On the other hand, with reduced diameter of the holes, the effect of adhesion of
lithiu m pelle ts to t hedi sk h as increa sed with simult aneous re duction of the
accelerating force. Fig. 9 presents a dependence of the pelle t velocit y on the
propellant gas pressure for the disk witkl.l mm holes. The error bars represent
average errors of measuring the pellet velocity. The right axis of the plot shows the
approximate probability of the successful acceleration. A fairly stable injection can be
performed if the propella nt g as press ure is not less than2 5at m. F or the new
construction of the disk a pressure of 40 atm is required. It is seen from Fig. 9 that the
range of pellet velociti es is rather narrow. W ith hig her prope llant gas pressure the
velocity dependence becomes slower and achieving the velocities higher than 500 m/s
is problemati ¢ . O n th e othe r han d, decreas ing of the pres sure lea ds to unstable
injection and at the pressure less than 15 atm no pellet can be shot from the disk. Also,
as it was mentioned earlier, the stability of injection can be increased by reducing the
"waiting" time between the loading of pellets and the injection.

The problems with stopping of the pellets on the acceleration path cin be also
solved by increasing the propellant gas pressure. Duration of the propellant gas pulse
has a weak effect on the dependencies in Fig. 9, since the very first moment of 1-2 ms
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is important for the acceleratio n. Increas ing the p ulse d urati on le ads to a higher
undesirable pressure jump in the differential pumping system.

Summarizing what was said about the Li pellet production and acceleration, the
following points should be underlined:

1) Because of its chemical activity lithium should be handled in a glove-box with the
noble gas atmosphere (He, Ar, etc.).

2) A special procedure of replacing the glove-box atmosphere allows to achieve high
purity of the noble gas.

3) When making the pellets it is better to keep the clean lithium in the liquid hexane
S0 as to maintain its purity.

4) The propellant gas pressure for Li pellets should be not less than 25 atm. For this
reason, it 18 difficult to obtain pellet velocities of less than 400 m/s.

The lithiu m pell etinject or h as b eeninsta 1l ed on Heliotrdhh and has
demonstrated the reliable operation. No increment of light emission of such impurities
as nitrogen or oxygen has been observed during the injection, which proves the high
purity of the lithium pellets.

2.5. Experimental set-up of lithium pellet injector

and observing diagnostics.

Heliotron E is a heliotron/torsatron device with multipolarity / of 2 and toroidal
period number m of 19. The major radius is 2.2 m and the poloidal cross-section of
the outermost flux surface is elli ptical with hal f a xes of 0.16 and 0.25 an. The
magneti ¢ field strength is 1.9 T. The wall o fthe vacu um damb er is expo sed to
boronization, which is performed by ECH discharge with BjgH 4 and helium [27]. The
plasma is initiated by a 106GHz gyrotron with 300 kW po wer. The frequency
corresponds to the second harmonic heating at B = 1.9 T. The plasma is further heated
by NBI with accelerati on voltage of 23 kV and the power up to3.5 MW. At the
typical plasma condition during the NBI heating the central electron temperature and
density are 0.7 keV and 5x 10" m~, respectively.

A schematic view of the experimental layoutofthe lithium pellet in jection on
Heliotron E is shown in Fig. 10. A lithium pellet is injected in the equatorial plane and
crosses the plasma column at 87 angle to the longer minor radius. Above the injection
line an observation portis lo ¢ ated for @l lecti ng th e lig ht from th e doud of the
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Fig. 10. General layout of the lithium pellet injection experiments on HeliotronE.
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ablating pellet. The visible area for this observation point is indicated as a dark gray
colored sector in the Figure. It is seen that maximal observed dimension of the pellet
cloud ranges from 5 cm at the beginning to 10 ¢cm in the end. The light is transferred
by optical fiber to the optical system having a half-mirror and two light filters for Lil
and LilIl lines (wavelengths 4, =670.6 nm and A; = 548. 5 nm, respectively ). The
filtered light is registered by two photo-multiplicrs and their signals are recorded by
the data acquisition system having 1 2-bit A DC with 0. Jis time resolutio n. This
allows measuring the lithium doud luminosity in the two dif ferent spectral regions
simultaneously in the same location.

At the opposite port a similar optical system is installed including a half-mirror,
Li I and Li 1T filters, and two CCD cameras which record the image (640x240 pixel)
of the pellet cloud emission. Because of the long exposure time (~15 ms) the obtained
images represent the light integrated during the full time of the pellet ablation. A fast
film @amera wit h maxima | tim e resolut ion of 4 0 ps has also been used for this
purpose. However, the light intensity from the pellet cloud was apparently insufficient
for such a short exposure and the obtained images could not be analyzed.

The long time scale diffusion of the lithium ions was measured by observing the
Li 11l emission of Li*" ions originated fro m th e charg e exchang e recombinat ion of
Li*" ions [28]. The transition from’G to *F (449.9 nm) was measured by a .26 m
visible spectrometer with a 2-dimensional detector and time resolution of 20ms. The
sight-lines of 40 optical fibers crossed the plasma from 1.98 m to 2.42 m on the major
radius with spatial resolution of 13 mm. This allowed to obtain the data of the Li ions
profile evolution which were used for the impurity transport simulation (See Section
2.7.2). The prominent line (13.5 nm) was registered by a multi-chann el vacuum
ultraviolet (VUV) spectrometer with 10 ms time resolution.

2.6. Experimental results and discussion

2.6.1. Plasma response to lithium pellet injection

The injection was performed in three ty pes of discharg es: NBI he ated plasma,
ECH heated plasma and NBI+ECH simultaneously heated plasma. Time evolution of
the main plasma parameters in a typical discharge with NBI heati ng is shown in
Fig. 11. It includes a signal from the FIR interferometer of ali ne integr al of the
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Fig. 1 1. Temporal dependencies of (a) FIR signal of line density atr = 2 e¢m, (b) ECE second-
harmonic signal of electron temperature at r'a =0.46, (c)signa | of wide view bolometer,
(d) input power of ECH and NBI heating. The Li pellet was injected ats = 328 ms.

electron density along the central chord in the poloidal cross section; an ECE signal of
the electron temperature; a wide view bolometer signal and the input power of ECH
and NBI heating. Estimates show that at the Heliotron E plasma conditions a Li pellet
of @1 x1 mm size (total number of atoms in the pellet is 3.6*1{]”’} deposits in the ECH
heated plasma only about 30% of its mass and about 60% inthe case of the NB
plasma. The latter corresponds to an addition to the average electron density of about
4x10" cm™ and the central density reaches 1.5x10" cm™. At that moment the ECE
signal from the plasma enter an be damped because of the ait-off regio n that

appears when the density exceeds 10" em™.

central ECE channel (r/a = 0.46).

For this reason Fig. 11 presents a non-
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The changes of electron temperature, density and pressure profiles due to the Li
injection inthe NBI plasmaareshown inFig. 12. This plot includes the data of
several discharges and represents the general response of the temperature and density
under similar plasma conditions. The profiles were measured just before the injection
and 3-5 ms after. It is dearly seen that the electron pressurp = nT, increases after
injection by ab out two ti mes. The anal ogous emp ari son in t he case of ECH
discharges (the central electron temperature changes from 1.5 keV to 0.5 keV and the
density from 3x1013 cm-3 to 9x1013 cm-3) shows that the plasma response is almost
adiabatic, with a conservation of electron pressure.

The increase of electron pressur e afie r inject ion i nto NBI-hea ted pla sma may
have the following explanation. In the NBI plasma the ion temperature is usually in
the range of 700-1200 eV, while the electron temperature especially after injection is
300-500 eV. The estimations show that in the electron heat balance equation the term
of the heat exchange with ions is 5-10 times more than the heat diffusion term. At the
same time for the case of ECH discharges these terms are comparable. This is due
mainly to the relation between electron and ion temperatures and also to the higher

1.0 y T T T T T T T T
! * - before injection

0.8E O - after injection

T, keV

e
3% ]
T

1.0

Fig. 12. Profiles of electron temperature and density before (crosses)
and after (squares) the Li pellet injection into NBI-heated plasma.
Dashed and solid curves show spline approximations of the data before
and after injection, respectively.
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¢lectron density after injection into NBI plasmas. Therefore we may assume that after
injection the electron energy component is fed by the high temperature ions. Another
source of such a heating of electrons after injection may come from the fast ions of
the neutral beam. First of all, the absolute power deposition of NBI is increased owing
to the increase in both density and effective charge Z. Secondly, the aitical beam

energy of the fast ions is lowered by a factor of 0.57 (for Z=3 and 4=7) which results
in a more favorable heating of the electrons.

2.6.2. Emission from the lithium pellet cloud.

The typical time evolution of the lithium doud emission on Li [ and Li Il lines
during injecti onin to E CH and NBI he ated pl asm ais showni nFig. 13 with
correspond ing time depend encies o f the interfero meter signal for de nsity and ECE
signals for the electron temperature. The Lil and Li Il signals can be divided in four
characteristic phases shown with vertical dashed lines in the Figure. For the known
pellet velocity, the duration of the phase | corresponds to the pellet flight length of
22 -28 cm when the pellet moves from the outer plasma edge to the plasm axis.
During the phase 2 the pellet goes further to the inner plasma edge. Then, the pellet
leaves the plasma and reaches the vacuum ves sel wall at the end of phase3. The
emission during the phase4 corresponds to the cvaporation of the Li particles fron
the residual pellet.

We should note, that the observed delay Ar of about 200 us between the start of
the phase | and the response of the interferometer sign al can be explained by the
difference of 180° in toroidal location of the pellet injector and FIR interferometer.
Since the propagation speed of the density perturbation is determined by the thermal
energy of ions, one can estimate the temperature of the ions surrounding the ablating
pellet:

2 2
i 1 EE?: = T zﬂ;[ﬂ] (@.1)
2 2 Il A

For a case of deuterium ions, this gives T, = 8 eV, which is a typical value for the
plasma of the pellet cloud.

Time-integrated images of the lithium pellet cloud recorded by CCD cameras are
shown in Fig. 14. Images of Lil and Li [l emission are overlapped according to the
geometrical configuration . Th e ontour |ines in dicat e the pellet pos ition along the
minor radius » and the vertical scale of 1 cm. Due to the oblique observation angle
related to the pellet path (See Fig. 10), the scales of horizontal and vertical directions
are different. The deviation of the pellet path from the designated direction is within
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Fig. 13. Temporal dependencies of Li [ and Li Il emission during the injection into ECH (on
the left) and NBI (on the right) heated plasma. Interferometer signal of the line density along
the central chord and two ECE signals (at #/a=046 and r/a=0.78) oft h e electron
temperature are also shown.

| cm. The observable area covers the pellet path from the start to r = -4 cm (beyond
the plasma axis).

It is seen, that Li Il trace is much wider than that of Lil, since the Li" ions
producing the Li Il light can move further from the pellet path than the Li neutrals
emitting in Li I. The ionization rate coefficientS, of Li" is about 107 em’/s over the
wide range of electron temperatures (See Fig. 15), and 1-4x10"® em*/s for Li" for the
range of T, = 50-10° eVv. Thus, the ionization time of Liu, i.e. the life time ofL
neutrals t=1/Syn, is 0.5 us in case of n,=2x10" ¢cm™, and the length of free
expansion of the neutral gas cloud having the temperature of 5 eV is about 5 mm. This
corresponds well to the observed width o fithe Li T trace in Fig. 14 b). The similar
estimation for the Li' ions gives T~ 12-50 ps and the length of 12-48 cm that also
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Fig. 14. Time-integrated overlapped images of Lil (red color) and Li[l (gresn color)
emission during the pellet injection into ECH (a) and NBI (b) heated plasma. Contour lines
indicate the pellet position along the minor radius r and the vertical scale of 1 cm.
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agrees to the images in Fig. 4. The observed Lil trace is wider for the @se of
injectio n int o EC H heat ed plasm a, wh ich can be explain ed by t he low er plasma
density during the injection and hence longer life time T of Li’. On the other hand, the
space integrated Lil emissio n (measure d b y th e photo-mult ipl ier) 1s also much
stronger during the phase | for the ECH case than that for NBIL. This is seen from
Fig. 13 by weighing the Lil intensity during the phase | against the one during the
phase 4. This is attributed to the intense ablation by the fast (supra-thermal) electrons
produced by the ECH [30]. They are soon damped due to the density increase which
causes rapid decrease of bot hth e electr on temperatu re and the f astelectron
population.

The behavior of the time dependencies of Lil and Li Il emissio nsho wn in
Fig. 13 becomes clearer if one analyzes the balance equations for Li’ and Li* similar
to (1.1). Because of the space integrated observation, the term with particle flux can

be omitted:
a
cn

_ﬁ—e‘l = Synph, — Sy, (4.3)

N = Syngn, (4.2)
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where ng and n, stand for the amount of Li’ and Li" particles, respectivel y, in the
observable area; n. is the plasma density; N is the pellet ablation rate; Sy and 5, are
the ionization rates of Li’ and Li". The terms with recombination are neglected in Egs.
(4.2) and (4.3) because of the very low rate of this process comparing to the ionization
rate for the wide range of the plasma temperatures. So, the time require d for the
recombination is much larger than the time necessary for Li ions to diffuse along the
magnetic field lines out of the visible area.

