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Introduction. Understanding the fast particle behavior in high-temperature magnetically

confined stellarator plasmas becomes more and more important while plasma parameters

grow up to the reactor-like level. A perspective active method of fast ion analysis is the Pel-

let Charge eXchange (PCX) diagnostics [1], which is based on ion neutralization in a pellet

ablation cloud. This diagnostics has been successfully applied on TFTR for studies of fusion

alpha particles and tritons [2-3] and tritium minority ions [4]. An application of the PCX di-

agnostics for the W7-X stellarator plasmas has been proposed in Ref. [5], considering a Li

pellet cloud as a target for CX of fast ICRF-driven protons, and the Neutral Particle Analyzer

(NPA) [4] as a spectrometer of escaping neutrals. In this work, simulations of signals for the

PCX diagnostics on LHD, which uses lithium and polystyrene (C8H8)n pellets, are carried

out. Along with the NPA, the Natural Diamond Detector (NDD) [6] is considered as an en-

ergy spectrometer of neutrals. Pellet ablation rates and cloud sizes in different ICRF and NBI

-heated LHD regimes were simulated in order to estimate optimal pellet size and velocity as

well as the detector count rate.

Pellet ablation simulations. Li and (C8H8)n pellet ablation rate has been simulated using the

Neutral Gas and Electrostatic Shielding Model (NGESM) [5], which allows us to take into

account the effect of fast particles on ablation. The heat flows of fast ICRF-driven protons

and fast NBI ions were evaluated using the distribution functions obtained in the classical

slowing-down approach [7,8], but for the ICRF-driven protons the characteristic slowing-

down time was restricted by the energy confinement time found from the LHD scaling

[10,11]. The following model parameters and assumptions have been used for the ablation

simulations: 1) the electron and ion temperature profiles Te,Ti = Te0,Ti0× (1 – ρ2)2 versus the

effective minor radius ρ, the electron density profile ne = ne0×(1 – ρ8)2; 2) two regimes with

the following central values: ne0 = 1.5⋅1019 m-3, Te0 = 2 keV, Ti0 = 0.8 keV for Regime 1 and
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ne0 = 0.7⋅1019 m-3, Te0 = 4 keV, Ti0 = 2 keV for Regime 2; 3) the minority H+ ions content α =

nH/nHe = 0.01 or 0.05; 4) the total ICRH power absorbed by the H+ minority PICRH -  1 MW

and 3 MW; 5) the deposition profile of the ICRH power - Type A and Type B, which are

shown in Fig. 1 by the dotted and the solid lines corre-

spondingly; 6) the neutral beam energy 150 keV, the

port-through NBI heating power 4 MW, 20%  of

which is evaluated to be deposited into ions; 7) the

NBI power deposition profile is proportional to ne.

The pellet size rp0 was chosen as that providing the

electron density perturbation after injection equal to

the initial electron content in the plasma. The «opti-

mal» pellet velocity vp
opt was found from the condition of pellet reaching the plasma center.

The pellet sizes and velocities in different LHD regimes are given in Tables 1 and 2 for Li

and (C8H8)n pellets correspondingly.

Regime 1 (rp0 = 0.8 mm) Regime 2 (rp0 = 0.62)Table 1
vp

opt (km/s) for Li α = 0.05 α = 0.2 α = 0.05 α = 0.2
Type A 0.23 0.22 0.70 0.70PICRH = 1 MW
Type B 0.24 0.22 0.70 0.70
Type A 0.35 0.27 0.90 0.75PICRH = 3 MW
Type B 0.55 0.32 1.10 0.80

Regime 1 (rp0 = 0.59 mm) Regime 2 (rp0=0.46 mm)Table 2
vp

opt (km/s) for (C8H8)n α = 0.05 α = 0.2 α = 0.05 α = 0.2
Type A 0.65 0.65 2.10 2.10PICRH = 1 MW
Type B 0.66 0.65 2.10 2.10
Type A 0.90 0.70 2.50 2.20PICRH = 3 MW
Type B 1.25 0.80 2.70 2.20

From Tables 1,2 it follows that 1) the vp
opt values are 2-3 times larger in the Regime 2

compared to the Regime 1; 2) the vp
opt values for Type A are 1.0-1.6 times greater than for

Type B, 3) ablation is stronger and vp
opt is 1-2.3 times higher for regimes with greater values

of PICRH and a smaller minority fraction α. An additional experimental investigation of pellet

ablation in ICRF-heated LHD regimes is desirable.

