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Abstract

Pellet Charge eXchange diagnostic using Li pellets has been considered for the W7-
X machine. Geometry of the experimental set-up and parameters of both Lithium Pellet
Injector (LPI) and Neutral Particle Analyser (NPA) were evaluated. It was shown that this
diagnostics can provide very well detectable H® signal in the range 50 — 1000 keV
generated by RF driven H' minority ions in W7-X. The PCX diagnostics will be able to
measure H' energy spectra and density profiles in wide range of W7-X plasma parameters.

The proposed NPA can be designed on a basis of the NPA ISEP (Ioffe institute)
installed now on JET. A pellet light-gas gun can be used to accelerate Li pellets of 2 —3
mm in size up to 1 km/s velocities. That provides the required pellet penetration into the
plasma core. Due to sticky problems with Li operation, a special technique of loading and
keeping the pellets in a charger unit of LPI has to be developed.

Development of PCX diagnostics for absolute measurements of the confined
minority protons requires improvement of the pellet ablation model used. Knowledge of the
cloud dimensions and density distributions of different charge states of ions is of special
interest. It is necessary to improve predictions of pellet penetrations in non-Maxwellian
plasmas as well. An optical system for measurements of pellet cloud density profiles should

be foreseen on W7-X.




1. Introduction

Understanding of fast particle behaviour in high-temperature magnetically confined
stellarator plasmas becomes more and more important while plasma parameters increase to
the reactor-like level. One of the goals of the stellarator W7-X is the demonstration of a
good o-particle confinement in reactor extrapolation. However, the W7-X machine does
not aim at DT operation. Therefore investigation of other fast ions in MeV range instead of
o-particles, for instance fast hydrogen ions produced by Ion Cyclotron Resonance Heating
(ICRH) can meet this goal in W7-X. This paper is devoted to assessing the diagnostics of
fast H' ions based on charge exchange process in pellet ablation cloud. In Part 2, the
general consideration of this problem is given. Different charge exchange schemes for
diagnostics of protons are compared in Section 2.1, the physical basis of pellet charge
exchange diagnostic is discussed in Section 2.2 and a set of PCX apparatus for W7-X is
described in Section 2.3. Part 3 is devoted to Li pellet injection into W7-X plasmas. In
Section 3.1, Li pellet ablation and penetration are simulated using the pellet ablation model
that is described in Appendix. The pellet size and velocity required to penetrate the W7-X
plasma are determined here. In Section 3.2, a pellet injection system is briefly considered.
Section 3.3 considers a Li pellet ablation cloud as a target for charge exchange of fast
protons. Part 4 is devoted to studies of H" RF-driven minority ion spectra in W7-X. In
Section 4.1 the prototype of Neutral Particle Analyser (NPA) is proposed. Section 4.2
describes the model for [CR-heated minority spectra in W7-X. In Section 4.3, calculations
of the count rates of neutralised protons for different scenarios of ICRF heating of H
minority in deuterium plasmas are presented. These calculations allowed us to formulate
restrictions on a range of plasma densities of interest. Finally, in Part 5, conclusions are
formulated and further possible steps for the development of PCX diagnostic for W7-X are

discussed.
2. General consideration

2.1. Comparison of different charge exchange schemes

Fast ions with energy in sub MeV and MeV range can be produced in the W7-X
stellarator by ICRF heating of H' minority in deuterium plasma. During the Neutral Beam
heating there will be also deuterium beam ions with the energy ~ 100 keV. The specific

features of fast ions can lead to the following main ion losses:




a) Orbit losses. Fast ions gyroradii are much larger than those of thermal ions. It leads to
greater excursions of their orbits;

b) Ripple losses, ripple induced diffusion. Fast ions are much more sensitive to magnetic
field ripple than thermal ions;

c) Losses caused by MHD instabilities existing in the plasma and also induced by the
presence of fast ions (like Alfven eigenmodes).

The goal of fast ion studies is to understand the influence of the loss mechanisms
listed above and other effects on the energy distribution function fE,r,7) of fast ions.
Therefore, measurement of A E,7,7) over the plasma cross section and at various pitch angles
(to get information about the velocity distribution function fv,7,7)) is the main aim of fast
ion diagnostics. For instance, it will be very interesting to measure the radial distributions
of fast ions with different energies and pitch angles in quiescent plasmas and the re-
distributions of the ions in the presence of various MHDlevents. These experimental results
could be compared with the results of ion confinement modelling and could give the
possibility to approve and develop or reject those models.

The promising diagnostics for the measurements of a fast ion distribution function is
the neutral particle analysis. It is based on neutralisation of fast ions in the plasma and
subsequent measurement of the energy distribution and the intensity of escaping atoms with
a use of High Energy Neutral Particle Analysers (NPA).

Single charged hydrogen ions in MeV range can be neutralised by following ways.
Passive CX:

a) Charge exchange (CX) with residual H’ or D” atoms in the plasma;
b) CX with [H]-like impurity ions (like C™* and Be™);
¢) Recombination with plasma electrons.

Cross sections for proton charge exchange with D° [1] atoms and with C>* ions [2]
are presented in Fig.1. It is seen that the process a) takes place mainly in the energy range
E<200 keV and process b) in E>200 keV. Recombination with plasma electrons usually is
negligible in comparison with these two processes.
Active CX:
a) CX on hydrogen, deuterium or helium atomic beams — beam charge exchange (BCX);
b) Neutralisation in the pellet ablation cloud - pellet charge exchange (PCX).

The more attractive are the active CX measurements because they enable to get

local ion distribution functions. For BCX option it is possible to use one of the W7-X
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neutral heating beams (D°, 100 keV, ~5 MW) or the diagnostic neutral beam with the
parameters of the same scale.

In the case of BCX the energy spectrum of the detected atomic flux density per unit
solid angle dl'o/dE (atoms/(m>s-strd-eV)) correlates with the energy distribution of fast

protons dn,. /dE as:

a, 1 dn .
dE 471_ nb cx (vrel )Vrel dE ( )

where 7y is the density of beam atoms, Ou(Vre) is CX cross section versus relative ion-
beam v, velocity and 4 is the beam dimension along the observation line. The absolute

measurements are possible but due to a decrease of G, with the energy (see fig.1) they are

possible only in the relatively low energy range (up to ~200 keV).
In the case of PCX the energy distribution of detected flux of atoms pér unit solid

angle is under certain conditions (see Section 2.2 below) given by:

dr dn
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where i+ and ny: are the fast proton velocity and the density in the plasma, Fo.(E) is the
efficiency of neutralisation of fast ions in the pellet cloud. The computed Fo.(E) for CX of
protons on Li" target formed by Li pellet ablation cloud changes within the range of 102 -
10™ (see Section 3.3). The details of PCX physical basis are presented below in Section
2.2.