After the time t=1/5;n, from the start of ablation, the appearance of the new
Li’ particles is compensated by the ionization, hence the ablation rate N in Eq. (4.2)
is almost completely balanced by the term with ionization:

N = §yngn, (4.4)
On the other hand, the Lil intensity /,;y, i.c. the production rate of Lil photons

dP., . ) - :
_...iAL , is proportional to the excitation rate of the Li’:
at

_dh

Fiiom .,_{}l;'.'- ~ e M N, (4.5)
And using Eq. (4.4) one can write:
A~ it o (4.6)
dt S

oxg

Thus, the ablation rate is directly proportional to the measured in tensity of the
Li I emission, because the ratio of the ionization and excitation rates is approximately
the same for the wide temperature range. Similarly, it can be shown that the ablation
rate is also proportional to the Li I intensity but with lower accuracy. In section 2.7.1
we shall describe the procedure of deriving the ablation rate from the experimentally
observed Li | intensity.

In the end of phase | in Fig. 13 the intensity of both Lil and Li Il decreases
apparently because of the drop in the electron temperature caused by the large amount
of particle deposition. (As it was said earlier, this effect is more distinct for the case of
ECH plasma.) For such a change of the electron temperature, the ionization rate of Li”
becomes lower while that for Li’ almost does not change (See Fig. 15) resulting ina
positive balance of Eq. (4.3). The ablation rate 1s, typically, proportional to 3/2 power
of the electron temperature [31] and therefore the balance of Eq. (4.2) becomes
negative. This can explain the fact that Li IT emission is not suppressed as much as
that of Lil and wntin ues with | ower intens ity. The gradual increase of the Lill
intensity during the phase 2 is attribute d t o th e furthe r decrea se of t he electron
temperature. This can also be explained by enlargement of the area of Li" cloud
visible by the observation system as it is seen fromFig. 10. In the end of phase 2,
when the pellet comes to the plasma edge with rather low electron temperature, the
Li IT emission decreases significantly with simultaneous growth of Li [. This is caused
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by the balance shift of Eq. (4.2) to the dominance of ablation rate over the ionization
of Li’, as the latter decreases exponentially with temperature. Moreover, the L " life
time becomes longer also because of the lower density of peripheral plasma. For these
reasons, the Li I intensity is much larger than the Li Il during the phase 3. Finally, the
strong emission of Li I during the phase 4 is attributed to the pellet-wall impact and
evaporati on from the residual Li pellet with exponential decay. T he Li Il emission
also appears gradually as a result of ionization of the Li atoms at the plasma edge.

2.6.3. Ablation rate studies and lithium coating on the wall

It may be worth to mention the other results obtained during Li pellet injection.

The pellet ablati onra te derived from the time ev olu tionof Lil and Lill
intensitic s wa s ompare d t o vario us pel let abl ation models [33]. The observed
discrepancy between the experimental and modeled ablation rates can arise from the
anomalous ablation stimulated by the fast 1ons during injection into NBI plasma and
fast electrons during ECH.

The experiments with Li injection were also made in order to study the plasma—
wall interaction related to the lithium coating on the wall. Some improvement of the
wall conditioning was expected, as lithium easily absorbs impurities such as oxygen.
To check the possible improvement of the plasma purity, Oxygen V line was observed
[28]. The lithium coating was confirmed by cimulative increase of Li | emission at
the plasma boundary after several successive discharges with Li injection. However,
the Oxygen V intensity revealed no noticeable reduction in the relative impurity level
normalized by the electron density.

2.6.4. Summary

An injected lithium pellet is not completely evaporated in plasma and deposits
about 30% of its mass in the ECH plasma and about 60% during injection into NB
heated plasma. The electron pressure is doubled after the injection into NBI plasma
and unchang ed in case oft he EC H. Emis sio nof the pell et ¢l oud was measured
simultancously in Li ] and Li [T lines with high time resolution. The time integrated
images of the pellet cloud in Li I and Li [l lines were recorded by CCD cameras and
allowed to estimate the typical free path lengths of the Li” and Li". The time evolution
of the Li I and Li 1l intensities was demonstrated to be in a good agreement with the
balance of the pellet ablati on rate and ioni zation ra tes of Li” and Li". The wall
conditio nin g by a @ns ecutive lithi um pcll et i njection has revealed no substantial
reduction of the impurity contents in the plasma.
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2.7. Simulation of impurity transport

2.7.1. Ablation rate normalization and particle deposition profile

The initial radial distribution of the lithium ions deposited by the ablated pellet
can be derived from the pellet ablati on rate. It was sho wn earl ier that for typical
plasma conditions, the Li’ gas from the ablatin g pellet can expand to about 5 mm.
After that, the Li atoms are 1onized and captured by the magnetic field at a certain
radius . Thus, with the accuracy of about | cm, the initial number of Li ions located
at the magnetic surface with radiusr and thicknessdr is equal to the amounts of Li
atoms N dt ablated at radii —r and r

N(=r)dt + N(r)dt =n, (r)dV = 4?121?%::'_.(1'} rdr (2.7)
I
where ngi(#) is the lithium ion density, R is the major radius, a, (a;) are the shorter
(longer) minor radius of the cllipse (pellet is injected along ay).
The relation between time and radius » is determined as
£= 1ty +— (2.8)
Vo
where fy is the time when the pellet passes the plasma axis, V), is a pellet velocity.

Replacing dir by F,dlt, the profile nyi(#) is calculated from (2.7) as

NN +NG)

an?RV, % r
T

(2.9)

Hl.!(r} =

There is a singularity when r— 0, which is resolved by the mentioned above
accuracy limit of ~1 cm. Moreover, the pellet may move off the plasma axis because
of the trajectory scattering, which is typically within 1° in full angle, resulting in the
maximal deviation Ar = 1.5 cm at the plasma center (See, for example, Fig. 14b) ).

Thus, the profile (2.9) should be capped withinr < Ar with conservation of the
volume integral:

Ar
for r<Ar e =-3'T [ (r)rdr, (2.10)
ﬁ!' 0
where n;(r) is calculated from Eq. (2.9).
As it was said in Section 2.6.2, the pellet ablation rate is directly proportional to

the light emission of low-charge ions. Therefore, for calculation of the ablation rate,
the time dependence of Li [ intensity /{¢) presented in Fig. 13 was used:
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N()=CI(t) (2.11)
where C is a proportionality coefficient to be found from normalization.

The normalization can be done by integrating Eq. (2.7) for the time period of
phasc | and phase 2 and setting the integral equal to the measured increase of the
electron density after the injectio n. Howeve r, t he densi ty measurem ent by FIR
interferometer provides information only about the line integral of the density, but not
the density profile. The data of Thoms on scaite ring have typi ¢ all y good spatial
resolutio n b ut o nl ya few measurem ent sin time, wh ich is insu ffi ¢ ient if the
information about the fast density jump due to the injection is re quired. For these
reasons, the density profile before the injection is expressed as

n(r)=nyS(r) (2.12)
where S(r) defines the shape of the density profile (S(0) = 1) that fits to the Thomson
data and ng is the central density, which is easily obtained (for the given 5(r)) from the
interferometer signal along the central chord just before the injection.,

The density profile right after the injection is treated as a sum of (2.12) and ny(r):

n(r) = ngS(r) + Zm (r) (2.13)
where Z is an effective ionization state of the Li ions right after the injection.

The line integral of ny(r) is now calculated from the interferometer data n; before
and after the injection:

2Z [n(r)dr=n/-n, (2.14)
f]

Combining this with n(#) from Egs. (2.9) and (2.10), one can finally obtaina

formula for the normalization coefficient C:
n,'=n

C=2n RV‘,—”EI;HJI - i (2.15)
= )+ ("}a‘r+£; [(1(=r)+ 1())dr
=

Ar

Thus, the deposition profile of the Li ions nyi(r), which is the initial condition for

the transport simulation, is calculated as

nl,{;)_fw for r>Ar 2.16)

. (;;- > ]'(.f( P+ I(r))dr  for r<Ar (2.17

1, "_H‘I

with parameter P= (2.18)

|
STCTICR X

It should be noted th at t he paramet e Ar, which determines the width of the
capped arca around =0 of the initia | profi | en;(r), has a weak effect on the
subsequent evolution of the lithium ions, because all irregularities on the profile are
rapidly smoothed by the diffusion.

36



Chaprer 2 Lithium Pellet Injection
A S ——

It is seen from Eq.(2.16) that the initial distribution of the lithium ions has a
peaked form, which means that the shape of the electron density profile after injection
is quite different from that of before the injection. Therefore, the Thomson data used
for obtaining S() profile in Eq. (2.12) should be taken for the plasma before injection.

2.7.2. Simulation of the lithium ions diffusion

Simulatio n o fth ¢ diffus ion of li thiu m io ns was pe rfo rmed by means of a
computer ©d e fo r impuri ty transp ort [ 34]. The one-dimensiona | ¢ o de solv es the
particle s balanc e equat i o 61.1) for a set of plasma ions, hydrogen isotope s plus
several charge states of one or more impurity elements. The ode include s both
neoclassical and anomalous transport for toroidal configuration. The particle source is
calculated by means of several models of atomic rates for all ion species.

The experimental data of electron and ion temperatures, plasma density, plasma
effectiv e dharg ¢ a nd othe rs are us ed as i nput paramet ers. Pr ofi le of lithium ions
deposited by the pellet (calculated from(2.16) and (2.17)) is used as initial condition
for the simulation. The particle balance equations is simulated directly with a given
values for diffusion oecfficient D and pinch velocity V. For a long time scale
simulation, the lithium ions are completely ionized and the calculated profile of Li** is
compared with the one measure d experimentally . Th e wefficients D and V' are
adjusted so as to achieve optimal agreement with experimental profile evolution.

Fig. 16 shows the evolution of Li*" ions profile measured by observing the CXRS
emission o fLi Il line as described in Scctiod.5. The first profile (at 370 ms) is
smaller than expected because ofthe integrating interval of 20ms, while the pellet
was injected at 378 ms. The emission is suppressed for two last profiles (at 450 ms
and 470 ms) because the NBI was tumed ofT at that time.

Results of the simulati on are shown i nFig. 17 as time dependencies o fLi*"
density at the center. Three simulated curves arc shown for different values of the
diffusion: D = 0.1 m*/s (dash-dot line), 0.15 m*/s (solid line), 0.2 m*/s (dashed line).
The inward pinch velocity of 1.0 m/s is the same for these cases. The recycling of Li
particles is taken negligibly small for this simulation. These curves are compared to
the Li Il intensity evolution meas ured experimentally from CXRS and VU V. Ttis
seen, that the best agreement with the experimental data is achieved for D =0.15 m?/s.

It should benotedthat the form of profi les s hownifig. 16 can be better
reproduce d i f mefficientD is taken as increasing from enter to periphery. In the
simulation, this dependence was input in the form of Alcator scaling (Sec Eq.(1.21))
and therefore, the values of D shown in Fig. 17 should be interpreted as the average of
the radial profile.
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Fig. 16, Profiles of Lill intensity (449.9 nm) from
370 ms to 450 ms. The Li pellet is injected at 378 ms.
The magnetic axis is located at R =22 m.
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Fig. 17. Time evolution of Lilll intensity measured experimentally from
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as continuous curves. Three different values of D and fixed value of ¥ (1.0
m/s) are given.
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2.7.3. Electron density balance and impurity recycling

It was said earlier (see Section 2.6.1) that injection of a lithium pellet results in an
increase of the plasma density by a factor of 1.5-3. 0. Aft er t he inject ion, the
percentage of Li ions contents in plasma ranges from 16 to 66%. For such a large
ratio, the diffusion of Li ions affects significan tly the electron dens ity, d ue to the
conservation of electric charge. Thus, the transport of Li ions is very mudh coupled
with the transport o felectrons of t he backg round pl asma . For this reason, when
adjusting the simulation parameters, it is necessary to take into account the evolution
of the plasma density as well.

The line integral of electron density @lculated according to the simulate d Li*t
evolution is compared to the experimental data of FIR interferometer in Fig. 18. Note
at first, that the plasma density does not show such a steady decay as does the Lilll
intensity in Fig. 17, that is explained by the increasing total amount of the bulk plasma
ions due tothe NBI. Therefore, the background ion de nsity was assumed to grow
linearly according to therate ofabout 2.3x1G° ions/s. The other parameters of the
simulation are the same as in Fig. 17.

It is seen that after injection, the interferomet er signal is slow ly going up for
about 5 ms before it starts decreasing. For a constant total amount of particles, this
could be explained by a rearranging density profile. Namely, the line integral is larger
for a more peaked profile with conservation of the volume integral. However, as it
was shown in Section 2.7.1, the imitial profile of Li*" ions has already a peaked form,

4 § T T T T T
TR :
L i P T i Iterferometer signal
3 ] wf"“‘”‘*t
] |
E [
o | : -
© Simulation
- 2 I 5
c |
-
1T i .
. Start of simulation
0 l | I I 1 1
375 380 385 380 395 400 405

time, ms

Fig. 18. FIR interferometer signal and the line integral of electron density calculated from the
simulated Li'" evolution.
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which should apparently be smoothed soon because of the diffusion. This will result
in a decrease of the line integral of density, which is demonstrated by the simulated
curve in Fig. 18. Moreover, the continuous decay of Li ions contents in plasma also
counts in favor of decreasing line integral.

Thus, such an increase of the interferometer signal can be explained only by an
extra source of Li*™ ions. An origin of this source can be a continuing ionization of
partly ionized Li ions remained after injection. However, the full ionization of Li ions
can last not longer than a few hundreds microseconds. Another factor, which easily
resolves the inconsistency, is a strong source of L1 atoms originated from the residual
Li pellet onthewall. Therate of sucha puffing can be estimated from the time
evolution of Li Il intensity during phase 4 in Fig. |13, using the normalization obtained
in Section 2.7.1. The use of Li Il intensity is more correct here than the Li I, since
emission of Li" ions at the plasma edge is a clear indicator of the amount of impurity
entered the plasma.

