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Abstract
A model for calculations of Charge eXchange Recombination (CXR) signals of
impurity nuclei injected in a high-temperature plasma has been developed. The
CXR signals for an Li tracer in Tracer Encapsulated Solid PELlet (TESPEL)
experiments on LHD and CHS machines have been calculated. The difference
of about two orders of magnitude found in the calculated signals is due to the
difference both in the NBI neutral flux density and in the capture-radiation cross-
sections, and explains the weak Li3+ CXR signals observed in the measurements
on LHD.

Calculations of the CXR signals for various injected impurities have been
performed for LHD conditions. The operational range of TESPEL diagnostics
in the visible spectral range on LHD has been determined. For Te = 1–2 keV
(PNBI = 3 MW) and Ne = (2–5) × 1013 cm−3, injection of F, Mg and Al
as tracer materials ensures the largest CXR signals together with complete
ionization times of the injected impurity which are much smaller than the
impurity transport times.

1. Introduction

The Tracer Encapsulated Solid PELlet (TESPEL) injection method that has recently been
suggested in [1] aims to provide, in a narrow region of the core plasma of a toroidal device, a
controlled amount of a selected impurity for diagnostic and plasma behaviour study purposes.
The method can be coupled with the Charge eXchange Recombination Spectroscopy (CXRS)
diagnostic method using either a diagnostic or a heating beam. The CXRS TESPEL diagnostics
is, thus, a specific version of the general CXRS method, and can be used for all plasma
studies for which CXRS is usually applied (determination of ion temperature, plasma rotation,
impurity transport, etc). The CXRS TESPEL method has been successfully used for Li3+
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transport studies in TESPEL experiments with LiH tracer on CHS [2, 3] using a 36 keV neutral
H beam as a target for CXRS reactions where ratios of CXR signal to background in the range
2–3 were measured. Unfortunately, no detectable signals were observed in the case of LHD
TESPEL experiments with LiH tracer where the neutral H beam had 150 keV energy [3, 4].

The purpose of this paper is to explain the weak CXR Li3+ signal in LHD TESPEL
experiments and to determine the operational range of the TESPEL CXRS diagnostics in the
visible spectral range for the study of impurity transport in LHD using a 150 keV neutral
hydrogen atom beam.

2. General considerations

The basic idea of the method is illustrated in the example of the TESPEL diagnostics setup
developed for LiH tracer at the Large Helical Device (LHD). LHD is a large-scale supercon-
ducting toroidal fusion facility, which is a heliotron-type device with a set of l = 2/m = 10
continuous helical coils [5, 6]. The major and minor radii are 3.9 and 0.6 m, respectively,
and the designed toroidal magnetic field is 3 T. LHD has a wide operational range of plasma
parameters, Te = 1–10 keV andNe = (0.4–15)×1013 cm−3, depending on the applied heating
(NBI, ECRH, ICRH) power [7]. Typical energy confinement times of the machine are about
50–300 ms [7].

In the LHD CXRS TESPEL diagnostics, a solid impurity material (tracer) is encapsulated
in an outer layer of polystyrene (shell) and is accelerated in the direction of the plasma core
by a pellet injector. The ablating pellet initially deposits its shell material in the plasma and
then the tracer material (LiH in our example) deposits itself in a narrow region of about several
centimetres of the plasma core. After toroidal symmetrization and complete ionization of the
tracer material, an Li3+ annular domain is created. It only slightly disturbs the plasma electron
temperature and density (5–10%), since the total amount of the particle content in both the
shell and tracer material is rather small.

The radial behaviour of this localized domain can be measured by observation of CXR
emission intensityIZ due to CX reactions of injected impurity nuclei (nuclear charge Z) with
the neutral beam injection (NBI) hydrogen atoms (assumed to be in their ground state)

IZ+ + H1s ⇒ I(Z−1)+ + H+, (1)

where n and l are the principal and orbital angular quantum numbers of captured electron on
the ion. For ions with charge Z, the electron capture takes place preferentially on excited
energy levels with n ≈ Z. For Z � 2, these are the excited product ion levels that radiate and
the emission of which gives the basis for the CXRS diagnostics of plasma impurities (as well
as other plasma parameters).