For protons with the energy of 0.5 MeV, the ratio of BCX to PCX neutral flux
density could be estimated using equations (1),(2)

dr,/dEBCX _" b0y (B) _ 1010 em=3)-101+2(em)-10~21 (em?) _, ;~(6+7)
dr,/dePCX Foe (B) 10-3

We see that in the case of the PCX scheme, the neutral fluxes are much higher than those
expected for the BCX scheme. Thus, the PCX diagnostics enables us to measure the fast
ion distribution along the pellet track in one pellet shot. It provides a radially resolved
energy spectra with the radial resolution ~1-3 cm. This allows detecting the ion
redistribution caused by MHD activity right after or in the process of MHD event with
good statistics, injecting the pellet in the proper moment of time. The PCX measurements
are possible only in one particular moment of a discharge. The next pellet injection can be

made after a period of two or three plasma confinement times.



2.2. Physical basis of PCX diagnostics

Good demonstration of PCX abilities has been presented in the studies of both DT
alpha particles and RF-driven minorities on TFTR in 1995-98 [3]-[6], [13]. The PCX
diagnostics was developed in co-operation between General Atomics, the A. F. loffe
Physical Technical Institute, and the Princeton Plasma Physics Laboratory and operated
routinely during DT experiments on TFTR [3]. Many PCX diagnostics results have been
reported. They include measurements of RF-driven energetic helium-3 [4], hydrogen [5]
and tritium [6] minority ion tails, the energy distribution of fast confined DT o particles
and tritons [7], [8]. The influence of magnetic field ripple [9], sawtooth oscillations [10]
and TAE modes [11] on the behaviour of the alpha energy spectra and radial density
distributions has been studied. |

The principal scheme of PCX diagnostic is shown in Fig. 2. Low-Z impurity pellets
(Li, B or C) are injected along the midplane major radius. After entering the plasma, the
pellet forms a toroidally elongated ablation cloud. A possible charge changing reaction for
H" ions passing through a Li pellet cloud is:

H"+ Li" = H® + Li*". (3)
Depending on the cloud composition, other charge states of Li (Li%, Li*") could also
contribute to neutralisation of protons.

In a case when the line integrated cloud density for the particles traversing the cloud
is sufficiently high, a fraction of particles emerging as neutrals approaches the equilibrium
fraction Fo., which is independent of the cloud linear density. A sample of Fo.(E) for H'in
a Li* target calculated in Ref. [12] is shown in Fig. 3 as a function of the particle energy £.
Since the pellet cloud produces a fairly dense target for protons, an important question
arises - whether the incident fast protons can suffer from significant angular scattering
and/or from the energy losses in the cloud. This problem is discussed in Section 3.3 where
scattering and the energy losses are shown to be insignificant for the range of proton
energies and line integrated cloud densities of interest. This allows us to use equation (2)
for calculations of the neutral flux density of the recharged particles per unit solid angle.

Neutrals escaping from the pellet ablation cloud can be mass and energy analysed
using a Neutral Particle Analyser. The new NPA ISEP which can be used as a prototype for
the W7-X PCX diagnostics has been recently developed in the Ioffe Institute. It is
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described below in Section 4.1. Taking into account €q. (2)- we have the following

expression for the PCX signal — the number of counts of H° atoms by the NPA:

N(E)=ny, - fu,(E)-4E vy, -S - %'F},E(E) K(E)- (E)At (particles). (4)
Here, E is the energy of the detected particles, vy is the velocity associated with energy E,
ng+ and fi+(E) are the density and the distribution function of fast protons in the plasma, AE
is the energy width of the NPA channel, S is the area of the portion of ablation cloud
observed by the NPA, o is a solid angle of NPA collimator, Fo.(E) is the neutral
equilibrium fraction, K(E) is the calibrated NPA detection efficiency, At is the duration of
the signal detection, W(E) is the plasma transparency for H° atoms outcoming from the

plasma:

()= [, (3)- 0, (Edr. )

Here, nq(x) is the plasma electron density, Oyp(E) is the H° stopping (re-ionisation) cross
section which is a sum of cross-sections of electron ionisation, proton (deuteron) ionisation

and ionisation by resonant CX, L is the way of H" atoms outside from the plasma. The
values Oyp(E) are presented in Fig. 4. Equation (4) allows to obtain the energy spectra of

protons ny 4 fir+ (E) from the detected number of counts N(E) detected by the NPA. The

expected NPA signals on W7-X are calculated in Section 4.3.

For illustration of the ability of PCX diagnostics to obtain the H minbrity density
profile we present here Fig. 5. It shows a radial profile of the 0.72 MeV H' ion density
accelerated by fundamental H" ICRF heating. The profile has been measured by the PCX
diagnostic in a TFTR deuterium plasma [13]. The measurements with the use of a look-
down photodiode array were used to convert the Li pellet-induced PCX signal from the
time domain to radial position in the plasma. In Fig. 6 also taken from Ref. [13] two spectra
measured in discharges of similar parameters are compared: the active energy spectrum of
[CRF-driven H' ions and the passive spectrum averaged over 100 ms during ICRF power
pulse. It is seen that active and passive spectra have the same Maxwellian shapes and very

similar effective tail temperatures.

2.3. PCX apparatus on W7-X

PCX experimental set-up proposed for W7-X is presented in Fig. 7 a, b) (poloidal

and top-of view of the set-up correspondingly). The pellet injector (PI) axis is located
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horizontally about 10cm above a midplane major radius of W7-X in the port AEE-41. The
NPA viewing line is located in the same horizontal plane at the angle of ~2° to the PI axis.
PI (50x80x80 cm) together with the NPA (50x80x80 cm) are placed on one platform that
provides the scan of the plasma in toroidal direction within the angle range of about 0-6°.
Probably, it allows the detection of particles having different pitch angles. The distance of
5-6 meters between the plasma axis and the platform could provide a significant reduction
of noise level in NPA (see below). A pellet velocity and a pellet radial position are detected
with the collimated photodiode array (CFA, 10x80x10 cm) and the CCD camera (CAM1,
15x30%30 cm), which is located in the port AEF-41. This CFA view lines (7 — 10 chords)
intersect the pellet trajectory with 3 — 4 cm intervals in the plasma midplane. Total
emission of the pellet cloud is measured by the wide-view detector (WVD, 10x10x10 cm)
and by two CCD cameras (CAM1, CAM2) equipped by interference light filters. The
WVD detector and CAM2 camera are placed on the platform nearby PI in the main
entrance port AEE-41. By combining the CFA and WVD pellet time-ih—ﬂight
measurements with the time dependence of the observed PCX neutral signal, the radially
resolved particle energy spectra and the pellet ablation rate profiles can be derived with a
radial resolution of 1-3 cm. Optical system for measurements of pellet cloud densities

could be foreseen as well.
3. Li pellet injection into W7-X plasmas

3.1. Li pellet ablation and penetration

A possibility of PCX diagnostics to obtain the H" distribution function in the core
plasma region depends on the pellet penetration depth. Therefore it is important to
determine the pellet velocity that will provide pellet penetration into the plasma centre.
Furthermore, the derivation of the energy spectra of protons from the count rate of
neutralised protons at the NPA requires knowledge of the ablation cloud dimensions (see
Section 3.3). For these purposes the simulations of Li pellet ablation in W7-X were
performed.