Effect of the impurity puffing can be also seen inFig. 16 as a small addition to
the Li Il profile atR = 2.06-2.08 m, which vanishes after ~40 ms. This corresponds
to the inboard side of the torus and agrees with the location of the pellet residual (See
Fig. 10). Such an addition, but smaller, is also seen at the opposite side of the profile
atR=231m, =370 ms.

The impurity puffing is effective when the impurity recycling 1s non-zero. So, the
influence of this factor was also included in the analysis. Results of the simulation are
presented in Fig. 19. The solid airve @rresponds to the simul ation whe n the best
agreement with experimental data was achieved. The model included impurity puffing
from the pellet residual, recycling coefficient of 0.25 and partially ionized Li ions as
initial condition (40% — Li*" ions and 60% — Li'"). Three alternative curves are also
shown corresponding to the simulation when each of the factors was switched off in
turn. One can see, that the beginning of the experimentally observed evolution (about
10 ms after injection ) is reproduce d rathe r we Il if all three fac tors are taken into
account. The role of each factor at different time scales is also seen: full 1onization 1s
completed within a millisecond, evaporation of the pellet residual lasts for 5-10ms,
the impurity recycling has continuous effect.

The simulation disagrees with the interferometer signal at longer time scale. At
this time, the transient processes ar e becomin g extinct and the ele c tron ba lance is
determined by a variety of other factors that are difficult to estimate, and this is not
the purpose of the current study.
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Fig. 19. Comparison of FIR interferometer signal and results of simulation: all factors
included (solid curve), no partial Li ionization (dashcd curve), no impurity puffing from the
pellet residual (dotted curve), no impurity recycling {dash-and-dot curve).

2.8. Summary

This chapter was devoted to the experiments with lithium pellet injection and the
analysis of transport properties of lithium ions.

The construction of the pellet injector and a special technique of pre paration of
the Li pellets has resulted in a high purity of the injected Li pellets. The lithium pellet
injector has been installed on Heliotron E and demonstrated a reliable operation. The
light emission from the ablating pellet in plasma was measured in Lil and Li II lines
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simultaneousl y with high time resolu tion. The ob tained ima ges of the pellet doud
have allowed to estimate main characteristics of the lithium ions in v arious dharge
states. The time evolution of Li | and Li [l intensities provided important information
about the atomic processes taking place during the pellet injection.

The subsequent motion of the lithium ions has been anal yzed by means of the
impurity transport model with the initial radial distribution of Li ions calculated from
the observed pellet ablation rate. Simulation of the Li ions transport has allowed to
calculate the diffusion coefficient and the pinch velocity. [t was demonstrated that the
experimental data can be reproduced properly if the impurity puffing from the wall
and the impurity recycling are taken into account.

The long time scale diffusion of Li ions is difficult to simulate correctly, as the
transport task becomes not dynamic, but static and requires an account of a variety of
factors. Because of the non-local initial distribution of the lithium ions, there is no
clear transient process except for the relaxation of the Li ions profile as a whole. The
analysis of the impurity transport is omplicat ed al so by a rath er lar ge impurity
contents in the plasma after injectio n. T he impu rity tran sport b ecomes oupled
with the transpor t o felectro ns and th ese two proce sse s@a n n ot be onsidered
independently.

All this suggests the use of a small perturbation of impurity con tents wnfined
initially to a small volume in a plasma, supporting the idea of the tracer-encapsulated
pellet introduced in Section 1.3.

42



3. TRACER-ENCAPSULATED CRYOGENIC PELLET

3.1. Introduction

Concept of the tracer-encapsulated ayogeni c pelle t (TECPE L) inje ¢ tion was
described in Section 1.3 as an accurate diagnostic system to measure particle transport
both in parallel and perpendicular to the magnetic field lines in magnetic confinement
devices. The particle transport can be measured by observing the motion of the tracer
particles deposited in a limited plasma volume by the core of TECPEL.

The TECPEL consists of a small core made of light atom such as lithium, carbon,
etc., which is encapsulated in the center of a pellet made of frozen hydrogen isotope.
In order to deposit the tracer material in the localized area, the typical diameter of the
core is from 50 to 250um for a plasma temperature in the keV range [22]. In this
case, the typical length of the pellet flight during ablation of the core is around | cm.
This localization can be adjusted with pellet size and pellet velocity de pending on
plasma parameters such as electron temperature. The relation between the location of
the tracer particle deposition in the plasma and the pellet size is studied with pellet
velocity as a parameter in Reference 22. As an example of an application of the
TECPEL, it was demonstrated that for a plasma of the Large Helical Device (LHD)
[35], the outer pellet diameter should range from | mm to 3 mm and the appropriate
diameter of the core should be in the range of 50-250 pm.

As for cryogenic pellet production technology, there are three basic techniques
for pellet formation in existing injectors: direct freezing in a gun barrel, known as
in situ condensati on, or pipe gun 36, 37], extrusion [38, 39] and pellet formation
inside a rotating or sliding disk [40, 41]. For the present purpose, a sliding disk system
was adopted because of its advantage, comparing to a pipe gun type, of being able to
accurately define the pellet length.

For a technical demonstrat ion of the de vice prod ucing tracer-encapsulated
cryogenic pellets, a cylindrical form of the pellet was chosen: the outer diameter of 3
mm with the length of 3 mm. The inner core is made of carbon with diameter of 240
pum in a sphere form.
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3.2. Configuration of TECPEL injector

The essential idea is to use the softness of a ayogenic hydrogen isotope, which
also sets the practical limit for acceleration of the order of 4 km/s. The main sequence
of the production process of a tracer-encapsulated cryogenic pellet is:

1) producing a cryogenic hydrogen isotope pellet as usual,

2) inserting the tracer into the pellet,

3) covering the hole of the pellet with solid hydrogen isotope,
4) ejecting the whole pellet with a propellant gas.

A schematic of the operation of a aryogenic unit of the injector for producing a
tracer-encapsulated ayogen ic pell et issh ownin Fig. 20. The major part of the
cryostat, a cryohead /, is made of oxygen free copper (OFC). The width and depth of
the OFC cooling block are both 30mm. The cooling channel is formed by a zigzag
groove on both sides. The cryohead consists of two blocks brazed together to form a
slot. This slot holds the main disk 2 and the sub disk 3, which are made of stainless
steel (SUS) and have a form of thin rectangular plates. The thickness of the main and
sub disks are 1.6 and 1.4 mm, respectively, and the width is [0mm for both. The
tolerance between the disks and the slot is 15 pm.

The disks are driven in vertical directi on by a vert ical driv ing syst em. A
horizonta | drivin g system is used for drivin g the supp lier mechanismd to insert a
tracer material into the pellet with a high accuracy of 5 pm. The maximal moveable
distance is 50 mm for horizontal dire ¢ tion and 120mm for vertical directi on. The
driving is provided by means of two stepping motor systems with linear scale position
sensors (Mitutoyo AT112).

The movement of the main and sub disks is operated by a single driving system
in the following way. The main disk 2 is connected with bolts to the shaff with a
diameter of 10 mm. This shaft has a round disk 6 with diameter of 30 mm at the lower
position, whose purpose is explained below. The sub disk 3 is connected to the shaped
shaft 7 mechanically. The top disk § of the shaft 7 has diameter of 30 mm. At the top
plate 8, the spring 2 is set to push the sub disk 3 Four characteristic positions of the
main and sub disk s are indicated with encirc led lett ers. While the maindisR is
moving up from the bottom position A, the sub disk remains in its lowest position C
because of the pushing spring 9. When the main disk 2 is lifted up 68 mm from the
bottom position, then the round disk 6 reaches the top disk &, which starts to pull up
the shaft 7. Thus, the main and sub disks are moved up together until the position D.
When the main disk 2 is driven down, the sub disk 3 will move down automatically
due to the force of the spring 9.
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Fig. 20. Schematic of the cryohead part of the device for producing a tracer-encapsulated
cryogenic pellel. Three typical states are indicated as (1), (2), and (3).
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The main and sub disks are connected to the motor drive shaft with mechanical
coupling outside of the vacuum chamber. The fecdthrough of the shafts of the disks is
sealed with a do uble O-ring . The bott om part ofth e h ousi ng of th ¢ ayostat is
supported with three Invar rods, and the top part is connected to the top flange of the
vacuum chamber through bellows. The bellows compensates the thermal contraction
of the housing in the vertical direction during the cooling of the ayostat. As for the
horizontal direction, the vacuum flange for the shaft of the horizontal driving system
has also bellows for compensating the contraction in horizontal direction. The thermal
contraction of the OFC block with a length of 153 mm is 450-600 um, depending on
the temperature profile of the module. The locations of the pellet production and the
core supplier, which are shified after cooling, are also adjusted by monitoring the new
position with electric sensors (contact switches) /0 and 7/, which are set up in both
directions. The sensors consist of stainless steel and epoxy resin (Stycast 2850FT) as
insulating material.

For the precise manufacturing of the cryohead , a specia |l brazin g met hod in
vacuum has been used, and the whole device has been successfully completed.

3.3. Method of TECPEL production

The procedure of the production method of a tracer-encapsulated cryogenic pellet
is clarified in Fig. 21, where six typical phases of the operation are marked from (1)
to (6). For each phase, apositionin vertical dir ection is ind icated with encircled
letters according to Fig. 20.

At first, hydrogen isotope gas is introduced to form a partial pellet with thickness
of 1.6 mm in the main disk as shown in (1) ofFig. 21. Then, the partial pellet is
moved up to position B for inserting a core. The accuracy of the position B should be
maintained within 5-10 ym, A tungsten wire is pulled out horizontally at first (2) to
pick up a light atom core from the "tracer storage", which is organized as a stack. The
typical number of stored cores is 20. One tracer core is supplied automatically from
the stack when the tungsten wire reaches the position as shown in (3). This is done
with a pushing spring placed at the top of the vertical tungsten wire. Once a tracer
core 1s supplied, the horizontal tungsten wire pushes it until the core is inserted into
the partial pellet (4). Then, the partial pellet containing the tracer core is transferred to
the position C, where the hydrogen isotope gas s introduced again as shown in (5).
Thus, the additional pellet with thickness of 1.4 mm is formed in order to cover the
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Fig. 22. Sample photo of carbon spheres with a diameter of 230-240 um used as tracer cores.
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exposed part of the core with hydrogen isotope. In this way, the full pelletis
completed and transferred further to the position D as shown in (6), where it is
accelerated through the barrel by a high pressure gas.

In these experiments, carbon or titanium spheres with diameter of 230-240 pm
were used as the tracer cores. A photo of carbon cores is shown in Fig. 22. The
tungsten wire with a diameter of 230 pm is moved in a 250 pm guide channel.
Tungsten is more appropriate from the viewpoint of its stiffness. Stainless steel, for
example, is too soft to produce such a thin wire for the present purpose. The thin
tungsten wire, however, can be easily broken due to the friction inside the guide, so
special consideration of issues, such as driving speed and wire connection, is
necessary.

The TECPEL production procedures are controlled by an automatic remote
control system with two personal computers and [/O capacity of a 128 channel digital
input, a 48 channel digital output, a 16 channel analog input, and a 16 channel analog
output. The basic sequence for automatic and remote control is established b
adjusting experimentally. The values of temperature and gas flow quantities should
be finely controlled as follows: the temperature at the position C in Fig. 21 should be
12.840.3 K and hydrogen gas at 23+1 Torr is fed for 10-15 s at both positions A and
C, thereby consuming the amount of 18 mg at each position.

The valve operation for gas feeding, pressure control, temperature feedback
control with five temperature sensors (silicon diodes), and heaters at three different
locations can be also done by the automatic system. With a mass flow meter, the real
time flow rate and the integrated amount of the supplied gas can be monitored. The
experiment shows that the stepping motor systems can drive the pellet carriers
smoothly in spite of small clearances of about 15 pum.,

3.4. Diagnostics of TECPEL structure

For the purpose of confirming the TECPEL structure as well as the correct
operation of the device in all phases, the ejected pellets are photographed from two
perpendicular directions simultancously.

The schematic of the pellet observing system is shown in Fig. 23. The
photography is performed by means of two digital CCD cameras installed above and
on the left of the pellet flight path. A flying pellet is illuminated simultaneously from
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two directions by two light beams originated from one light source of a short pulse
laser split by a half-mirror. For both measuring the pellet velocity and triggering the
fast light source, a | mW He-Ne laser beam is expanded to the diameter of 20 mm so
that the beam can easily catch a pellet in flight. The expanded beam reaches the mask
having two slits which are connected to a photo-multiplier through an optical fiber
bundle. When the pellet passes across the He-Ne laser beam, then the detected light
intensity decreases due to shadow of the pellet. The double slits allow to estimate the
pellet velocity from two separate pulses, that is, with time-of-flight method. The
typical pellet velocity is 400--800 m/s. The first pulse triggers the fast light source and
the digital camera image acquisition after an appropriate delay with a preset delay
circuit. For a direct detection of the pellet, an aluminum foil is located at the end of
the pellet flight path. Its condition can be inspected through a glass window without
opening the vacuum chamber.