The CXR signal on LHD is measured within a certain visible spectral range. Therefore,
the perturbation of the signal caused by the visible continuum radiation is possible mainly
due to ablatant created by the shell material. The amount of tracer material is about two
orders of magnitude less than the amount of shell particles. Estimates show that the input of
tracer material in the perturbation of continuum radiation can be neglected up to the tracer
charge values of Z ≈ 17–18. Besides, a background (reference) emission can appear due
to the charge exchange between fully ionized ions and thermal neutrals that come from the
plasma edge where the ion temperature is low [8]. For these reasons, the CXRS system
developed for measurements of plasma poloidal rotation on LHD [8] is used. In this system,
the CXRS detector array in the NBI port is arranged together with the reference detector array
that has a geometry identical to the CXRS detectors in the port without NBI. Signals from the
detectors via optical fibres are transferred to the entrance of a set of photomultipliers. These
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photomultipliers are equipped with sets of interference filters that provide measurements of
a narrow specific spectral range (∼1 nm) containing the line intensity of H-like ions of the
injected impurity. Thus, subtraction of the reference signals from the CXR detector signals
results in pure CXR signals due to reaction (1). By measuring the time interval �t between the
maxima of CXR signals with a radial �r displacement, one can derive the effective diffusion
coefficient of tracer impurity, averaged over the radial range �r .

The key parameter of any CXRS diagnostics is the cross-section of reaction (1). In figure 1
the reduced total CX cross-section σCXtot/Z versus the reduced NBI energy E/Z3/7, taken
from [9], is shown. The arrows in the figure indicate the conditions for different energy E of
NBI andZ of tracer material corresponding to the CHS (E = 36 keV) and LHD (E = 150 keV)
TESPEL experiments. It can be seen that the CX total cross-section drastically depends on E

and Z. For an Li tracer, the σCXtot value for CHS is 30 times larger than that for LHD NBI
energy. As is obvious from figure 1, at the fixed NBI energy in LHD (150 keV), one should
have to select higher Z tracer materials (see points for F, Si, Ti shown in figure 1) in order to
reach the reduced energy region of high reduced CX cross-sections.

However, the increase of the atomic number of the tracer material leads to additional
requirements. Namely, the ionization of tracer atoms can be incomplete at a given electron
temperature Te. Hence, the density NZ of fully stripped impurity ions can differ from the
density Nimp of the injected impurity by a factor equal to the ionization degree αZ = NZ/Nimp.
The CXR signal decreases with a decrease of the density of fully stripped ions, which may limit
the CXR observations. Another limitation arises from the requirement that the time τion for
complete ionization of injected impurity has to be significantly smaller than the characteristic
diffusion time τdiff . For a light material like Li, the relationships

αZ ≈ 1, τion � τdiff (2)

are easily fulfilled. For higher-Z tracers, however, these conditions may be violated and the
ionization balance processes of these impurity ions have to be fully taken into consideration.

The apparatus for the TESPEL diagnostics on LHD has been developed for the visible
spectral range. It is well known that in high-Z ions only transitions with a change of principal
quantum number n by 1 (�n = 1) can provide wavelengths in the visible domain. For the
radiation in the visible spectral range, the principal quantum number nv of radiating level and
the ionic charge Z are related to each other by the following simple relation:

nv ≈ 2.2 × Z2/3. (3)

We have obtained relation (3) by taking into account the fact that the visible radiation should
be as close as possible to its lower margin (λ ∼ 400 nm), since the radiating level nv is then
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Figure 1. Reduced total σCXtot/Z CX cross-section of impurity nuclei with charge Z versus
reduced NBI energy E/Z3/7.
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closer to the maximum of n-distribution of captured electrons in reaction (1) for collision (or
beam) energies above 100 keV (see below). Relation (3) indicates that when using high-Z
tracer elements, one has to use the radiation from the high-n levels while remaining within the
visible spectral range. For instance, the radiation due to electron transition from nv = 17 to
nv − 1 = 16 lies in the visible spectral range if Z = 22 (i.e. the tracer has to be titanium). For
collision energies above 100 keV, the total electron capture cross-section is distributed among
many quantum levels of the product ion, resulting in relatively small partial n-CX cross-
sections, especially for the higher n-values of the distribution. The n-distribution of captured
electrons at these collision energies has a maximum at approximately Z0.815 (see below).
Therefore, although the total CX cross-section increases with Z, it does not automatically
guarantee large n-partial cross-section for n = nv. Moreover, the radiation takes place due
to transitions between given initial and final n, l-substates, which means that the partial n-CX
cross-section has to be distributed among all the n, l-substates within a given n-energy level,
which further reduces the portion of the total cross-section that contributes to the CXR signal.
Therefore, one should consider the population of the specific sublevels n, l very carefully, with
inclusion of not only the CX process (1) but also of all other processes contributing to the
population and depopulation of radiating n, l-sublevel.