Both the fast CX neutrals flux emitted from the pellet cloud and the PCX detector signal de-

pend on the transverse cloud size. Following to Ref. [9], two estimations of the transverse

cloud size have been made. The radius of the cloud plateau rpl was estimated from the energy

balance between the electron heat flux flowing onto the cloud from the bulk plasma and the

energy required to evaporate, dissociate (if necessary), heat accelerate and ionize the evapo-

Fig. 1. The model ICRH power
deposition profiles in LHD.
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rated material. The “exponential wings” scale was also estimated as the ionization length of

the ablated neutrals to the first charge state (rion). Thus, for Li pellets we obtained rpl
Li ∼ 0.5-

1.5 mm, rion
Li ∼ 1-3 cm, while for (C8H8)n pellets rpl

C,H ∼ 1-2 mm, rion
C,H ∼ 0.5-5 cm. For

both cases, the size of the cloud plateau is small compared to the transverse decay length.

This means that the slowly decaying “exponential wings” length should give a contribution

to the fast particles CX. For simplicity, the cloud plateau size values were used for the PCX

signals simulation. Such simplification might yield underestimated PCX signals.

Estimation of the PCX signals

The count rate of both the NPA and NDD detector depends on 1) the proton energy distribu-

tion function, 2) neutralization properties of the cloud, 3) detector parameters.

Fig. 2. The simulated counts profiles along the pellet trajectory: a) at the NPA for the Regime 1, ICRH Type
B, PICRH =3 MW, α = 0.05. The symbols from upper to lower curve correspond to the neutrals energies E (and
energy resolutions ∆E/E) 266 keV (0.113), 322 keV (0.094), 404 keV (0.085), 498 keV (0.074), 608 keV
(0.067),  727 keV (0.061), 857 keV (0.058), 1 MeV (0.056). b) at the NDD for the regimes 1) Regime 1, Type
B, PICRH = 3 MW, α = 0.05, Sc = 8.5⋅10-8 cm2, 2) Regime  1, Type A, PICRH = 3 MW, α = 0.05, Sc =7.9⋅10-8 cm2,
3) Regime 2, Type B, PICRH = 1 MW, α = 0.2, Sc = 1.6⋅10-6 cm2, 4) Regime  2, Type A, PICRH = 1 MW, α = 0.2,
Sc = 9.4⋅10-7 cm2. The magnetic axis is at R=360 cm, separatrix is at R=446 cm.

In the current simulations, eq. (4) from Ref. [5] was used for the count rate calculation. The

H+ distribution function was taken from Ref. [7]. The fraction of neutralized protons was

calculated using the CX cross-sections of H+ and H0 in a 100% Li+ and in a (25% C1+, 25%

C2+, 50% H0) clouds. For details and for the detector parameters see Ref. [5, 6]. For Li

clouds, the count rate profiles over the time intervals ∆t = ∆R/vp
opt (here the spatial resolution

∆R = 3cm and vp
opt is given in Table 1) are shown in Figs. 2a and 2b for the NPA and NDD

detectors correspondingly. The signal in Fig. 2a might be well detectable by the NPA. In the

case of (C8H8)n cloud, the NPA signal is an order of magnitude greater. The profiles in Fig.

2b were obtained with the restriction on the area of the NDD collimating aperture Sc, which
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should provide the count rate below the maximum acceptable value at a 3 cm desired spatial

resolution. The values in Fig. 2b are essentially less than the count rate necessary for the en-

ergy spectrum with good statistics (1000-2000 counts). Therefore, achievement of a good

statistics over the whole energy range together with acceptable spatial resolution seems to be

a technical problem for the NDD operating with analog spectroscopy electronics at count

rate up to 106 cps.

Summary. The ablation behavior of lithium and polystyrene pellets has been simulated in

various LHD He plasma regimes with ICRF driven H+ minority. The simulations showed

that for pellet penetration to the plasma core it is preferable to inject pellets in regimes with

higher plasma density and lower plasma temperature, with lower ICRH power, with a larger

minority fraction, and when the ICRH power is deposited closer to plasma periphery. Li

pellets of 1.2-1.6 mm in size and with 0.2-1.1 km/s velocities can provide a core pellet pene-

tration in the regimes simulated. For polystyrene pellets of 0.9-1.2 mm size (with the same

electron content), higher 0.65-2.7 km/s velocities are required for the core penetration. Esti-

mations of the PCX neutrals energy spectra for LHD made for two types of detectors NDD

and NPA show that for both Li and (C8H8)n pellets, the estimated number of the incident fast

CX neutrals can be well detected by the E||B NPA with spatial resolution of about 3 cm in

those regimes, where a visible effect of the ICRF driven protons on pellet ablation is ex-

pected. For the NDD at count rate up to 106 cps, a lack of statistics over the whole energy

range is expected at an acceptable (3 cm) spatial resolution.
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