For the fast light source, a dye laser is used, which is pumped with a nitrogen UV
laser with a power of 75 kW and pulse width of 4 ns. The peak wavelength of the dye
laser in case of Rhodamine 640 is 644 nm with spectral width of 80 nm. The pulse
width is 3 ns and the output power is 20 kW. The use of this dye laser is necessary for
obtaining a sharp and detailed image of a fast moving pellet. This is provided by the
short pulse width of the illuminating laser, and also this resolves the problem related
to the slow time response of a CCD camera. The spatial resolution of the image
should be as high as possible in order to observe a tiny tracer core. For this reason,
two high resolution digital CCD cameras are utilized: an Electrim EDC -1000U
camera with 1134x972 CCD matrix elements and 8 bit analog-to-digital conversion,
and a 12 bit Xillix M -1400 camera with 1317> 1035 elements. Digital and analog
cameras are set up at the same distance from the gun barrel outlet, with one looking in
the vertical direction, and the other in the horizontal direction.

To avoid the cloud around the pellet which obscures the clear pellet image, the
observation position is located about 250 mm remote from the gun barrel, although
some gas on the pellet surface is often still seen.

Thus, the tracer-encapsulated cryogenic pellet has been successfully photo-
graphed from two perpendicular directions simultaneously. An example of the two
images obtained is shown in Fig. 24 a), b). A photo of a scale fragment, which was
located at the gun barrel outlet, is shown Fig. 24 ¢). Several other images of TECPEL
with corresponding scales are shown in Fig. 24 d). The images clearly demonstrate the
sound configuration of the tracer-encapsulated cryogenic pellet. After digitizing, such
images are processed with a computer, as described in the following section.
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Fig. 24, CCD images of the tracer-encapsulated cryogenic pellet in flight. a) Pellet image
made in horizontal direction (front view); b) Image of the same pellet made in vertical

direction (top view); ¢) Photo of the corresponding scale (1 mm unit): d) Other images of
TECPELs with corresponding scales.

3.5. 3D reconstruction of pellet geometry

The two obtained images of the tracer-encapsulated cryogenic pellet can be
interpreted as projections of the pellet geometry on two perpendicular planes, and
therefore, it is possible to reconstruct a 3D geometry of the pellet structure. This
procedure has the following purposes:

1) Ensure the TECPEL integrity as a whole;

2) Confirm the existence of the real core inside the pellet;

3) Estimate the TECPEL dimensions and a possible displacement of the core;

4) From these, 1f necessary, adjust the operating parameters of the pellet injector
during the TECPEL production.

The first step in the 3D reconstruction procedure is to determine a set of points in
3D space, which will represent vertices of the sought 3D pellet body. For that, the
images shown in the Fig. 24 a), b) are used in the following way. Let us assume
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that the top view contains ( x,y ) coordinates
and the front view contains ( x,z ) coordinates z top

(see Fig.25). First, it is necessary to define view
several pairs of points, taking one point in
each pair from the top view and another from
the front view. These two points in cach pair
should correspond to the one 3D point and

therefore their x coordinates must be equal. Tt

TECPEL

is more convenient to select such points along /

some contours, such as pellet edges and other  frgnt

peculiarities. Fig. 26 represents one example  Vview

of the results obtained by the above procedure.

The numbers 1-4 indicate the correspondence

between the points of the front and the top gy 25 Coordinate explanation of the

VIEWS, top view containing ( x,v ) coordinates
Around the middle of the pelletan and the front view containing ( x,z ).

auxiliary contour is artificially built in order to

simplify further 3D reconstruction. The two

x Front view

x Top view
Fig. 26. The contours for determination of the Fig. 27. 3D wire frame representing the
pairs of points. The numbers | -4 indicate the reconstructed 3D geometry  of  the
correspondence  between the points of the TECPEL.

front and the top views.
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inner contours represent the carbon core (the smaller contour) and a cavity around it
(the bigger one). The cavity might appear due to melting of the pellet ice when
inserting the carbon core with tungsten wire.

The next step is to build a 3D body based on the defined set of 3D vertices. This
routine can be made in a 3D graphical editor, such as AutoCAD® software from
Autodesk Inc. The result is shown in Fig. 27 in the form of a 3D wire frame. From the
obtained 3D geometry, it is possible to determine the actual TECPEL dimensions. The
calculated pellet length is 3.1 mm and diameter is 2.6 mm. This value of the diameter
is less than the designed dimension, because of the possible evaporation of the pellet
during acceleration in the gun barrel. It was found also, that the position of TECPEL’s
core is displaced along the pellet axis by 0.2 mm from the pellet center. This small
shift is explained by a deeper insertion of the core by the tungsten wire during the
phase 4 in Fig. 21.

The obtained 3D pellet body can be used for creating a virtual picture of the
tracer-encapsulated cryogenic pellet. For that, the 3D structure is further processed in
another 3D graphical editor. The process includes: smoothing the sharp edges of the
3D faces, locating some light sources around the object in 3D space, assigning special
optical properties to its components (shininess, transparency, reflectivity) in order to
imitate materials like ice or carbon. Finally, the 3D model of the pellet can be
rendered and then displayed as if seen from any viewpoint in 3D space. Fig. 28 shows
a sample picture of the rendered pellet model.

Fig. 28. One example of the 3D reconstructed virtual picture of
the tracer-encapsulated cryogenic pellet.

33



Chaprer 3 Tracer-Encapsulated Cryogenic pellet
R T  ——

3.6. Summary

Injection of a tracer-encapsulated cryogenic pellet is promising diagnostic system
for an accurate measurement of the particle transport both in parallel and in
perpendicular to the magnetic field lines in magnetic confinement devices.

A device for production and acceleration of tracer-encapsulated cryogenic pellets
has been successfully constructed and tested experimentally. A typical configuration
of the tracer-encapsulated pellet (TECPEL) includes a 50-250 um diameter tracer
made of light atom, such as lithium, carbon, etc. is encapsulated in the center of a [-3
mm diameter cylindrical pellet of a frozen hydrogen isotope. For a technical
demonstration of the device operation,a 240 pm diameter carbon sphere is
encapsulated in the center of a ©@3>3 mm cylindrical hydrogen pellet. The full process
of the TECPEL manufacturing is completely automated and controlled remotely by a
computer-based sequencer. The produced TECPEL is accelerated by a light gas gun to
velocities of 600-800 m/s at the test stand. The pellet is pho tographed from two
perpendicular directions simultaneously in order to confirm the pellet integrity and the
correct operation of the device. The two obtained high-resolution images of the pellet
are then processed with a computer in order to reconstruct a 3D geometry of the
TECPEL. The actual pellet siz¢ and the location of the TECPEL’s core are
determined from the reconstructed 3D geometry and found to be consistent with the
projected dimensions. Thus, the proof-of-principle of the device operation has been
successfully demonstrated.
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4.1. Introduction

Injection of the tracer-encapsulated cryogenic pellet (TECPEL) is a prospective
diagnostics of local transport analysis. The concept of the TECPEL is described in
Section 1.3 and the method of TECPEL production and acceleration is discussed in
Chapter 3. The first TECPEL injector has been constructed and tested in the National
Institute for Fusion Science (NIFS) [42]. This device is capable of injecting hydrogen
pellets with a diameter of 3 mm and a length of 2 mm with encapsulated carbon core
of 240 pm diameter. The successful operation of the injector has demonstrated a
conceptual possibility of encapsulating a core inside of a frozen hydrogen isotope.
However, the realized configuration of the TECPEL is appropriate for injection into a
rather hot and dense plasma of a large machine, such as ITER, in order to achieve the
necessary localization of the tracer. For existing fusion devices with a medium size
plasma, the pellet size should be about | mm with a typical diameter of the core of
50-100 pum [22].

The outer diameter of the pellet affects the pellet penetration into a plasma, which
can also be adjusted by the pellet velocity. The requirement of the smaller core size is
more significant, since this directly determines the duration of the core ablation and
hence the resulting tracer localization. On the other hand, this implies a special
technology for the core preparation and handling during the pellet production. The
necessity of smaller size for hydrogen pellets (i. e. diameter of 1| mm or less) also
demands a high accuracy of positioning a core and an outer pellet in tumn.

As an alternative to this direction, a tracer-encapsulated solid pellet (TESPEL)
made of other non-cryogenic materials can also be a useful tool of the particle
transport diagnostics. The idea of the TESPEL injection will be still advantageous if
the emission of the core ions can be observed on the background emission of the
major pellet ions.

Because of these reasons, several alternative configurations of a tracer-
encapsulated pellet have been developed and tested, which is reviewed in the
following section.
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4.2. Selection of the TESPEL configuration

4.2.1. Hydrogen pellet with smaller core

One obvious way to advance the TECPEL configuration described in Chapter 3 is
to reduce the size of the core, while retaining the pellet dimensions of @3x3 mm. The
unchanged TECPEL sizes leave a possibility to employ the developed already method
of TECPEL production along with the existing pellet injector.

The test experiments have been carried out with titanium spheres with a diameter
of about 100 pum in order to develop a method of inserting such a tiny core into a
frozen hydrogen pellet. For that, the tracer storage unit shown in Fig. 21 (2) has been
maodified in the following way. Instead of one vertical channel containing a stack of
cores, a new device has 12 channels cach loaded with a single core. The diameters of
all vertical channels and the horizontal channel are 250 pm and all the tungsten wires
have a diameter of 230 pm. The operation principle of the device is clarified in
Fig. 29 and the top view of the device is shown in Fig. 30. For the first pellet, the
honizontal wire is pulled back to the position of the leftmost channel where the first
core is supplied. For each of the following pellets the horizontal wire is pulled back

12 channels
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9. Schematic of the device lor supplying 100 um cores.
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Fig. 30. Photos of the device for loading 100 pm cores. a) Top view of
the device. All 12 channels are open. b) Enlarged view of the left side
of the device. In the leftmost channel a loaded titanium core is seen.
Diameters of channels are 250 um.
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further, and thus, the other cores are supplied one by one from left to right. This
eliminates a possibility of penetrating of more than one core at a time into the space
before the horizontal wire.

The described construction of the tracer storage has one important advantage of
being compatible with the described earlier TECPEL injector. Thus, the TECPEL
production can be accomplished with the existing technology of the 230 pum tungsten
wires and 250 pm channels.

However, several series of tests have revealed significant difficultics in achieving
a stable operation of the device. The sequence of supplying of the 100 pum cores has
often been interrupted. The next core in turn was sometimes not coming out as
expected. This can be caused by existence of a “dead space™ at the junction point of
the horizontal and a vertical channel. An empty volume of about 100 pm size is
always present between the flat end of the vertical wire and the cylindrical sidewall of
the horizontal one, even when the one touches the other. If a core comes into this
space it becomes inaccessible by none of the wires.

The achieved value of the average statistical reliability of the device operation is
below 50%, and therefore, this method has been discarded.

4.2.2. Polystyrene shells inserted into hydrogen pellet.

It is still possible to remain within the przsent injector configuration with a
reduced mass of the tracer core. If the core sizc is set to be unchanged, this means
that the mass density of the core should be lower. This can be achieved by the use of a
an empty core, or a shell with the wall thickness much smaller than the outer
diameter. If the diameter of a shell remains in the range of 230-240 pm, then it can be
handled with the process developed for the solid carbon cores, described in Chapter 3.

For the material of the shells, an organic polymer, polystyrene (CH(CH<)CH,)y ,
has been chosen. Such polystyrene shells are criginally produced for laser fusion
experiments, in which they are used as fuel containers and pushers to be irradiated by
powerful laser beams. The technology of the polystyrene shell production is now well
established and allows obtaining shells with high sphericity and uniformity of the wall
thickness [45, 46]. The shells can be produced with a diameter in the range of 0.2-7
mm and a wall thickness of 5150 pum.

In the test experiments with the tracer storage unit shown in Fig. 21 (2),
polystyrene shells with a diameter of 232-237 pm and a wall thickness of 10-15 um,
These experiments were aimed at achieving a high stability of the shell supplying
sequence (one picce at a time), as well as finding optimal parameters for preserving
the shell integrity.
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Fig. 31. Sample photo of the tungsten wire pushing out two
polvstyrene shells, one of which is broken.

Fig. 32. Sample photo of three shells supplied simultaneously.

39



Chapter 4 Tracer-Encapsulated Solid Pellet
Ve_____ -« ——————————————— . ]

It was found that the shells can be operated safely if the wall thickness is not less
than 15 pum. Otherwise, the percentage of the broken shells becomes too high. An
example of the situation with a broken polystyrene shell is shown in Fig. 31.
However, even if the shell stiffness is high enough, the order of shell supplying one at
a time has turned out to be difficult to maintain. If a force of the spring pushing the
vertical tungsten wire (See Fig. 21 (3) ) is too low, then no shells can be supplied. If
the force is too high, then two or more shells are pushed out of the vertical channel at
once. An example of the latter situation is illustrated in Fig. 32. If the spring strength
is intermediate, then these two situations may happen randomly, thus worsening the
reliability of the operation to lower than 50%.

This can be explained by the influence of the two main factors. First, there is a
static friction force, preventing the shells from coming out of the vertical channel.
Second, because of the very low mass of a shell and a very smooth surface, several
shells can easily slip into the horizontal channel at once. Typically, the maximal force
of a static friction exceeds the dynamical friction force, which is quite enough to
move several shells at once.

To overcome this problem, the tracer storage unit has been connected toa
compact generator of the mechanical vibration. The vibration is generated by a piezo-
clectric crystal at a typical frequency of 170 Hz with duration of 0.5-1.0 sec during
the phase (3) of Fig. 21. With this construction, the probability of the stable operation
of the device has become over 90%. At present, the research in this direction is
continuing and the improved construction is being prepared for the experiments with
solid hydrogen.

4.2 3. Tests of other materials as a core.

It was said earlier that the tracer core should be made of a low Z material. The
first candidate with the lowest Z value is lithium. Some properties of the lithium metal
have already been discussed in section 2.3.1. Now the problem is to produce a very
small amount of the substance with a typical size of 100 pm or less.