' Because a high pellet ablation rate values are expected we used an approach
proposed in Ref. [31] where an impurity pellet ablation is considered on a base of hydrogen
pellet ablation model [14] with an almost complete shielding of pellet surface. In the model
developed, kinetic effects of heat flux penetration through the neutral cloud are considered
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two-dimensionally. The model takes into account the effect of “cloud charging” (See Ref.
[14] and references in it), i.e. the potential drop at the cloud boundary, which is determined
from the balance between the electron and ion currents falling onto the cloud and the °
current of cold electrons leaving the cloud. The model enables us to take into account fast
ions, which appear in the presence of Neutral Beam Heating, and suprathermal electrons.
To simplify calculations we have made simulations considering only Maxwellian
distribution of electrons and ions. Such a simplified model as well as its verification by
Heliotron-E and W7-AS experimental results are described in the Appendix. This model
doesn’t take into account a possible increase of ablation due to influence of non-
maxwellian electrons (suprathermals), hot minority ions created by ICRH and/or bulk
plasma ions heated by NBI. A plasma scenario when the electron temperature profile is
determined mainly by ECR heating power and the ICR heating determines H' minority
population was considered for calculations of Li pellet ablation and penetration into W7-X
plasmas. This means that the results of our simulations give low-level estimations of the
ablation rate and pellet velocities required for its penetration to the plasma core.

Plasma density and electron temperature profiles

nr) = n0)/(1 + #/0.73)° (6)
T(r) = T0)-(1-(r/a)’) (7
as well as ion temperature profile were taken from Ref. [15]. A simulated dependence of
the central electron temperature on the ECR heating power for different plasma densities
from Ref. [15] is shown in Fig. 8.

' In our simulations the pellet size was chosen such that the total amount of electrons
in the pellet is equal to the electron content of the ambient plasma prior to pellet injection.
This condition provides an acceptable plasma disturbance by pellet injection that is
confirmed by Li pellet experiments on Heliotron-E [16]. To be confident in pellet
penetration to the central zone we imposed that a pellet should keep 20% of its atoms when
it arrives at the plasma axis. For calculation of pellet ablation in plasma core the adjusting
parameter value 7; ~ 0.2 cm (see Appendix) was used.

The dependence of the pellet velocity required for core penetration on the ECRH
heating power is shown in Fig. 9 for central plasma density 10" em? (solid line), 5-10"
cm” (dashed line) and 10" cm™ (dotted line). One can see that the range of the required
pellet velocities is 200 — 1000 m/s. A sample of the ablation profile for a spherical Li pellet

@2.1mm in size and 670 m/s velocity is shown in Fig. 10 for plasma density ~ 510" cm?
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and electron temperature ~ 5.6 keV that corresponds to the 8 MW ECRH power. These
parameters are shown in Section 4.3 to be the best conditions for detecting H energy

spectrum.

3.2. Pellet injection system

The dependence of Li pellet velocities that could be obtained in one-stage light gas—
gan with barrel length L, = 120 mm and diameter d, = 2.5 mm on the propellant (He) gas
pressure is shown in Fig. 11. It is seen that a light-gas gun can provide the required range of
pellet velocities for pellet of about 2-3 mm sizes.

The main technical problem of the Li pellet injection system might be a sticky
problem due to a big chemical activity of Li [17], [18]. Being pressed on steel plate the
lithium feels in the harshness of the metal surface and easily sticks to it. This requires
development of a special technique for loading the pellets into the charger unit of the
injector that should provide reliable acceleration of Li pellets under remote control during

some days after loading.

3.3. Li pellet ablation cloud as a target for charge exchange of protons

To use equation (4) for the calculation of the fast proton energy spectrum by means
of the number of NPA counts, the following conditions should be fulfilled:

a) The fraction of particles emerging from the cloud as neutrals attains its equilibrium
fraction.

b) Energy losses and angular deviation of protons in the cloud are insignificant.

The conditions should be fulfilled for the range of both fast proton energies and line

integral cloud densities expected for W7-X experiments.

To verify these conditions we need the information about the density distributions
of Li*, Li*" and Li*" ions in the pellet cloud. This information would enable us to estimate
the expected range of line integral cloud densities for W7-X and also the area of the
observed part of the cloud in the equation (4). Unfortunately, there is a lack of information
about the required density distributions. Therefore, we made evaluations of the line-
integrated cloud densities in a way similar to those that has been done in Ref. [12].

The density of the Li pellet cloud of about ng ~ (1-2)-1017 cm” was evaluated in
Ref. [19] using measurements of the line broadening of Li" ions (585.5 nm). This value was

averaged over the whole ablation time of the Li pellet injected into an Ohmic heated TFTR

shot. On the other hand, the time resolved Stark broadening measurements during the
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| hydrogen pellet ablation in TFTR and PLT (see Ref. [20]) show that the pellet cloud
density increases almost proportionally to the pellet ablation rate. Therefore, the estimation
of Li cloud density (2+3)-10"7 cm™ is most likely the upper value, i.e. the value in the
maximum of ablation. Then, the estimation of the line integrated cloud density is a product
of 10" - 3-10"” cm™ and the cloud dimension along the NPA observation line. Usually, the
observation line is almost normal to the magnetic field direction. Therefore below we

consider the cloud size in the direction transverse to the local magnetic field direction.

3.3.1. Evaluations of Li* cloud transverse size and line-integrated densities

It is known that an ablation cloud is stretched along the magnetic field lines and has
a “cigar” shape with the length much greater than the radius. Example of an image of Li"
cloud in TFTR (#52197, n.(0) = 6.8-10" cm™, 7,(0) = 2.3 keV) from Ref. [12] is shown in
Fig. 12. In Ref. [12] the Li* cloud radius 7, was estimated as several centimetres. For the
following reasons it seems to us that this is an overestimation and 7. is of the order of
millimetres.

1) The millimetre range of »; was observed in T-10 carbon pellet experiments. In
Fig. 13a, the cloud intensity in the poloidal (dashed curve) and toroidal (solid curve)
direction derived from a snap-shot (40 Us exposure time, a total visible range of light) are
shown. The characteristic decay length in the poloidal direction that can be interpreted as 7,
is shown versus minor plasma radius in Fig. 13b together with the carbon pellet ablation
rate profile and radial profile of the ionisation radius of carbon cloud calculated using eq.
(8) (see below). It is seen that both transverse sizes have a millimetre range of magnitude.

2) We also estimated 7,; for TFTR #52197 as the ionisation length of Li® atoms:

kpoiTy . . N
where ¢ = %-EOZ—S is the velocity of evaporated atoms, 75 = 1700 K is Li pellet surface
m,

temperature, m, is the mass of Li’ atom, T;,, = ncm™) being the plasma

n R(T,)’
I 5 (T,) & ' s,

electron density, R (T,)=_|-1|4.5456-107°In —% |+ D Bl,| — | |(cm’/s) is the
T, I n=0 T,

ionisation rate to the first state, T,(eV) is the plasma electron temperature, [; = 5.39 eV, Bl
= 2.78-107, B1; = —1.583-10°, B1, = 5.465-10° [21]. The estimated r,; versus effective

minor radius of TFTR is shown in Fig. 14 by the dashed line.
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3) We made the estimation of 7. for TFTR #52197 from the energy balance. Lets
consider the balance of the electron heat flux flowing onto the cloud from the bulk plasma
and the energy required to evaporate, ionise and heat the evaporated material:

2 )
2T[:rc[Qe = N(eion +E€gupr T 8heaz‘) )

3
e

where Q, =n, is the plasma electron heat flux density, €;,, = 5.39 eV/at is the first

me
ionisation energy for Li, €, = 2.089 eV/at is the sublimation energy for Li, €xear = 1 eV/at
is the energy required to heat the neutral ablatant up to 1 €V, N is the pellet ablation rate.
The result of this evaluation of ,; for TFTR is shown in Fig. 14 by the solid line.