3. Model

The consideration of a wide range of nuclear charges (varieties of injected impurities) with
the purpose of optimization of the CXR signal (with respect to the optimal choice of tracer
impurity for the given range of LHD plasma parameters and given beam energy) requires a
simplification of the collisional–radiative (CR) set of equations for calculation of the CXR
signal, as well as the corona equilibrium (CE) set of equations for the ionization balance, in
order to evaluate conditions (2).

3.1. Calculation of CXRS signal

An excited state of an H-like ion in high-temperature plasmas can be populated by radiative
recombination with a plasma electron, by charge exchange of a parent nucleus on the beam
atoms, by radiative decay and collisional de-excitation of higher states and by collisional
excitation of lower states. It can be depopulated by radiative decay and collisional de-excitation
to lower states and by collisional ionization.

To calculate the CXR signal, the set of CR equations was simplified by taking into account
the following dominant processes that populate the ‘nl’-states of hydrogen-like impurity ions
with density NZ−1

nl :

(a) CX reaction (1) with partial cross-section σCX
nl for populating a specific ‘nl’-state;

(b) radiative decay cascade from all levels with n′ > n to the level n;
(c) radiative decay transitions from the level n to all levels with n′ < n.

The applicability of this approach is discussed in the Appendix. It is shown that for
large Z and n of interest here, the processes of radiative recombination of nuclei, excitation,
de-excitation and ionization of H-like ions of injected impurity are negligible in comparison
with the processes listed above. Thus, the set of equations for population of H-like ion density
NZ−1

nl in the specific state nl is

dNZ−1
nl

dt
= NZNHvHσ

CX
nl +

∑
n′>n,l′

NZ−1
n′l′ AZ−1

n′l′ − NZ−1
nl

∑
n′<n,l′

AZ−1
nl,n′l′ . (4)
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Here, NZ is the density of impurity nuclei, NHvH is the flux of NBI atoms, l′ = l ± 1 (that
follows from the selection rule for dipole-allowed transitions) and AZ−1

nl,n′l′ is the transition
probability for spontaneous nl → n′l′ radiative decay in the H-like ions.

The photon volumetric source of CX reaction in the visible spectral range is due to the
transitions nl, →(n − 1)l′ only,

dIZ−1
nl(n−1)l′

dV
= 1

4π
NZ−1

nl

(
AZ−1

nl,(n−1)(l+1) + AZ−1
nl,(n−1)(l−1)

)
(photons m−3 s−1 strd−1) (5)

The solution of equations (4) was obtained by using the approach described in [10]. Thus,
for the steady-state condition t � 1/min(AZ−1

nl,n′l′), from the set of equations (4) one can obtain

NZ−1
nl = NZNHvH

(
σCX
nl +

∑
n′>n Cn′,nσ

CX
n′,l
)

∑
n′<n A

Z−1
nl,n′l′

, (6)

where Cn′,n is the cascade matrix from all levels n′ > n calculated in [10]. We have assumed
that the original l-distribution due to CX reaction is not significantly disturbed during cascade
processes. Substituting equation (6) into equation (5), and making a summation over the
angular quantum numbers l, we obtain

dIZ−1
n,(n−1)

dV
= 1

4π
NZNHvH

〈
σCX
nl

〉
(photons m−3 s−1 strd−1), (7)

where 〈σCX
n,(n−1)〉 is the capture-radiation cross-section for the transition n → n − 1,

〈
σCX
nl

〉 = n−1∑
l=0

(
σCX
nl +

∑
n′>n

Cn′,nσ
CX
n′,l

)
× Pnl,(n−1)l′ , (8)

and Pnl,(n−1)l′ is the radiation probability, i.e. the ratio of AZ−1
nl,n′l′ decay probabilities for the

transitions nl ⇒ (n− 1)l′ (l′ = l ± 1) to the total probability of radiative decay of the level n:

Pnl,(n−1)l′ = AZ−1
nl,(n−1)(l+1) + AZ−1

nl,(n−1)(l−1)∑
n′<n A

Z−1
nl,n′l′

. (9)

To calculate the radiation photon flux measured in experiments by a detector with a
detection area Sd and at a distance Rd from the source, the volumetric source of CX photon
flux emission (7) has to be integrated over the whole observation volume Vobs:

IZ−1
n,(n−1) =

∫
Vobs

Sd

4πR2
d

NZNHvH
〈
σCX
n,(n−1)

〉
dv (photons s−1). (10)

One can see from equation (10) that for a fixed NBI energy and power, and for a given
geometry of TESPEL experiment, the CXR signal is proportional to the 〈σCX

n,n−1〉 capture-
radiation cross-section multiplied by the density NZ of the nuclei. From a methodological
point of view, we should keep the amount of injected impurity at a fairly low level. Therefore,
key parameters are the dependencies of σCX

nl partial cross-section and Pnl,(n−1)l′ radiation
probability for H-like atomic systems on the n, l quantum numbers (see equations (8) and
(9)).