Because of the high physical adhesion of the lithium metal and its high chemical
activity, it is rather problematic to produce such a small piece of lithium by a
mechanical cutting. Therefore, an attempt has been made to produce small lithium
spheres by a fast stirring of a melted lithium in another liquid. Such a liquid should be
chemically inert to lithium and its viscosity should be comparable to that of the
melted lithium, in order to produce a fine suspension from the two liquids. Thus, a
small amount of melted lithium has been stirred in a high viscosity silicon oil ata
typical temperature of 200-220°C. After cooling, numerous lithium spheres have been
produced. However, the minimal size of these spheres is about 500 pm. This
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procedure has been tested with silicon oils having various values of the viscosity,
however the minimal size of a lithium sphere has not been reduced considerably. This
can be explained by the fact, that the typical size of a liquid droplet is very much
determined by a surface tension force. For liquid metals the surface tension is by one
order of magnitude higher than that of organic liquids. The high surface tension
becomes significant with smaller radius of a sphere and prevents it from being split
further.

Because of these reasons, the procedure of obtaining small (<500 pm) quantities
of lithium metal is very difficult to realize.

The other materials have also been considered as candidates for producing the
tracer cores, Among those we can mention beryllium, boron carbide (B 4C), lithium
hydride (LiH), lithium silicate (Li45i104), fullerene (Cg). (The latter, fullerene, is an
interesting material as a form of carbon with relatively low mass density.) The
common disadvantage of the tested materials is a rather irregular shape of the crystals
or a too small typical size of the particles in a powder. This results in a significant
inaccuracy when estimating the mass of the core to be injected into a plasma.

Among the considered substances, lithium hydride has been chosen as a core
material for the tracer-encapsulated solid pellet, because of the following reasons:

1) Although it contains only half as much tracer atoms (Li) as pure lithium, the
chemical activity of lithium hydride is much lower than that of lithium itself, which
significantly simplifies the process of TESPEL production.

2) Lithium hydride contains no atoms with Z higher than that of lithium, which allows
to keep the effective charge of the plasma at low level.

3) The typical size of the crystals in a powder of lithium hydride ranges from several
um to about 150 pm (See Fig. 33), which acceptable for the current purpose.

v .

¢

100 um
e

Fig. 33. Photo of the lithium hydride powder.
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4.2 4. Covering lithium hydride with polystyrene.

It was shown earlier, that encapsulating of a very small (<100 pm) core into a
frozen hydrogen is very problematic within the current technology. For this reason,
other materials have been considered as alternatives to hydrogen pellet.

It is possible to cover the tracer core by coating in the atmosphere of a vaporized
organic plastic material, such as polystyrene. For that, a piece of the tracer material,
for example, lithium hydride, is located in a chamber filled with vapor of polystyrene.
By adjusting the temperature in the chamber and duration of the coating process, it is
possible to cover the tracer core with a polystyrene layer with required thickness.
However, the typical time of this process is a few tens of hours, that increases
considerably the TESPEL production costs.

Another way to form a tracer-encapsulated solid pellet is to use the ready made
polystyrene shells described in Section 4.2.2 as containers for the tracer cores. For
that, it is necessary to develop a method of inserting of small crystals of lithium
hydride into the polystyrene shell. This problem has been successfully solved and the
method is described in detail in Section 4.4.1. Thus, the proposed configuration of the
tracer-cncapsulated solid pellet includes a tracer core made of lithium hydride
encapsulated into a spherical shell made of polystyrene.

The shell size should be chosen according to the following requirements:

1) Amount of electrons in the shell should be low enough, so that the increase of the
electron density after the pellet injection does rot terminate the target plasma;

2) The shell thickness should provide desired location of the deposited core atoms in
a plasma, for given pellet velocity and background plasma conditions;

3) The pellet size should be large enough for handling (with a standard technology)
and acceleration of the pellets.

For the purpose of injection to a medium size machine, such as CHS (Compact
Helical System) [47], the shells used for TESPEL production have diameters in the
range of 300-400 pm with wall thickness of 40-50 um. In this case the total amount
of electrons to be deposited in the plasma is 2.6-5.1x10'® which is allowable for the
total amount of electrons in CHS plasma of about 10" particles. The location of the
deposited tracer atoms and the deposition width in a plasma are determined by the
pellet ablation rate. The calculation of TESPEL ablation is described in the following
section.
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4.3. Calculation of TESPEL ablation

In order to estimate appropriate pellet dimensions and velocities for the injection,
a simple calculation of the TESPEL ablation rate has been made. The method is
similar to that of described in [22]. The ablation rate is determined as

N:Qg, (4.1)

where £ 1s the sublimation energy for a given material, 77 is the attenuation factor of
the electron heat flu Q@ , which is calculated as [32]:
0= 227 n, T;:“zrj m;”z (4.2)
Here n. and T are electron density and temperature, r, is radius of the ablating surface
and m, 1s electron mass.
On the other hand, the ablation rate equals to the rate of decreasing of the amount
of particles in the pellet:
N=dnrrlF,, (4.3)
where n is the molecular number density of the pellet material, #, is the rate of

decreasing of the pellet radius.
Combining this equation with (4.1) and (4.2) one can easily obtain an expression
for 7,:

L lru;'” i (4.4)

The pellet penetration into a plasma, i.e. the length of the pellet flight until =0,

15 calculated by integrating the expression (4.4).
It is worth to mention, that for the described simple method of calculating of the
pellet penetration, the rate of decreasing of the pellet radius 7, does not depend on the

pellet radius r,. This means, that the time of ablation of a shell (and its penetration
into plasma) depends on the shell thickness, but not on its radius. Thus, the
penetration of TESPEL into plasma can be adjusted by the shell thickness, whereas
the total amount of the deposited electrons (i.e. the perturbation of the background
plasma) can be reduced by using the shells of smaller diameter.

An example of the calculation of Eq. (4.4) is shown in Fig. 34. The minor radius
in the direction of the pellet flight is 28 c¢m. The density and temperature profiles of
the target plasma arc both assumed as parzbolic. Central and edge electron
temperatures are 500 eV and 20 eV, respectively, while central and edge density are
2%10" em™ and 10" em™. The attenuation factor is assumed as 7,y = 0.8 for lithium
hydride and 7p5 = 0.4 for polystyrcne. The sublimation energy for lithium hydride is
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Fig. 34. Ablation rate of TESPEL in CHS plasma. Pellet
velocity: 400 m/s, shell diameter: 350 pm, wall thickness:
S0 pm, tracer diameter: 50 pm.

Sin=24¢eV [49] and for polystyrene it is taken as &= =3¢V (see explanations
below). In this case the ablation of the tracer starts at »/a =0.51 (further — deposition
location) and continues until »/a=0.26 resulting in deposition width of 6.9 cm.
However, because of the decaying ablation rate in the end, the main part of the tracer
particles is deposited within a smaller distance of the flight path, Namely, 80% of the
tracer material is ablated in 3.3 em and 90% in 4.1 cm. For this reason, further we will
refer to the deposition width as a length of the pellet flight path within which 90% of
the tracer particles are deposited.

In the example above we used approximate values for the attenuation factor 77
and the sublimation energy & for polystyrene. Correct value for the latter is obscured
by the complexity of the sublimation process of polystyrene as an organic polymer
and the resulting sophisticated mechanism of the screening of incoming heat flux.
Uncertainty in the 17 values arises from the variety of theoretical methods describing
the ablation process. Here we do not strive to obtain exact theoretical values for 77 and
&ps, but confine them within the following possible ranges: &s =2+l ¢V, &=
2.4+0.2 ¢V and = 0.5+03 for both polystyrene and lithium hydride. Variation of
these values for polystyrene affects mainly the deposition location and those for
lithium hydride will alter the deposition width. From the viewpoint of the particle
transport measurement, a small value of the deposition width is more important than
the location of the deposited tracer particles. Thus, we can expect that uncertainty
in the values of the &s and 17ps for polystyrene will be resolved by experimental data
on the injection into plasma. Fig. 35 presents a dependence of the deposition location
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Fig. 35.Tracer deposition location calculated for various
values of mps and &-. Plasma and pellet parameters are the
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E|
=]

I K T L |

£y =240.2 eV

Tracer size 50 um

Deposition width, cm

0.3 0.4 0.5 0.6 0.7 0.8

Attenuation factor n o

Fig. 36. Tracer deposition width calculated for various values
of 1. The error bars correspond to ithe error in the value of

£n = 2.420.2 eV, Plasma and pellet pa-ameters are the same as
in Fig. 34.
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on the attenuation factor for polystyrene #ps for various values of the §s. Result of
the similar variation of 7,y and &,y is shown in Fig. 36 as a dependence of the
deposition width on the attenuation factor for lithium hydride.

It is seen from Fig. 36 that the minimal value of the deposition width is estimated
as 4.1 cm. However it can be further lowered by reducing the size of the tracer
inserted into the shell. At the same time too small amount of the tracer ions will
require a high sensitivity of a detecting diagnostics. Therefore, here we propose to fill
the polystyrene shell with numerous macro particles of the tracer material each having
the size smaller than 10 pm. In ideal situation the polystyrene shell should be filled
with a fine powder of lithium hydride with typical particle size as small as possible. In
this case the whole tracer contents will be ablated approximately during the ablation
time of the largest piece, thus providing better localization of the deposited tracer
ions. The total mass of the tracer can be even larger than that of a single crystal of 50
um size for the purpose of producing higher signal for a detecting system. Fig. 37
presents calculated deposition width for a 10 pum lithium hydride sphere at the same
plasma conditions and pellet velocity as in Fig. 34. It is seen that the expected tracer
deposition width can be assmallas | em. This confirms that the injection of a
TESPEL with fractionated tracer contents can deposit the tracer with good
localization.
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Fig. 37. Deposition width of the 10 pm tracer calculated for
various values of ;.. The error bars correspond to the error
in the value of g, = 2.4+0.2 eV. Plasma parameters are the
same as in Fig. 34,
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In the calculations above a standard model based on the one-dimensional
spherical ablation was employed. However, it may be necessary to mention a possible
nonuniformity of the ablation, which can appear due to the difference of the heat flu
in the directions of parallel and perpendicular to the magnetic field lines. One
example is the model of ablation in “lentil” form developed by Miroshnikov [43]. The
penetration depth based on the lentil model differs only by about 20% from that of the
standard model. The instability of the ablation causing striations [44] can also affect
the feature of the pellet ablation. But this does not change significantly the penetration
depth of the pellet and does not alter the major effect of the present process. So, the
nonuniformity of the ablation is considered to give only a small effect on the resulting
location of the tracer deposition. On the other hand, the experimentally observed
behavior of the tracer may even clarify the ablation mechanism due to the property of
the local deposition.

4.4. TESPEL production and acceleration

4 4.1, TESPEL production routine

The procedure of manufacturing of a TESPEL consisting of lithium hydride
encapsulated into a polystyrene shell consists of the following basic steps:

1) Selecting the shells of the appropriate size;

2) Making holes in the selected shells;

3) Inserting the tracer material into the shells;

4) Closing the holes.

The density-matched emulsion method [ 45] of polystyrene shell production
allows obtaining the shells with diameter smaller than that of described in[ 46].
However the latter provides better uniformity of the shell sizes: for the average
diameter of 350 pm about 80% of the shells have diameter within the range of 300-
400 pum. For the sclection of shells with appropriate diameter, a standard optical
microscope with ~10 pm resolution is used. For the precisc measurements we use an
interferometric microscope which provides | pm accuracy for the shell diameter and
0.1 pm for the wall thickness.

Every selected shell is glued on a sample glass by means of acrylic resin glue
which dries up under UV light. After the TESPEL is completed it can be easily
separated from the solid glue while the latter remains on the glass. The glue is
required to fasten the shell for the following operations.
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On the next stage it is necessary to make holes for inserting the tracer. This can
be done by means of a boring machine equipped with a microdrill. For our purpose
we used the microdrill of 50 pm diameter, which produces holes of 70-90 pm. The
result of this operation is shown in Fig. 38.

The next step is inserting the tracer material into the shells. The lithium hydride
used for this purpose is in the form of a fine powder with maximal size of the crystals
of about 150 pm (See Fig. 33). Lithium hydride slowly reacts with water vapor from
the air and tumns into lithium hydroxide. For the standard room conditions such a
powder becomes oxidized during about 3 hours, and therefore it should be refreshed
rather frequently.

From this powder one should pick up solid crystals of 40-60 pm size and insert
them into the holes. This can be done by means of a thin glass pipe, which can be
made from a standard &1 mm glass pipe by simultaneous heating and stretching. The
end diameter of the stretched pipe should be small enough to fit into the hole of the
shell. The other (thick) end of the pipe can be connected to an air evacuating system,
which can easily be turned on and off. Such an instrument is very useful for picking
up and releasing small particles of 0.05-1 mm.

On the final step the holes in the shells are covered with polystyrene dissolved in
toluene. A small drop of the solution should be put on the top of each shell. The drop
covers the hole completely due to the surface tension. The amount of liquid should not
be too large, otherwise the whole shell can be melted and destroyed due to the high
absorption of toluene by polystyrene. The main difficulty here is a high volatility of
toluene resulting in a quick solidification of the solution. The surface of such a small
drop becomes solid within a second, which makes difficult the moistening of the shell
surface. For this reason the percentage of the polystyrene in the solution should be
rather small (8-10%). A photo of the shell with closed hole is shown in Fig. 39.

After all shells are completed, it is necessary to place them in a vacuum or noble
gas atmosphere, because the polystyrene slowly passes the air through the shell wall.