It is seen from Fig. 14 that for TFTR #52197 the estimation of the cloud radius from
both the energy balance and ionisation radius give 74 = 1 mm which is about of one order
of magnitude less than the estimation made in Ref. [12].

4) In Ref [12] the PCX-measured alpha-particle energy distribution in TFTR
#86291 (small black boxes in Fig. 15 here and in Fig. 15 of Ref. [12]) had a smaller
magnitude than the FPPT-code predictions (solid line in Fig. 15 here and in Fig. 15 Ref.
[12]). We suppose that one of the reasons of such disagreement could be an overestimated
value of the effective cloud area, from which neutrals are detected by the NPA (S in eq.
(4)). To evaluate S we should consider the geometry of the experiment. Only a part of the
cigar-shaped cloud which intersects with the solid view angle of the NPA d€ can be

observed. In the experiments at TFTR the radius of the visible part was rxpa ~2.5 cm at ~6
m from the NPA. In Ref. [12] the Li pellet cloud radius was estimated as 7, >2.5 cm and

therefore the area of the part of the cloud from which neutrals are collected is S = &
(rnpa)’= 20 cm’. Fig. 16 a) illustrates this situation. Our estimations give g = 1 mm <<
mpa and the effective cloud area from which neutrals are detected depends on the cloud
radius as S =4 ryrpa = 1 cm” - see Fig. 16 b). Using S = 1 cm? instead of S = 20 cm” in eq.
(4) to deduce the energy spectra for TFTR #86291 from the measured number of the NPA
counts, one can obtain the curve shown by the large boxes in Fig. 15 here. The corrected
alpha energy distribution function is evidently closer to the theoretical (solid) curve. So the
overestimation of the values of ,; and S is possibly one of the reasons of the disagreement
of the PCX measured and expected alpha energy distribution in Ref. [12]. Another possible

reason of this disagreement is the lack of information about the cloud charge state
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composition. An inﬁuence of this effect on our calculations of the NPA counts will be
discussed below.

Thus, we imply that 7 ~ 1 mm holds also for W7-X. We estimated 7 from the
energy balance as well as the ionisation radius of the cloud. Results are shown in Fig. 17 by
the solid and dashed line correspondingly. The ablation rate N in eq. (9) is the pellet
ablation rate which was found in Section 3.1 as a function of effective plasma minor radius.
From Fig. 17 it follows that 4 = 1-2 mm for W7-X. using these r; values and 106 - 3.10"
cm” values for Li" cloud densities, the line integrated density range expected for W7-X is

105 - 5.10' cm™.

3.3.2.Neutral fraction of particles emerging from Li cloud
The flux of protons incident on the Li target with density ry; diminishes with the
growth of the target thickness x as protons are neutralised through CX. This process is
described by the set of equations (see Ref. [12])
dn

0
—J=ln 019 =g -001) mi> (10)

dn

1
7,1;:("0'001—”1'010)'%' ()
my (x)+ o (x) =n(0) (12)

where ny and n; are the densities of H% and H respectively, and G1, o1 are correspondingly
the cross sections of proton neutralisation and H? ionisation in the cloud. If the cloud is
composed of k; % Li", k; % Li*" and k3 % Li*" then

01 =001 (ol +k,0%), (13)

where 0?0), G%) are correspondingly the cross-sections of proton neutralisation in Li" and

Li*" target. For H' ionisation cross-section we have

oo =0.01- (ol +k,09 + ko). (14)
Electron recombination is neglected as was done in Ref. [12]. Electron impact ionisation

may be included into Go;. Fig. 18 a,b shows 0?0) and 081) and Fig. 19a,b shows (5%) and

o) from Ref. [22]

It follows from eqgs. (10) — (12) that the fraction of particles emerging as neutrals
from the cloud Fo(E, S,) depends on their energy E and on line integrated cloud density
S, = J.n Li*dx as

L
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1-expl- (001(E)+010(E))'Sn)_

n
0
=Fn(S,.E)= (15)
For large S, values, Fy attains its equilibriﬁm value
1
Fy.(E)= (16)
¢ 1+001(E)/(510(E)

which can be also obtained by setting the left-hand sides of egs. (10) and (11) to zero.

It follows from eqs. (13), (14), (16) that in order to calculate Fo.(E) we need the
information about cloud charge state composition. Such information is not yet available
either theoretically or experimentally. Therefore an assumption about cloud composition
should be made. In Fig. 20 the equilibrium neutral fraction is shown for different cloud
charge state compositions for the energy range of H° and H" 100 keV+1 MeV. Thick solid
line corresponds to 100% of Li", dashed line — 50% Li* and 50% Li*", dotted line - 30% Li"
and 70% LiZ". For comparison, the equilibrium fraction of H® in 100% of Li" cloud
calculated in Ref. [12] is shown by the thin solid line. It is seen from Fig. 20 that the
relative energy dependence of Fy is the same for different cloud charge state composition.
Therefore, the proton energy spectrum being deduced from the NPA signal is insensitive to
the cloud composition. But the absolute values of Foe(E) calculated under assumption that
the cloud is composed purely of Li" might be overestimated.

Fig. 21a,b shows the dependence of the fraction of neutralised protons in Li cloud
on S, in the range 10" cm™ + 10" em™. Fig. 21a is Fo(S,) in 100% Li" cloud for the energy
of protons E = 100 keV (solid line), E = 500 keV (dashed line), E = 1 MeV (dotted line).
Fig. 21b is Fo(S,) for proton energy 500 keV in 100% Li", 50% Li" 50% Li*" and 100%
Li%* cloud. Calculations show that for higher energies and greater Li" content in the cloud
the neutral fraction reaches its equilibrium value at higher S,. It follows from Fig. 21 that in
the energy range of interest (100 keV + 1 MeV) the neutral fraction of protons in Li cloud
attains its equilibrium value only for highest values of the expected line-integrated
densities (5-1016 cm™). Because of the lack of information about cloud charge state
composition the absolute measurements of fast ion energy spectra are difficult. An optical

system for measurements of pellet cloud densities should be foreseen on W7-X.