4.4.2. Stand testing of shell acceleration

As a first step, experiments with injection of the ready-made empty plastic shells
have been made on the laboratory stand. These experiments were made in order to:
1) prove the principle possibility of the acceleration of such thin shell pellets without
being destroyed;
2) determine optimal operating parameters of the injection (propellant gas pressure,
camera aperture setting and others).
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Fig. 38. Photo of a polystyrene shell with hole. The
focal plane of the microscope is adjusted to the top of
the shell.

Fig. 39. Photo of a completed TESPEL. The focal
plane of the microscope is adjusted to the half height
of the shell. In the upper right part of the shell a
lithium hydride crystal is seen.
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Fig. 40. Schematic view of the TESPEL injector.

The schematic view of the pellet injector is shown in Fig. 40. Its construction is
similar to the one shown in Fig. 4, however, the design of the magazine with pellets
has been substantially improved (as described below), in order to handle the small and
fragile polystyrene shells. The main parts of the injector are the magazine / for
pellets, gun barrel 2 and observation chamber 3. Prior to the injection a set of 29
pellets is loaded into holes of the rotative disk 4 of the magazine. After the pulse of
the propellant gas from the shooting valve 5 with duration of 24 ms, the pellet
located at the shooting axis is accelerated and goes through the gun barrel 2. The
length of the barrel is 1.2 m. The inner diameter of the barrel and the holes in the disk
are 1.0 mm. The clearance between the disk and the housing of the magazine is kept
small enough by means of precise rollers 6 so that the pellet size can be as low as 0.25
mm. The accuracy of positioning of a hole with a pellet at the injection axis 1s not
worse than 0.01 mm.

Then the pellet crosses the beam of He-Ne laser 7 expanded by the beam
expander 8. The light from the beam expander goes to the light detector 9 and then
transferred by the optical fiber to the photo-multiplier. The photo-multiplier's signal is
changed by the pellet shadow and this change is recorded by a digital oscilloscope,
which is triggered at the moment when the pellet crosses the laser beam. The light
detector 9 has two input slits at the distance of 5.5 mm and this allows to obtain a

70



Chapter 4 Tracer-Encapsulated Solid Pellet
- -

rough estimation of the pellet velocity. The trigger signal from the oscilloscope runs
the fast flash lamp /0 (pulse duration is about 180 ns) and the instant image of the
flying pellet is projected on the digital CCD camera /J. The CCD matrix has
1134x972 pixels with 8 bit A/D conversion. Finally, the pellet comes to the aluminum
foil /2 which is used for a direct detection of the pellet. After each shot the disk in the
magazine is manually rotated by the handle /3 in order to position the next pellet.

4.4 3. Obtained results and discussion

The main purpose of the laboratory tests with the plastic pellet injection was to
achieve a high probability of the injection. Among the reasons that made the injection
unstable it is necessary to mention:

[) High fragility of the pellets which sometimes resulted in destroying the pellet
during the acceleration.

2) Small size and transparency of the pellets resulting in a small signal from the pellet
shadow and thereby reducing the signal to noise ratio of the photo-multiplier.

3) The transparency of the shells also comphicated the photography by the CCD
camera requiring fine adjustment of the aperture for obtaining an appropriate pellet
image.

In spite of these factors the acceleration of the plastic pellets has been
successfully performed. For the first series of experiments we used empty shells with
diameter 400-500 pm and wall thickness 10-20 pm. An example of the photographed
polystyrene shells is shown in Fig. 41 a). The typical pellet velocity was in the range
of 350-450 m/s. The acceleration was made by the helium gas with 10 bar pressure.
In order to study the destroying effect of propellant gas pulse, its pressure was
increased to 14 bar. However, no pellets were registered by the light detector at this
condition, and in the aluminum foil target numerous tiny bumps were observed. This
fact confirms that a plastic pellet can be easily destroyved by the strong pulse of
propellant gas. Even at the level of 10 bar about 25% pellets were destroyed. Sample
photo of a destroyed shell 1s presented in Fig. 41 b).

The next series of experiments was made with TESPELs manufactured by the
method described in section 4.4.1. The diameter of the pellets was 300-400 pm and
wall thickness of 40-50 pm. In this case the pellet hardness was significantly higher
resulting in more stable injection. No broken pellets were registered for the propellant
gas pressure up to 25 bar. However the signal of the light detector was even smaller
(typical S/N ratio was 2-3) that made the pellet registration more difficult. The
smaller size of the pellets also resulted in worse acceleration: the pellet velocity
ranged in 250--350 m/s for the propellant gas pressure of 15 bar. The variation in the
pellet velocity can be explained by the variation in pellet diameters. Increase of the
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a)

b)

Fig. 41. CCD images of polystyrene shells in flight (the shells
are moving from right to left). Wall thickness is 10-20 pum.

a) Safely accelerated shell;

b) Sample photo of a destroyed shell.

propellant gas pressure had a weak effect on the pellet velocity, which was not higher
than 400 m/s even at 25 bar level. The further increase of the propellant gas pressure
was not desirable because of a good vacuum requirement in the diagnostics chamber.
At the same time, according to the calculation described in section 4.3, the achieved
level of pellet velocities is enough for the plasma of a medium size machine.

4.5. Summary

As an alternative to the tracer-encapsulated cryogenic pellet, a method of
injecting of the tracer-encapsulated solid pellet (TESPEL) has been developed.
Because of the smaller size of the tracer core of the TESPEL, the new method can be
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applied for the transport measurements in a plasma of a medium size machine, such as
CHS. Various materials and configurations of the TESPEL have been tested:

1) Hydrogen pellet with smaller core (about 100 pm diameter);

2) Hydrogen pellet with a core in the form of empty polystyrene shell;

3) The core in the form of a small lithium sphere (<100 um diameter);

4) Coating of a small core by a polystyrene layer;

5) Inserting a core into a polystyrene shell.

From these, the most appropriate configuration of TESPEL has been selected,
which consists of a tracer core made of lithium hydride crystal of 50 pm size
encapsulated into a spherical shell made of polystyrene. Such a configuration of the
TESPEL has been successfully realized by means of a specially developed
manufacturing procedure. The improved construction of the pellet injector has
allowed to accelerate the produced TESPELs safely, and the photography of TESPEL
in flight has confirmed the pellet integrity. For the pellets with diameter 300400 pm
and wall thickness 40-50 pm the fragility of polystyrene shells becomes insignificant.
Calculation of the TESPEL ablation rate has demonstrated that the obtained TESPEL
dimensions and achieved pellet velocities are appropriate for the injection into a
medium size plasma. It was proposed to fractionate the tracer contents in order to
provide better localization of the deposited tracer ions in the plasma. The data
obtained in these experiments have proved that injection of the TESPEL made from
the plastic shells can be an effective tool for the particle transport diagnostics.
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5. TESPEL INJECTION EXPERIMENTS

5.1. Introduction

A local particle transport in plasmas can be analyzed directly by observing
evolution of a small perturbation artificially made at a certain point in the plasma
core. Such a perturbation can be a tracer particle source which 1s poloidally and
toroidally localized within a limited plasma volume of the order of 1 cm’. Injection of
a tracer-encapsulated pellet having a small core of tracer particles is a prospective
method for providing this localization.

After the success of the proof-of-principle experiments with tracer-encapsulated
cryogenic pellet (TECPEL) described in Chapter 3, it was proposed to use a tracer-
encapsulated solid pellet (TESPEL), which consists of a core as a tracer made of
lithium hydride encapsulated into a polystyrene shell. The method of TESPEL
production and the experimental results of TESPEL acceleration are discussed in
Chapter 4. In this chapter, the first experimental implementation of the complete
diagnostics system based on TESPEL injection is described.

As TESPEL can be handled at room temperature, the pellet injector does not need
a complicated cryogenic system and therefore, can be much simpler and more
compact. The dimensions of TESPEL itself are also smaller than those of TECPEL,
that makes the injection more appropriatc for the plasma of a medium size
experimental device, such as the Compact Helical System (CHS) [47].

The motion of the lithium ions deposited by TESPEL can be observed by a
method of charge exchange recombination spectroscopy (CXRS). The charge
exchange reaction takes place between the fully ionized Li ions and the neutral
hydrogen atoms from the neutral beam injection (NBI). Thus, for proving the
essential concept of the new diagnostic method, TESPEL is injected into the NB
plasma of CHS.
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5.2. CHS plasma configuration

Magnetic configuration of the CHS device is similar to that of the Heliotron E.
CHS is a heliotron/torsatron device with multipolarity /= 2, toroidal period number
m =48 and a rather low aspect ratio. The major radius of the vacuum chamber is
100 cm and the poloidal cross-section of the plasma is elliptical with the averaged
minor radius of 20 cm. The toroidal magnetic field can be varied from 0.7 to 2 T. The
vacuum vessel wall is conditioned by titanium gettering. The schematic of the CHS

diagnostics arrangement is shown in Fig. 42
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Chapter 5

TESPEL Injection Experiments

The target plasma of the CHS is produced by the electron cyclotron heating
(ECH) at the frequency of 53 GHz (corresponding to the second harmonic resonance)
with the maximal output power of 400 kW. The ion cyclotron resonance heating
(ICRH) at the frequency of 7.5 MHz can also be used for the plasma production. As
the main source of the plasma heating, two neutral beam injectors (NBI #1 and #2) are
employed with the maximal energy of 40 keV and 36 keV, respectively [50]. The
typical output power of the two NBI lines is 1.1 MW and 0.7 MW, respectively.

The injection of TESPEL was performed at the standard operation mode of CHS
with the radius of magnetic axis Ry = 99.5 cm or 97.4 cm. The magnetic field strength
for these configurations is set to be 0.9 and 1.3 T, respectively. In order to study the
effect of the magnetic field strength, the TESPEL was also injected during the CHS
operation with the magnetic fieldof 1.9 T and R, =94.9 or 92.1 cm. The typical
central electron temperature and density are 0.3-0.8 keV and 1.5-4.0x 10" m”,
respectively. The ion temperature during the high-T; mode of the CHS operation can
be as high as 1.0 keV in the center, due to the NBI heating of ECH.

5.3. Experimental setup of TESPEL injector

The TESPEL injector with the differential pumping system has been installed on
CHS at the port, to which the NBI #1 line is connected (See Fig. 42). Construction of
the TESPEL injector is described in Section 4.4.2, The injector is connected to the
differential pumping system (DPS), which is similar to the one used on Heliotron E
(See Section 2.2), but because of the space limitations, the DPS was reduced to three
main chambers isolated by pate-valves. The chamber nearest to the injector is
evacuated by a rotary pump only, while the two others are evacuated by turbo-
molecular pumps (TMP) coupled with rotary pumps. At the end of the gun barrel, the
first chamber is connected to a buffer tank for absorbing the pressure jump of the
propellant gas following the pellet. Because of the high vacuum requirements, the
chamber nearest to the CHS 1s evacuated by two TMPs concurrently. They are
connected to the different parts of the one chamber separated by a diaphragm. The one
TMP has a magnetic suspension of the axis, and because of the strong magnetic field
of the CHS, it is located about 4 m away from the evacuated chamber. The shooting
valve of the injector is triggered remotely by a TTL pulse, which is delayed by 50-
70 ms from the main CHS timer. The gate-valves of the differential pumping system
are triggered by the same pulse, so as to isolate the chambers soon after the shot. (The
time response of the first gate-valve is 0.05 ms, while the pellet reaches it at 4-6 ms
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Fig. 43. Photo of a TESPEL in flight before it enters the plasma, The
edge of the last guide-tube with the outer diameter of 8.4 mm is seen
on the left. The TESPEL diameter is 350 pm.

after the shot.) During the shot of the propellant helium gas with pressure of up to
25 bar and duration 2—4 ms, the vacuum level in the first chamber reaches 10 torr for
about 10 s, while in the last chamber it does not exceed 10™ torr. In the idle state, the
vacuum level in the last chamber is 1.3-1.6%107 torr. Thus, the construction of the
differential pumping system has allowed to maintain the necessary vacuum level.

The He-Ne laser light barrier has been located at the end of the last guide-tube in
order to estimate the pellet velocity. The accurate measurements are made by the time
difference of the light detector signal and the plasma response to the injected pellet.
The typical pellet velocity is in the range of 250-350 m/s. The signal of the light
detector triggers the fast flash lamp and the pellet is photographed by a CCD camera.
Such a system was installed so as to confirm the TESPEL integrity after the pellet
passed all the guide-tubes. An example of the TESPEL photo is shown in Fig. 43,

The capacity of the injector magazine is 29 pellets. Thus, in one series of
experiments, 29 pellets can be injected one by one. Due to the simple configuration, if
necessary, the injector magazine can be dismounted from the injector without turning
off the pumping system and reloaded with new pellets in less than one hour.
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5.4. Sctup of observing diagnostics

Layout of the TESPEL injection experiment and the observing diagnostics are
shown in Fig. 44. The figure includes the arrangement of the pellet injection line, the
neutral beam injector (NBI) line, location of CXRS array for observation of Lilll in
the radial direction, and other diagnostics for observing the pellet cloud.

The light emission from the pellet is collected with an optical system that
includes a rotative mirror and two half mirrors. The optical system allows to observe
the pellet from the back when it enters the plasma. The rotative mirror is installed in a
supplementary vacuum chamber which is mounted on the CHS port. The mirror is
made of polished stainless steel and can be rotated and faced off the plasma, so as to
prevent it from contaminating during the titanium gettering of the CHS chamber. The
half mirrors divide the light between two compact CCD cameras and an input of the
optical fiber. Each CCD camera is equipped with an optical filter for H , and Li | (or
Li IT) lines. The optical fiber goes to the control room to another optical system,
where the light is further divided between two photo-multipliers with similar
configuration of filters.

With this system it is possible to register the space integrated light from the
ablating pellet in two wavelengths simultaneously with high time resolution (The
maximal resolution of ADC is | ps). At the same time, it is also possible to obtain the
time integrated images of the pellet cloud emission in different spectral lines. The
photography of the pellet cloud has been carried out with the purpose of obtaining the
pellet location during the ablation of the core, which is necessary to confirm the
correct deposition of the tracer material and its localization.

In order to achieve higher spatial resolution along the pellet flight path, the pellet
is also photographed by a CCD camera installed at the neighboring port. This location
is indicated as CCD?3 in Fig. 44. In fact, up to three CCD cameras can be mounted at
that location, one under another, and equipped with Hg, Li [, and Li Il filters.

The long time scale diffusion in radial direction of the fully ionized lithium ions
is measured by observing the Li Il emission of L1 ** jons, which appear from the
charge exchange recombination of Li** fons:

Li** +HY - Li** + H" + hv (Li [ID) (5.1)

The source of hydrogen atoms for this reaction is the neutral beam for plasma
heating. Li ** ions can also cxist in the peripheral plasma with low electron
temperature due to recombination of Li ** ions. For this reason, the Li TIT light is
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Fig. 44. General layout of the TESPEL injection experiment on CHS.
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observed simultaneously at the location on the NBI path and, for reference, at the
neighboring port without the NBI (as shown in Fig. 44). Thus, the difference of these
signals can be interpreted as a pure emission from Li ** ions originated from the
charge exchange with NBI. Because of the rather small thickness of the neutral beam
in the vertical direction (less than 10 em in case of CHS), the reaction takes place in
the vicinity of the equatorial plane. Therefore, the L [IIT light collected alonga
vertical observation chord is directly proportional to the local density of Li** ions at
the corresponding radius. Thus, the CXRS system consists of the two arrays of the
photo detectors having different radial positions. The minimal distance between two
neighboring detectors is 16 mm. Each detector consists of a lens coupled with an
optical fiber that goes to a photo-multiplier. The lens collects almost parallel light
(divergence about 1.6° in full angle) with viewable area of about 14 mm in diameter
at the equatorial plane. In contrast to conventional CXRS systems that use CCD [ 51,
52], here photo-multipliers are employed to achieve higher time resolution of 10 ps
(limited only by the performance of the data acquisition system). In total, 5
observation lines are installed at the location of NBI and 5 corresponding lines at the
reference location. The radial position of each line can be adjusted, if necessary,
according to the location of the plasma axis. The photo-multipliers are equipped with
optical filters for observation of the line 4 = 449.9 nm corresponding to the transition
from G to °F in Li*" ions.

5.5. Experimental results and discussion

By injection of a TESPEL into the plasma with the density level of 1.5%10" cm?,
the clectron density increase of ~ 5x10'® cm™ is observed, which is consistent with the
particle number contained in the polystyrene shell (the contribution from the core is
negligible). After the injection, the electron temperature decreases due to the sudden
increase of the density, while the electron pressure P, = n. T, remains unchanged in the
initial phase (See Fig. 45), which confirms that the process is adiabatic. The electron
temperature is kept higher than the radiation barrier, and the temperature is recovered
to the original level in the late phase. At that time ( = 110 ms in the Figure), the
plasma density remains growing because of the continuing NBI injection, and the
electron pressure becomes larger than the before-injection level. Thus, no harmful

effect is caused to the plasma by TESPEL injection.
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5.5.1. Observation of tracer deposition

The ablating pellet has been photographed from the two perpendicular directions
simultaneously, which provided information about the exact location of the pellet in
the plasma. An example of the obtained images is shown in Fig. 46. It includes the
rear view of the pellet made with Li II filter and two side views of the same pellet for
Lil and Li Il light. The very beginning of the pellet ablation is obscured by con-
struction elements. From these images, it is found that the pellet reaches the central
region of the plasma. The Li I light starts at R = 104 em and continues for about 3 cm,
which proves the necessary location of the tracer deposition and its localization. The
thickness of the pellet trace seen as Li [ light is less than 5 mm, while the Li IT light
spreads for several centimeters out of the pellet path, which corresponds well to the
typical life times of the Li®and Li'", respectively (See estimations in Section 2.6.2).

Besides the main region with intense Li II light located further in the plasma core,
a thin pellet trace 1s also seen through the Li 11 filter along the whole pellet path.
According to the TESPEL configuration, the Li II emission should start with the
ablation of the TESPEL core, that is in the central plasma. This inconsistency is
resolved by a similar image of a pellet without a core, shown in Fig. 47. Typically,
one series of TESPELs contains 68 so-called reference pellets, which do not contain
a core and are injected in order to distinguish the signal from the tracer by comparing
to the background signal. So, the empty pellet has also produced the similar trace seen
through the Li [T filter. But the clear difference is seen between the two ima ges: the
real TESPEL produces a wide halo region in the end of ablation (between R = 10 and
100 ¢m), while there is no such thing with the empty pellet. The light seen through the
Li [T filter from the empty pellet is attributed to the emission on C VI line
{(A=3529.]1 nm) from carbon ions ablated by the shell. Because of the very strong
ablation of the shell comparing to that of the core (See Fig. 34), the intense C VI light
can be slightly passed by the Li IT filter with A; = 548.7 nm and a bandwidth (with
50% attenuation) of A4 = 1 nm. Thus, for this shot, the region of real Li Il emission is
confined within about 5 cm along the minor radius.

More exact information about the deposition width of the tracer particles have
been obtained from the signals of the photo-multipliers observing the ablating pellet
through H, and Li II filters with high time resolution. One example of the measured
emission from the pellet cloud in H , and Li II lines is shown in Fig. 48 a). It is seen
that at first H,, appears for about 500 ps, and in the late phase Li Il is emitted during a
short period of about 100 ps. For comparison, signals from H, and Li I detectors are
shown in Fig. 48 b) in case of a reference pellet without a tracer. In this case, the peak
in the late phase for Li [l does not appear as expected (although some background
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Fig. 46. Three CCD images of the same ablating TESPEL (Shot #74989). Geometry 1s
indicated as positions along major radius (Ry, = 94.9 cm): a) Li I filter, rear view of the
pellet (from CCD2 of Fig. 44); b) Li I filter, side view from CCD3; ¢} Li I filter, side view.

Fig. 47. CCD image of a reference pellet without a core (Shot #74652, R,, = 92.1 cm):
Li II filter, side view from CCD3.
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signal is still seen). These measurements indicate clearly the local deposition of the
tracer particles in the core plasma region.

The top axes of the plots in Fig. 48 represent the pellet position along the minor
radius as calculated from the known pellet velocity. These data provide direct
information about the location of tracer deposition. There is a certain errcr in this
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Fig. 48. Time dependencies of the pellet cloud emission in H, and Li Il lines (solid
curves). Corresponding radial position of the ablating pellet is shown as the top axes.
Ablation rates calculated by impurity model (dashed curves) and gas dynamics model
(dotted curve) are also shown. a) Typical case with TESPEL injection; b) Emission
from a reference pellet without a tracer core.
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calculation due to an uncertainty in the location of the starting point of ablation, which
is determined by ambiguous values of the peripheral temperature and density. (The
deposition width of the tracer, however, can be obtained from these signals with high
accuracy.) The obtained data of the deposition location were compared with the
corresponding CCD images and a good agreement has been found.

The ablation rate of TESPEL has been simulated according to the impurity
ablation model described in section 4.3. In this simulation, the sublimation energy of
polystyrene was taken as &sg=1.0eV and the attenuation factor ps=0.4.
Experimental information was used for the TESPEL velocity and dimensions, as well
as for the plasma temperature and density profiles measured by Thomson scattering
[53]. The calculated ablation rate is compared with the experimental dependence in
Fig. 48 a) (plotted as dashed curve). Due to the low sublimation energy of
polystyrene, the ablation process can also be approximated with gas dynamics
ablation model [ 48], which is applicable for a hydrogen pellet. The result of this
calculation is shown as dotted curve in Fig. 48 a). It is seen, that both models give
close values for the deposition location, although the time dependence of the ablation
rate of the shell is reproduced better by the impurity ablation model.

Comparison of the simulated deposition location (defined as a radial position of
the center of the region where 80% of tracer is ablated) and deposition width (defined
as the width of that region) with the experimental data is summarized in Fig. 49.
Parameters of the corresponding discharges and TESPEL dimensions are presented in
Table 1.

Table 1. Parameters of a series of the discharges with TESPEL injection,

Pellet TESPEL tracer

S;ft E:: B—F’ : :;1 T:{g}: | {;11':3(33; velocity, | diameter, | diameter,

o m/s L pm
72260 | 949 | 1.5 | 25.0 430 2.0 246 300 40
72262 | 949 | 1.5 | 25.0 440 1.9 245 280 40
72278 | 92.1 | 1.5 | 25.0 470 1.2 186 260 40
72280 | 92.1 | 1.5 | 25.0 440 1.6 148 245 40
72286 | 949 | 1.5 | 25.0 450 1.3 238 290 55
72296 | 949 [ 0.9 | 275 290 0.9 298 270 45
72311 | 974 | 1.3 | 305 280 1.8 161 220 20
72315 | 974 | 1.3 | 30.0 300 1.4 113 280 25
72316 | 974 | 1.3 | 29.0 390 1.3 212 300 70
72318 { 995 | 0.9 | 29.0 300 1.1 232 290 50
72320 | 99.5 | 0.9 | 29.0 360 1.1 151 230 10
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The wertical error bars in Fig. 49 correspond to the inaccuracy inthe
measurements of plasma temperature and density profiles. It is secen that the used

ablation model for impurity pellet describes the experimental data rather well, within
the mentioned above accuracy.
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5.5.2. Diffusion of tracer particles

A typical signal of Li Il (449.9 nm) emission observed by CXRS at the location
of NBI path and the corresponding reference signal are shown in Fig. 50 in the case of
Ry =949 cm and B =1.5T. The signals coincide during the RF heating, and some
small difference is seen during the NBI phase before the TESPEL injection, After the
injection, an apparent difference of Li [l intensities is observed. Furthermore, it
should be noticed that a clear drop of CXRS signal appears when NBI is tumed off,
and the signal becomes again equal to the reference one. This fact confirms that the
difference between the two signals is due to the Li IIT emission originated from the
charge-exchange reaction.

One example of the CXRS signals of Li Il emission subtracted by the reference
signals is presented in Fig. 51 in the case of Ry =99.5cm and B= 1.5 T. There are
five signals corresponding to the different radial positions indicated by r/a values. The
short spike (less than | ms duration) right after injection is attributed to the ablation
phase of the pellet, when a dense group of the Li*" ions is diffusing along the
magnetic field lines before being ionized. In the later phase, each signal achieves a
maximal value at the time indicated by horizontal error bars in Fig. 51. As shown with

800 g T \ T 1 T ] T T T
i
\ CXRS signal
5 e i (rla=0.23) !
o |
=y
1 .
c 400 Reference signal 4
2 (rla=0.23)
R=
| Pellet
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0 M ry i L " i i L 7 [
o 20 40 60 B0 100 120 140
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Fig. 50. One example of signals of Lilll emission nearthe tracer-deposited
radial position (r/a =0.23) at the location of NBI (CXRS signal) and at the

reference location,
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two arrows, this maximum appears later for the outer radii, which corresponds
properly to the calculation made in Section 1.4. From the observed time delays of
these maximums it is possible to estimate the diffusion coefficient D at different radii
(See Eq. (1.42)), for the tracer deposition location rp= 3 cmand deposition width
Ar= 2cm. The result of this calculation is shown in Fig, 52. It is seen that the
diffusion coefficient is smaller in the center and increases with r, which is a very
typical behavior for the case of anomalous transport.

The procedure of calculation of D by this time-of-maximum method has been
applied for the data obtained in various configurations of CHS plasmas. The summary
of these calculations is presented in Fig. 53, which includes the data of the diffusion
coefficient for different values of major radius Ry, and toroidal field B,. It is seen, that
the general behavior of the diffusion, i.e. smaller in the center and larger for the
periphery, is maintained for all plasma conditions. A clear difference is observed for
the large amount of shots between the case of Ry, =94.9cm, B, = 1.5 T and the case
of Rx=974cm, B,= 1.5T. The D coefficient i1s larger for the former case and
smaller for the latter. At the same time, for the fixed R.x =94.9 cm, the diffusion is
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Fig. 53. Values of D are plotted in logarithmic scale versus minor
radius using different symbols for different values of major radius R,,
and toroidal field B, (see the legend in the lower-right corner).
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smaller for the lower toroidal field (compare B, = 0.9 T and B, = 1.5 T). The observed
differences can be explained by the different values of the main plasma parameters
(such as density and temperature), which are specific for a particular magnetic
configuration.

This hypothesis has been tested by studying the dependence of D coefficient on
the electron temperature and density (of the post-injection plasma). From the data
presented in Fig. 53 only the points belonging to central region (with 0.3 < r/a <(0.3)
have been selected in order to maintain the similar conditions for all data. As a result,
the dependencies presented in Fig. 54 have been obtained. As it is seen from the
figure, that for the case of the dependence on the plasma density (Fig. 54 a), no clear
tendency can be observed. At the same time, from Fig. 54 b) one can see that larger
values of D were measured for the shots with higher electron temperature. Thus, it can
be concluded that, for the tested to date range of plasma conditions, the diffusion
coefficient depends weakly on the plasma density and increases with the electron
temperature. This also corresponds to the widely observed tendency for the heat
conductivity ¥, to be increasing with the elcctron temperature.