3.3.3.Energy losses and angular scattering of protons in a Li cloud
If the cloud is too dense, the incident fast protons can suffer significant angular

scattering and energy losses in the cloud. We made the corresponding evaluations for fast
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hydrogen ions in the range of H' energies (100 keV — 1 MeV) and line integrated cloud
densities (10'® —5-10'® cm™®) expected for W7-X plasmas.
Cloud electrons (bound and unbound) are responsible for most of the energy loss of

fast protons in the cloud. The combined energy loss may be written as

dE
where 7;; is the cloud density,
L(E)=2Z;;-0.96-10716 -E(eV)O'4[eV-cm2:| (18)

is the loss function for protons in neutral hydrogen [23] multiplied by number of electrons
in the impurity atom (Z;; = 3 for lithium). For the relative energy loss of a proton with
initial energy Ep in a Li cloud with line integrated density we used the following
expression:

' 1
AE_ (£36 ~0.6-21;-096:1071 .5, o6
Ey Ey
which was obtained by integrating eq. (17) with loss function (18).

(19)

Fig. 22 shows the relative energy loss (%) of a proton in Li cloud versus cloud line
integrated density (cm™) for H energy 100 keV (solid line), 500 keV (dashed line) and 1
MeV (dotted line). It follows from  Fig. 22 that energy losses of protons are much smaller
compared to the expected energy resolution AE = (0.05 — 0.1) £ of the NPA. Therefore the
energy of neutrals escaping from the cloud fairly well corresponds to the energy of fast
protons entering the cloud. It is clear that unknown composition of the pellet cloud could
not bring a significant increase of the energy losses.

Mean square angular deviation of a proton due to multiple small angle collisions of

ions of charge Z was found from the following equation [24]

@7y~ 4ns Ep
p

which is derived from the classical Rutherford scattering formula. Here Z =1 for Li*, Z=2

2 2
ZZ e 6
In| —IHAX (20)

emin

for Li**, Z, =1 for a proton, E, is the energy of a proton,

VAL 274c

9, === —_LrC
K e 41,2

where A is the atomic mass number of an impurity ion (4z; = 6.9) and v is the relative ion —

proton velocity. Fig. 23 shows the mean square scattering angle (grad) of a proton in 100%
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Li" cloud versus its energy (MeV) for cloud line integrated density equal to 10" cm? (solid
line), 10'® cm™ (dashed line) and 107 cm2 (dotted line). This mean square scattering angle
will be two times greater for 100% Li** cloud, and 1.6 times greater for 50% Li*, 50% Li*"
cloud. Therefore, it could be seen that an angular scattering of protons in Li cloud is small.

Hence, the information about H' pitch-angle is saved during CX in the cloud.

4. Studies of H" RF-driven minority ion spectra in W7-X

4.1. Prototype of the Neutral Particle Analyser

Fig. 24 presents a schematic drawing of the NPA. The operation of this instrument
is based on ionisation of atoms by stripping in a thin carbon foil (~300 A) and analysis of
the secondary ions in co-linear magnetic and electric fields. The analysing 180° magnet has
a profiled magnetic gap designed with the use of special particle tracking program. The
analysing condenser plates are not parallel in accordance with the recommendations of the
same program. The special shape of magnetic gap and analysing condenser plates provides
good focusing the deuterium and hydrogen ions into detectors. The NPA has two parallel
detector arrays for protons and deuterons. Each array consists of 25 small scintillation
detectors based on photomultiplier tube (PMT) equipped with thin CsI(TI) scintillators of
micron thickness. Full energy range of the NPA is 10 — 1000 keV for protons. The dynamic
energy range iS Enma/Emn = 5. The energy resolution of the NPA channels AE/E ~ 5 — 10 %.
Mass rejection between H and D detectors is better than 10, The NPA has two parallel
detector arrays for protons and deuterons.

Having the detection efficiency for ions equal to almost 100% those detectors have
very low gamma and neutron detection efficiency equal to ~ 10" — 10°® per neutron. The
use of such neutron-gamma insensitive detectors is important in W7-X conditions. Note
that the W7-X deuterium plasma with deuterium NBI heating will produce up to 6-10"
neutrons/s [27]. On the basis of the experiments at TFTR and JET we can conclude that the
neutron flux of 6-10'° neutrons/s leads to ~ 6:107 n-s’em™ at the location of the NPA
detectors (5 — 6 m from the plasma axis) in the absence of any shielding. The neutron
sensitivity of microchannel plates, channeltrons and other electron multipliers is equal to

~107. This means that the background count rate of the conventional microchannel plates,

channeltrons and other open electron multipliers would be ~ 6-10* s without shielding.
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However, the detectors of the ISEP will detect background count rate 10% — 10’ less. This
means that ISEP will not require neutron-gamma shielding on W7-X.

The sensitive area of the detectors are located at the detector plane (see Fig. 24).
The expected values of the detection efficiency for hydrogen atoms K(E) versus the energy
of atoms for the range of 50 — 1000 keV is presented in Fig. 25. K(E) values have to be

obtained as a result of NPA calibration with the use of hydrogen atomic beam.

4.2. The model of ICR-heated minority spectra in W7-X

As it was mentioned above, the character of suprathermal ion losses in the toroidally
varying stellarator field of W7-X can be studied with the use of ions driven by ICRH. In the
stage I of the W7-X experiments, it is planned to use two ICRH generators of 2 MW power
each. For a second stage, a 12 MW system (six generators), 30 to 115 MHz of ICRH
allowing minority heating (H in D) in the machine is envisaged [28]. For estimation of
PCX H' signal we use the following expressions for H' tail energy distribution function

AE) in accordance with the Stix predictions [29]:

fir(E) dE ~ (E)"*- exp(—— ——TE ] dE, 1)
Stix
where T, is H tail temperature expressed as
PprT
_*RF sl
T, Stix ~ = (22)

I’ZH+V

Here Pgr — RF power absorbed by H' minority, ¥ — volume of the plasma , ng: — the

density of H' minority, Ty — classical slowing down time. For calculation of Ty we used

3/2
3/ 2(er
1 (s)=4-107 = ?)

Here T, is electron temperature, n, — electron density. For the estimations we assume that

(23)

g = 0.05 n,(0), V = 2nR-md* = 3.2-107 cm’ (values R = 550 cm, a = 55 cm were taken

from [28]), 7. and T are given by eqgs. (6) and (7).

4.3. Calculation of NPA signals

Using the ablation cloud parameters (Section 3.3), the NPA parameters and the
modelled energy distribution function of fast protons (Section 4.2) we can estimate the
magnitude of the NPA signal from eq. (4). The following NPA parameters were used in the

calculations of the NPA signal: K(E) — see Fig. 25, A(E) = 0.1 E, ©= 410 strd. The
16




! Sem = 3.107 s. This means

integration time of NPA channels is A¢ =4, ~ —
10 v peiter 10°¢cm/ s

that the energy distribution function will be méasured with ~ 3 cm spatial resolution.

The area of the portion of ablation cloud observed by the NPA limited only by NPA
collimator was equal to S=2 cm’ in accordance with the estimation of ablation cloud
thickness The plasma transparencies for H° atoms W(E) outgoing from the plasma centre of
W7-X for n.(0) = (1013 — 10') cm™ are obtained by eq. (5) and presented in Fig. 26. For the
integration we used radial plasma density profiles (6). It can be seen that the [1(E) values in
W7-X for energy range of atoms > 50 keV are not far from 1. They have to be taken into
account only for the plasma densities > (8—9)-1013 cm”. W7-X regimes for which we
estimated the PCX signal are presented in Table 1. Because of the absence of the
information about Li cloud charge state composition we assumed a 100% Li" cloud. As was
shown in section 3.3.2 above, such simplification doesn’t affect the energy dependence of
the proton energy spectra, but the absolute values of the NPA signals may be
overestimated.

Fig. 27 presents PCX counts N(E) of the NPA calculated during time corresponding
to a pellet flight of 3 cm distance in the plasma. The ICRF power is Prr =3 MW typical for

stage I of the experiments and for different plasma densities in the range of 104 - 9-10"

cm?. It can be seen from Fig. 27 that PCX H? count rate is rather high. It is seen also that

the best conditions for detecting H® energy spectrum correspond to medium plasma density
(3 — 5)-10"* cm™. Fig. 28 presents the same data for higher RF power Prr = 6 MW. Here
we have the same character of the M(E) dependence on the density but more high effective
temperature of the ME) spectra. The N(E) values for fixed plasma density 4- 10" cm™ and
changing RF power is shown in Fig. 29. It can be seen from these plots that at the optimal

density (4 10'* cm™) PCX count rate increases with the increase of RF power.

5. Conclusions and further steps

PCX diagnostics with the use of Li pellet can provide very well detectable H° signal
in the range of 10 — 1000 keV generated by RF driven H" minority ions in W7-X. PCX

diagnostics will be able to measure H' energy spectra and density profiles in wide range of

W7-X plasma parameters.




The proposed NPA ISEP can detéct also beam hydrogen and deuterium particles
with E > 50 keV in the case of neutral beam heating in W7-X. It will give the possibility to
study the energy spectra and radial profiles of those particles with the use of PCX
diagnostics and also with the use of conventional passive and active CX diagnostics.

A pellet injection system should accelerate Li pellets of 2 —3 mm in size up to |
km/s velocities. It will enable pellets to penetrate to the plasma centre in W7-X without
lethal plasma disturbance when a total amount of injected electrons does not exceed the
total plasma content of electrons prior to pellet injection. A pellet light-gas gun can provide
the desired range of velocities. Due to sticky problems with Li operation, a special
technique of loading and keeping the pellets in the charger unit of the injector has to be
developed. R&D of such a system and its combination with the pellet accelerator could be
considered for the further activity.

Development of PCX diagnostic for absolute measurements of the confined
minority protons requires improvement of the pellet ablation model. It is necessary to
improve predictions of pellet penetrations in non-Maxwellian plasmas as well. Knowledge
of the cloud dimensions and density distributions of different charge states of ions is of
special interest for these absolute measurements. An optical system for measurements of

pellet cloud density profiles should be foreseen on W7-X.
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Appendix

Impurity pellet ablation model

V.Yu.Sergeev, B.V. Kuteev, O.A. Bakhareva, A. Yu. Kostrukov, V.G. Skokov

State Technical University, St.Petersburg, Russia

General Scheme .

Fig. 30 gives a general description of pellet-plasma interaction. A spherical pellet is

evaporated by heat fluxes of the electrons I, and the thermal ions /3. Moving only along

the magnetic field lines B, the electrons produce maximal ablation at the pellet poles (ot =
0, 7). The ion flux from all the angles is assumed to be uniform. The neutrals leaving the
pellet surface expand spherically and form a dense cloud, which reduces initial heat fluxes.
Being ionised at some distance from the pellet surface the neutrals produce a
secondary plasma cloud expanding along the magnetic field lines. The conductivity of the
cloud is high enough (both along and transverse the magnetic field) so that it can be
considered equipotential. A substantial potential drop Ag takes place only near the

boundary between the secondary plasma and the hot bulk plasma.

Cloud Potential

The magnitude of this drop A¢ is determined by the balance of the incoming

currents I, I; and the outgoing current of the cold electrons /. as was proposed in Ref.

[34]:
le=1;tce, (al)
These currents can be brought out as follows. Only the plasma electrons with

velocities greater than v, pass through the potential barrier A¢ at the cloud boundary.

2 pp, (22)
m

e
where e and m, are electron charge and mass. This means that the electron current can be

Verit =

written in the form:

I, =e2m} [fv.dv,, (a3)




2
n, m,v;
= ex , a4
Ju 2xT, p{ 2T, j (a4)

me

n, and T, are electron density and temperature in the bulk plasma, 7, is the pellet radius.

The density of the cold cloud electrons passed into the bulk plasma is determined by

the quasi-neutrality condition:

ne = = [, = S, = [ (25)
oo 0 0 Vo

Here the first term is the ion concentration in the bulk plasma, the second one is the
density of the electrons moving towards the cloud and the third one is the density of the
electrons reflected by the potential barrier. The cold electron velocity after passing the

potential drop is of the order of veyj, so that their current is:.

1, =em’ /-fnﬁA [ .. (a6)

For the ion current I; we use the following expression that is derived from [30]

81T, T, 0.797
I; =0.3Z yenyry / (1+0 759" 1+0564(T ) (3 052 0321;{ D (a7)
l e

where m; and Z,; are the mass and charge number of a bulk plasma ion, T; and D — ion

temperature and Debye radius in the bulk plasma,

D= S . (a8)
AnZ plezne
This is an improved expression compared to [14] where the Bohm expression was
used for the saturated ion current.
The boundary between the hot initial plasmas and the dense secondary plasmas is
considered one-dimensionally. In this case the substitution of (a3), (a6) and (a7) into the

balance equation of currents (al) yields the following expression for cloud potential:

exp(—x)— \/Ex_(l — erf(\/;))—
0.797
T, r
_0.6, | e (1 0.75A0%68 | 1+0.564) == Li 3.052-0.32In £ [|=0.  (a9)
m;T, T, D
Here, x = eA@/T,. With the pellet charging effect taken into account, the values of the heat
fluxes on the neutral cloud boundary g, and g; corresponding to the electrons and ions

subsequently can be written out as follows:
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q,= Zlf :Ze 2Tn, exp(_eéqoj 27r,, (a10)
g, =0.6n,r’ %13 (1+0.754¢°%)- (1 + 0.564(%]0]9? x
x (3.052 ~0.32 h{%B - (1 + ezA]g”J . (al1)
Heat Flux Penetration

The thermal fluxes falling onto the pellet surface are estimated at each point on the
pellet surface separately (i.e. for the different o values , see Fig. 30).
Lets consider the case with no cloud charging. The density of the thermal flux

penetrating through the cloud can be written as follows:

0(s,,.0)= Qe(Sr/co ' a] coso+0;(S,,), (al2)

where

A

1 oo
_ 2
Qe,i(Sn) = mi/l-z(Z”Te ,-)1/2 ({é’d{({E fe’l.(Sn,E,{)dE. (al3)

Here e corresponds to electrons, i — to ions, f, (Sy,E,C) and f3(Sy, E, ) are the distribution
functions for the particles after penetrating through the optical length S, E is the particle’s
energy, m, is the electron mass, m; is the bulk plasma ion mass. Sy, is considered as the

optical length of the cloud in the direction perpendicular to the pellet surface.