Because of the limited accuracy of the measurements of Li*" density achieved for
CHS plasma, a more detailed analysis is not appropriate. However, the two main
tendencies for D to increase with radius and with electron temperature are clearly
observed. Thus, the obtained results have demonstrated the efficiency of the described
time-delay method of D measurement for the local transport measurements.

5.5.3. Simulation of the impurity transport

In the calculation above, the velocity of inward pinch ¥ was not taken into
account, which can be justified for the initial phase of the diffusion. However, in the
longer time scale (as it is seen from Fig. 51), the signals of Li TII intensity are slowly
increasing in the core region and almost unchanged in the periphery. This corresponds
to a gradual peaking of the impurity profile as & whole after the initial perturbation
created by TESPEL has become smeared. Such a peaking can be described by
including the inward pinch velocity into the consideration. For this reason, the
experimental data were simulated by means of the impurity transport code which was
employed for the case of pure Li pellet injection, as described in Section 2.7.2.

Result of the simulation is presented in Fig. 55, where simulated curves are
overlapped on the experimental signals of Li TII intensity at various radii. In this case
R.=921cm, B=15T, tracer deposition locati on ryfa = 0.66, deposition width
Ar= 2.3 em. Diffusion coefficient D and pinch velocity V' were adjusted so as to
achieve optimal agreement with the experimental data. The best fitting is achieved for
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Fig. 55. Comparison of the simulated diffusion of Li** density (smooth curves) with the
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t=T77 ms.

the average value of D=0.19 m%s and V=1.0m/s, as shown in the Figure. The
simulated evolution depends differently on the variation of D and V. The fast transient
phase (during first 15-20 ms) is more sensitive to the value of D, while the later phase
is affected mainly by the value of V. However, the sensitivity of simulation to the
variation of V' is rather small and, besides, the later phase of the evolution is affected
by other factors, which are difficult to estimate. Thus, the accuracy of the D value
obtained by the simulation is higher than that of the V value.

It is seen from Fig. 55, that the experimental behavior is simulated fairly good for
all radii, except for the outermost chord with r/a = 0.95. The experimentally observed
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diffusion is faster at that location than the simulated one. This can be explained by a
faster transport at the plasma periphery comparing to the central region, which was
also demonstrated by the data presented in Fig. 52.

It should be noted that the values of D and V obtained from the simulation
contain a certain error, which is originated mainly from the low signal/noise ratio of
the Lilll data. The error of the method itself should be much smaller, as the
calculations involved in this method do not require an account of many factors such as
the particle source, electron density balance and others. The efficiency of the method
can be further improved by increasing the S/N ratio, which can be achieved by
TESPEL injection into plasma of a larger scale:

1) Higher temperature provides good localization even for a larger size of the tracer;

2) Higher NBI density increases Li** production rate;

3) Area of CXRS light collection can be enlarged with conservation of the relative
dimensions.

5.6. Summary

In this chapter we have described the first experiments with TESPEL injection as
a new diagnostic method for local particle transport study.

The smaller dimensions of a TESPEL and more compact configuration of the
injector comparing to a cryogenic system have made the injection possible fora
medium size plasma device, such as CHS. The light emission from the ablating pellet
was measured in Hy and L T (or Li IT) lines simultaneously with high time resolution.
The pellet cloud was also photographed through H, and Li I (or Li IT) filters by CCD
cameras from two directions. From the measured TESPEL ablation rate, the
information was obtained about the exact location and width of the deposition of
tracer material, and this confirmed that a good localization of the tracer has been
achieved. The obtained experimental data were compared with the calculation based
on the impurity pellet ablation model, and a good agreement has been found.

The behavior of the tracer ions deposited locally in the core plasma region was
observed by CXRS method with high time resolution. The heating neutral beam was
used as a source of neutral atoms for the charge-exchange reaction with Li ions. The
produced Li III emission is observed at five different radial positions at the location of
NBI and at five corresponding positions without NBI. The difference between two
signals in each pair appears only during NBI, which confirms that the subtracted
signals represent the Li HI light produced by the charge-exchange reaction. With this
system the diffusion of Li ions has been observed and found to be consistent with the
calculation made in Section 1.4 for a localized origin of the perturbation. This made
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possible the calculation of the diffusion coefficient D directly from the experimental
data at several radial positions. With this method, the coefficient D has been
calculated for different plasma configurations and the observed tendencies have been
discussed.

For a more accurate calculation of the transport coefficients including the pinch
velocity V, the experimental data were simulated by means of the impurity transport
code. With this simulation, the experimental curves are reproduced satisfactorily,
within the accuracy of the measurements. It is expected that a higher accuracy will be
achieved for the case of TESPEL injection into a larger scale plasma.

Thus, a new diagnostic method for particle transport study with TESPEL has
been experimentally implemented for the first time. The results from CHS have
proved the new diagnostic concept from the both viewpoints of the production method
of a tracer-encapsulated pellet and observation of the transport properties of the tracer
particles.
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6. CONCLUSIONS

This work was devoted to the impurity transport study in plasmas by means of the
pellet injection. Several methods of the particle transport diagnostics have been
described and tested experimentally, including the tracer-encapsulated pellet injection.
The main results of the present work can be summarized as follows:

1) High purity lithium pellets have been injected into Heliotron E plasmas in order to
measure the ablation properties of a Li pellet, to analyze the Li ions transport, and
to study the plasma conditioning by Li coating on the wall. A substantial increase
of the stored plasma energy has been found to take place after the injection. The
main characteristics of the Li ions during the pellet ablation have been measured.
The subsequent transport motion of Li ions has been simulated by means of the
impurity transport code, and the diffusion coefficient D and the pinch velocity V
have been calculated.

2) For the accurate measurcment of the particle transport, the concept of TECPEL
(tracer-encapsulated cryogenic pellet) injection has been proposed. The method of
analytical calculation of the diffusion coefficient D has been described, which
allows obtaining D directly from the experimentally observed density evolution of
the tracer deposited by TECPEL in a limited plasma volume.

3} A device for production and acceleration of the TECPEL has been constructed and
tested experimentally. The 3D geometry of TECPEL has been reconstructed from
the pellet photography and found to be consistent with the projected dimensions.
Thus, the proof-of-principle of the device operation has been successfully
demonstrated.

4) For application to a medium scale plasma, the concept of tracer-encapsulated solid
pellet (TESPEL) has been developed. From various TESPEL configurations tested,
the most appropriate one has been selected in the form of a polystyrene shell
containing a lithium hydride core. This configuration has been experimentally
realized and the produced TESPELs have heen successfully accelerated with
conservation of the TESPEL s integrity.

5) A series of experiments with TESPEL injection has been carried out for the case of
CHS plasmas. The measured location and width of the tracer deposition are in a
good agreement with the calculations by impurity ablation model. It was
demonstrated that the current TESPEL configuration allows achicving the
necessary localization of the tracer material in CHS plasmas.
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Chapier 6 Conclusions

6) Diffusion of the tracer ions was observed by CXRS and found to be consistent with
the calculations. From these data, the diffusion coefficient D has been determined
at several radial positions for various plasma configurations. A more accurate
calculation of D and pinch velocity } has been achieved by simulation with the

impurity transport code.

The results of this work has proved the advantages of a new method of the local
particle transport study by means of the tracer-encapsulated pellet injection. The first
successful experimental implementation of the new method allows a definite
conclusion about the feasibility of the tracer-encapsulated pellet injection as a new
diagnostic concept for analyzing the transport properties of fusion plasmas.
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APPENDIX

A. Absolute calibration of the CXRS measurements.

For the present purpose of calculating the transport coefficients from the
observed evolution of the Li ** ions density, the absolute value of the density is not
required. However, in order to verify that the level of the observed Lilll intensity
corresponds to the rate of the charge-exchange reaction, and thus to ensure that our
observation method is correct, it is necessary to perform the absolute calibration of
experimental measurements made with the photo-multipliers and then compare the
result with the theoretical estimation.

Calibration with standard lamp.

The typical device used for the absolute calibration of the light intensity is the
standard lamp with the known radiation in a given wavelength range. In our
experiments we used a standard lamp Ne EPT-1297 with the working body ofa
tungsten ribbon filament heated by electric current. In the wavelength range of 450
nm (Li Il line) the spectral radiance of the lamp operated at 38.00 amperes D.C. is
given as

N, =4.614-10" photon /cm? - A.sr-s (A1)

The radiant flux P, in photons per second which enters the detector is computed

from the formula:
P=RN, s A/D? (A.2)

where R is the reflectance of the combination of
mirrors used, s is the arca of the radiating mirror
filament, 4 is the sensitive area of the detector, ribbon 1™ '—'—
and D is the distance of the detector from the filament
lamp (See Fig. 56).

The detector used consists of the lens and the
opening of the optical fiber. The lens is located at

I
the focal length distance from fiber, and is Chtncinl i
specified to collect the light from the parallel ﬂpticai/hl
beam of 7 mm diameter. However, there should fiber

certainly be the maximal angle 6 of divergence of . . i
Fig. 56. Optical layout of the

the light from the parallel direction, which is calibeation with the standard famp,
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collected by the lens and enters the fiber. This divergence angle has been measured
with a simple optical setup including a point light target made by a He-Ne laser. The
value obtained for & is 1.6° (full angle), which is larger than the angle o = 0.8° (from
the lens diameter of 7 mm and D = 500 mm). This means that for the layout shown in
Fig. 56, all the light falling on the detector lens is lying within the maximal

divergence angle 8, and thus, enters the optical fiber.

The reflectance R of the mirror can be obtained from a series ofthree
measurements using two different mirrors: Py = Ry N (mirror R, used), P,=M:N
(mirror R, used), and P; = R, R; N (both mirrors used). From these relations it is easy
to obtain: & = P3/ P; and R; = P3/ Py. For example, the mirror used in the calibration
had R = 0.887.

The Li Il optical filters used in the experiments had an average bandwidth of
1.00:£0.04 nm and peak transmission at X = 449.9 nm of 50+4%. This gives the value
for W of about 5.0 A.

The area of the radiating filament was limited by a circular aperture with
diameter of 1.2 mm, from which the value for s is calculated as 1.131 mm?®.

In order to reduce the light intensity of the standard lamp and to imitate the level
of the real light from the plasma, a set of three neutral density filters was used (total
attenuation &= 0.2-0.15-0.15 = 4.5-1{1"5].

Taking into account all these parameters, the typical level of the radiant flu

measured in the experiments is

P =1.6-10"photon/s (A.3)

exper
It is worth mentioning that the high time resolution of the photo-multipliers
allows observation of discrete photons with the average rate of about 1-3 photons per
microsecond. This level agrees with the above value of P, if the photo-multiplier
efficiency (10-20%) and the losses in the lens-fiber couplings are taken into account.

Comparison of calibration results with theory.

The radiant flux originated from the charge-exchange reaction can be calculated
as follows. From the typical NBI power at CHS is 600-700 kW and the operating
voltage of 36 kV, one can obtain the equivalent current as 16.7-19.4 A. Assuming the
elliptical form of cross section of the neutral beam with half-axes of a=35 and
b= 10 cm, the equivalent flux density of neutral atoms is calculated as 3.3-5.4-10"
em™ sec”.

The density of the Li** ions in plasma is estimated as 2.6-8.7-10° cm™ for the LiH
tracer diameter of 0.04-0.06 mm. The theoretical data on the ¢ ross-section of the

reaction
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Li** + H — Li**(5g > 4f)+ H* + hv (1=449.9 nm) (A4)

is given by Ryufuku [54] as 2-10""7 cm? for the beam energy range of 30-50 keV.
With these data, the rate of the charge-exchange reaction can be estimated as

Sexp =1.7-9.5-10" cm™ .5 (A.5)
The resulting radiant flux from the plasma can be calculated as
Bicor = SexeV 1 F (A.6)

where V is the observable plasma volume, y is the solid angle for collected light, and
F is the attenuation by the Li I1I filter (equals 0.5).

The value of V is estimated as 9.2-12.2 ¢cm’ (from D = 50 em, o = 0.8°, height of
the neutral beam along the observation line of 6-8 cm). The value of y is obtained
from the detector diameter (7 mm) and D as 1.54-10™ sr. From these, one can finally

obtain:
&

o =1.2-8.9-10"s" (A7)
Comparing this result with the value in Eq. (A.3), we can conclude that the level
of the Li Il intensity measured experimentally lies within the range predicted by the

theory.

B. Improvement of the TESPEL production routine.

It was shown in Section 4.3 that the sublimation energy for polystyrene is
relatively low, which enhances the ablation and may make difficult achieving a deep
penetration of the TESPEL into plasma if the pellet velocity is low. On the other hand,
the shell ablation time can be prolonged using the shells with larger thickness and
smaller diameter (for minimizing the perturbation to the background plasma).

For example, a shell with diameter of 350 pm and wall thickness of 50 pum has
approximately the same amount of atoms as the one with 300 pm diameter and
125 pm wall thickness, but the ablation time is significantly longer for the latter.

Such a “shell” has the inner diameter of 50 um which is equal to the tracer
diameter. It can be produced from a solid polystyrene sphere by drilling a vertical
channel of 50 pum diameter until the level of 25 pum below the center of the sphere.
The process is clarified in Fig. 57. At the final stage, the channel is closed by a
segment of a 50 pm polystyrene thread and moistened by toluene. With this
configuration of the TESPEL, a better uniformity of the shell thickness can be
achieved, which results in deeper penetration of the TESPEL and higher localization
of the deposited tracer.
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Drilling Inserting LiH Covering the hole

Fig. 57. Allernative process for TESPEL production.
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