S, = Jnalrlir, (al4)

where n,, is the atomic density of the cloud. The plasma shielding effect is neglected in our
analysis, so that the secondary plasma parameters are not included in the expression for Sy,

£ = cosH, (al5)
where 0 is the angle between the particle velocity vector and the magnetic field line (see

Fig. 30). The distribution function of the particles at the pellet surface is given by:

1/2
Eg io(Sy E.C) 0 ex —E, jo(Sy.E.C) Le,i<Ee,ia0(Sn:E:<:)>
E e,l p Ta Le,l(E) )

(al6)
where L.(E) is the particle’s loss function, E.j is the initial (at the neutral cloud

fe,i(Sn:E:C):(

boundary) energy of a particle. The loss function determines the energy losses of a particle:
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2 = oy (R)L(E). (al7)

here — dl is the element of the particle’s trajectory. We suppose that the particles loose their
energy mainly on bound electrons in the cloud. Since an impurity pellet’s atom has Z,
electrons (7, is a nuclear charge of pellet atoms), loss functions are taken equal to those for
hydrogen, multiplied by Z,. For electrons we have

ZP 2

[eV-cm”/atom], (al8)

gl +ag) ~E[eV]
where ael=4.7-1014[at0m/(eV-cm2)], 86=8.0- 1011[atom/(eV-cm2)], Eis in eV. For ions

Le(E):

1n-16
l'—SEQ—E [eV]O'4 [eV-cmZ/atom]. (al9)

Li(E)=2,

An integration (over the particle’s trajectory in the cloud) of equation (al7) with

loss function (al8), (al9) gives us the initial energy (at the neutral cloud boundary) of a
particle as a function of the optical length of the cloud S, and the paﬁicle’s energy at the

pellet surface — E:

2

2.7.8
Eoo(E,. Sy, 6) =~k + (Ee+aelj +—F 7 (a20)

P ) a8

1.667
-16 :
1.93-107° Z,S

Eio(Ei,Sn,§)=£E?'6+0.6- : p&”] . (a21)

Substituting (a20) and (a21) into (al6) and then into (al3), we obtain (al2) — the
heat flux density at the pellet surface as a function of the cloud optical length. O, «(0) is the
heat flux density at the cloud boundary. Because of the charging effect at the cloud
boundary the maxwellian heat flux densities are modified to Qe(O)=qe/(2nrp2) and 0«(0)

=qi/(47trp2), where g, and g, are determined by equations (al0) and (all).

Cloud Gas Dynamics and Surface Averaging

The local ablation rate for different o should be calculated from the balance of the
heat flux falling onto the pellet surface and the erosion heat flux. The heat flux penetrating
to the pellet surface through a cloud with optical length S, was discussed in the previous
section. For the erosion heat flux we use the solution of the hydrodynamic equations
obtained in [31]:

(@) _ sy, [ S, } . {(QB(O) cosa+0,(0)y - 1)}”3 , (w22)

dt r,n m,S,
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where 7 is the ratio of specific heats for the cloud matter, n,y is the atomic density of the
solid pellet’s material, m;, is the pellet’s atom mass.

This equation expresses the relation between the thermal fluxes at the neutral cloud

boundary (S,=0) (which determines the cloud expansion energy), the cloud optical length
and the ablation rate.

The balance of 1) the heat flux penetrating to the pellet surface through the cloud
with optical length S, (a12) and 2) the heat flux, evaporating the pellet surface, appropriate
to create a cloud with such length (a22), can be expressed as follows:

d
—An rp(a)-—-Qe( Sn ]cosole-(Sn). (a23)

as g cos o,

Here A is the sublimation energy of the pellet material plus enthalpy of the solid-gas phase

transition (for lithium A = 2.1 eV/atom). This balance determines the local cloud optical

length S,,(0r) and also the local ablation rate, which is equal to

\ dr, o
a _ Nys 212 }c)it( ) sin(ou)do (a24)
P

s
for a spherical pellet. Here ds is the element of pellet surface.

The total ablation rate in this case is

sin(oc)doc . (a25)

Self-limiting of ablation

Equation (a25) determines the ablation rate of a spherical pellet with radius 7, in an
infinite homogeneous maxwellian plasma with density ., electron temperature 7, and ion
temperature T; in quasi-steady state. In real pellet injection experiments the ablating pellet
influences the plasma parameters so that the temperature and density profiles modify
during the ablation process. This effect is called ablation self-limiting and can be
considered in collisionless [32] or adiabatic [16] approach.

In the collisionless approach the possible depletion of electron population when the
pellet moves towards the plasma centre is given by the model of Houlberg et al. [32]. As a

result, the effective electron heat flux, flowing onto the pellet from the bulk plasma,

reduces to




AV Zl"i

~-T,0/7
Oug = Qo (1= d],rd=—T—27,rpo=— (a26)
po V par (2T Vp

€
Tm,

where O, =n, is the undisturbed electron heat flux density, 7; is the characteristic

time of heat flux density depletion, AV is the volume of the magnetic tube containing the
pellet cloud, v, is the electron velocity along the magnetic field, v, is the pellet velocity
transverse to the magnetic field, #; is an adjusting parameter which has the meaning of the
neutral cloud radius.

When the pellet passes the plasma centre it faces with plasma which could be
cooled by previously deposited ablatant, a case of adiabatic self-limiting takes place. The
algorithm of this self-limiting phenomenon for Li pellet ablation studies in Heliotron E
machine is described in Ref. [16]. In our simulations we consider that at each magnetic

surface the electron pressure 7.7, remains constant during the ablation process.

The algorithm of ablation rate calculation

We divide the pellet trajectory into a number of small intervals over which the
plasma parameters (ne, Te, T3) can be considered homogeneous. At each step the heat flux
balance (a23) is solved for different a-angles, the local ablating heat flux O(S» &) (al2), the
local ablation rate (a24) and the total ablation rate (a25) are found. With the help of this
value of the ablation rate the pellet radius at the next step is found, which allows us to find
the ablation rate at the next step, etc. On the first half of the pellet trajectory (towards the
plasma centre) the ablation rate (a25) is calculated for undisturbed temperature profiles.
The heat flux profile is modified according to (a26) in collisionless self-limiting approach.
On the second half of the pellet trajectory (after the magnetic axis) both self-limiting

mechanisms are taken into account.

Simulation of pellet ablation by charged pellet model

To verify the described model we simulated ablation rate profile of the Li pellet
1xZ1 mm in size injected with velocity 450 — 500 m/s into ECR-heated plasma of the
Heliotron E machine [16]. The results of simulations are shown in Fig. 31. Here, dashed
curve — experimental ablation rate deduced from the Li*! cloud emission, solid line —
simulated ablation rate. We see that the model fairly good predicts the ablation rate

behaviour except the zone between minor radii 5 — 15 cm where enhanced ablation could
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be caused by suprathermals as it was supposed in [16]. It should be noted that similar
behaviour of ablation (enhanced ablation) of carbon pellets injected into ECR-heated
plasma has been observed on W7-AS [33].

In Fig. 32 the ablation rate profiles of a carbon pellet in shot # 43561 in W7-AS
ECR-heated plasma are shown. The dotted curve corresponds to the experimental ablation
rate deduced from the C" cloud emission, solid curves show the simulated ablation rate.
Enhancement of the measured pellet ablation rate at effective minor radii 8-12 cm (possibly
due to supra-thermal electrons) cannot be described by the model and the experimental
ablation rate values are taken for this part with a goal to perform further simulations at 2-8
cm. Thick solid curve is the simulation by the model, where the effect of electron heat flux
depletion near the magnetic axis is taken into account. Thin solid curve is the simulation by
the model without the effect of depletion. It can be seen ]from Fig. 31 and Fig. 32 that the
model which takes into account the depletion of the electron heat flux allows to describe
the reduction of the ablation rate near the plasma axis if an adjusting parameter 7; in eq.

(a26) is chosen properly: For Heliotron-E ;= 0.2 cm and for W7-AS ;= 0.2 cm.
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Table 1.
ne(O) (1 Ol3)cm_3 Te(O) (keV) Ty (S) T Stix (keV)
1 10 4.0 4500
2 9 1.7 950
3 8 0.95 370
4 7 0.58 170
5 6 0.37 86
6 6 0.3 58
7 5 0.2 34
8 4.5 0.15 22
9 4 0.11 15
10 4 0.1 11
1e-16
1e-17
NA
g 1e-18 -
c
e}
=  1e-19 +
o
a
@ 1620 - ot
5
1e-21 -
X 0
(&) D
1e-22
1e-23 T T T T T
0 200 400 600 800 1000 1200

HY Energy (keV)

Fig. 1. Cross sections for proton charge exchange with D° atoms and with C** ions.
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Fig. 5. Radial position and shape of the H' (E=0.72MeV) resonance measured by PCX
active diagnostic for fundamental H" ICRF heating in a TFTR deuterium plasma.
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Fig. 6. Active and passive energy spectra of H ICRF driven minority ions in a TFTR
deuterium plasma are in close agreement. Both discharges were obtained with on-axis
heating at Picgr = 2.1 MW, F = 43 MHz, N,0) = 510" em™ [13].




PI — Li pellet injector,

NPA - neutral particle analyser,
WVD — wide view detector,

CPA - collimated photodiode array,
CAM1,2 — CCD cameras.

Fig. 7. PCX experimental setup proposed for W7-X: a) poloidal, b) top-of view.
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Fig. 8. Peak electron temperature in ECR-heated W7-X plasmas. R=5.5m,B=25T.
Results of TEMPL code from Ref. [15]. Density profile r, = 0.73, o, = 3.0.
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Fig. 9. Li pellet velocity for W7-X plasma core penetration.
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Fig. 10. Calculated typical Li pellet ablation rate in W7-X.
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Fig. 11. The dependence of Li pellet velocities on the propellant (He) gas pressure
for one-stage light gas—gan with barrel length 120 mm and diameter 2.5 mm.




Toroidal field directior

Fig. 12. Li" cloud imaged through a 548.5nm line filter in TFTR #52197
(pellet viewed from behind).
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Fig. 13. T-10 carbon pellet experiments
(a=17.5 cm, To = 0.75 keV, n = 10" cm™, 7, = 0.17 mm).
a) Poloidal (dashed curve) and toroidal (solid curve) distributions of cloud luminosity
derived of a snap-shot (40 us exposure time, total visible range of light AL = 400-600nm).
b) The pellet ablation rate, the decay lengths and the ionisation length versus minor plasma
radius in Shot #43196. 1 - ablation rate, 2 — toroidal length, 3 — poloidal length, 4 -
ionisation length.
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35




0.5 T | [ I |
04 —

03 N
jonisation radius  _, =~

0.2 ~=rmee., / -
i ----N---ﬁ-- j
0.1

r/r" |\ from energy balanceI :
1 1

0 5 10 15 20 25 30
Effective Minor Radius (cm)

Cloud Radius (cm)

0

Fig. 17. Li" cloud radius for expected typical pellet (@2.1mm) ablation in W7-X.

36




1
- o1 experiment
£ 0.4 =
= o)
Z theory —
5 0.01
°©
o)
n -
(;) O
g 0.001 =
G oLt H S H
1.1074 L
10 100 1-10
H+ Energy (keV/amu)
10
:g 1 °7o o :JDDEUDJDD E"T-J:’/ iionisation ]
—'c(j O. = EHe “ﬁin
s
= capture
a o)
% 0.1
2
© i + 0 + []°
1 b)Li +H = H
0.01 i RN o 3
10 100 1-10

H+ Energy (keV/amu)

Fig. 18. Cross-sections of charge exchange of protons in Li" cloud:

a) H" — H°, b) a) H® — H" (capture, ionisation)
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Fig. 19. Cross-sections of charge exchange of protons in Li** cloud:

a) H" — H’, b) a) H® — H" (capture, ionisation)
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Fig. 20. Equilibrium neutral fraction of H° for different Li cloud charge state compositions.
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Fig. 21. The fraction of protons emerging as neutrals from Li" cloud
versus line integral cloud density for different H energies.
a) in 100% Li" cloud for proton energy 100 keV, 500 keV, 1 MeV
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Fig. 22. Relative energy loss of fast protons in Li" cloud.
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Fig. 23. Meansquare angular deviation of fast protons in Li" cloud.
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Fig. 26. W7-X Plasma Transparency for H° atoms vs Energy
in the Density Range 102 -10" em™.
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Fig. 27. Calculated NPA counts of H° atoms at the NPA in PCX diagnostic vs. Energy
for W7-X RF minority - heated plasma (Prs=3 MW) in the density range 10-9-10" cm™.
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Fig. 29. Calculated NPA counts of H° at the NPA for W7-X RF minority - heated plasma
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45



5 l | T HEd |
: [l
! Tl .
. Shot #70669 nna Heliotron-E
A it in -
5 i BEIE 0,(0)= 510" cm?
experiment B et ny(0) =510" cm
ﬁo I T(0)=1.5 keV
\:(/ 3 B E PECRH =0.5 MW 7
@ 1 dpxLp =~ DJ1x1 mm
© 1V, =500 m/s
c 2 . -
Q '
©
Q0
< 1+ ]
0
-30 20 -10 0 10 20 30
Minor radii (cm)
Fig. 31. Measured and simulated Li pellet ablation rate profiles
in Heliotron-E ECR-heated plasma, shot #70669.
1 | T | | n T l |
Shot #43561 W7-AS
S 075F . 1:(0) = 6:10"% em™]
model without Te(0) =1.2 keV
RN depletion dp = 0.4 mm
;}: 0.5 - Vp=275m/s
S model with
_5 depletion
© u
5 0.25
<
0 | | |

0 2 4 6 8 10 12 14 16
Effective minor radius (cm)

Fig. 32. Measured and simulated C pellet ablation rate profiles
in W7-AS ECR-heated plasma, shot # 43561
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