3.2. Partial CX cross-sections and radiation probability

The n- and n, l-partial CX cross-sections for 150 keV NBI energy in LHD were calculated
for the fully stripped ions with Z = 3, 6, 9, 12, 14, 18, 22 by using the classical trajectory
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Monte Carlo (CTMC) method [11]. Since the calculations for any Z are highly time-
consuming, the following scaling fit-functions for σCX

nl and σCX
n = ∑n−1

l=0 σCX
nl were

determined as (on the basis of CTMC data for E = 150 keV)

σCX
n (n, Z) = 1.1 × 10−17 × Z3/2 exp(−1.35/(n/Z0.815)2.3)(

n/Z0.815
)3 (cm2) (11)

σCX
nv,l

(l, Z) = σCX
n (nv, Z)

9.5

Z0.75

((
l

Z

)4

+
l

8Z

)

× exp

(
−
(

1.43

Z

(
1 + 3 × 10−6 × Z3

))8+Z2.5/200
)
. (12)

The results of CTMC calculations and those produced by the scaling functions (11) and (12)
for some Z-ions from the Z = 3–22 range are shown in figure 2. For the Z = 6–22 range,
the principal quantum numbers nv for the visible domain are shown by the hatched area in
figure 2(a), together with a vertical segment for nv corresponding to the Li tracer material.
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One can see that the partial cross-sections σCX
n corresponding to the visible domain increase

with increasing Z and their values are not very far from the maximum of n-distribution.
It is seen from figure 2(b) that with increasing Z the σCX

nl dependencies have a tendency
to be closer to the statistical distribution σCX

nl /σCX
n = (2l + 1)/n2 over l. It seems that the

n, l-distribution of captured electrons is closer to a situation when the ‘strong mixing’ of Stark
states due to the rotation of the internuclear axis [11] takes place as the population mechanism
of different n, l-substates in reaction (1). However, for light-Z materials the maximum of the
l-distribution of captured electrons on a given level n shifts towards the lower l-values (the case
of ‘weak mixing’ [11]), and this situation is unfavourable for the magnitude of CXR signal
if one takes into account that the radiation probability Pnl,(n−1)l′ (a multiplier in equation (8)
for the capture-radiation cross-section) has an opposite tendency with increasing l, as shown
below.

The radiation probability for H-like atomic systems was calculated for various Z-ions and
n, l quantum numbers according to the prescription given in [12]. The calculated Pnl,(n−1)l′

dependencies on the angular quantum number difference l−(n−1), for the given n, are shown
in figure 3. The values of nv for different Z in figure 3 correspond to the transitions in the
visible domain (equation (3)).

3.3. Ionization balance of high-Z ions

The ionization degrees αZ have been calculated for a wide range of Z-impurities using the
simplified CE set of equations (13) given below. The number of impurity nuclei has to be
very large (preferably close to the amount of injected atoms) for a CXR measurement. It is
well known that the ionization degree becomes large for temperatures Te � Iion, where Iion is
the ionization potential of H-like ions. Therefore, one can take that the densities of all states,
beginning from the Li-like one, are zero, which is quite an acceptable approximation for the
temperature range of interest here. This gives the well-known CE result [10]

NZ

NZ−1
= SZ−1

RZ
, Nq ≡ 0, q = Z − 3, Z − 4, . . . , 0, (13)

Z     nv     l� = l ± 1
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Figure 3. Radiation probability Pnl,(n−1)l′ from the nl-substate to the (n− 1)l′ substates versus the
difference of angular momentum quantum numbers: l − (n − 1).
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where SZ−1 and RZ are the effective ionization and recombination rate coefficients of the
indicated ions. Thus, only the nuclei, H- and He-like ions were taken into account in our model.
The ionization rate coefficients presented in the Appendix were calculated for the ground states
(n = 1) only, since due to the large radiative decay probabilities a small population of higher
principal quantum numbers is expected. The results of calculations of effective ionization
rate coefficient of H-like ions, performed within the CR model [10], confirm the validity of
this approach. The rate coefficients for other processes, needed in the ionization balance
calculations and used in this paper, are given in the Appendix. Because of small values of the
ratio NH/Ne ≈ (1–3)× 10−6, we have neglected the CX recombination term in the ionization
balance equations. In that case, the calculation of αZ becomes independent of the electron
density.

To validate our simplified calculations of αZ , we compare the obtained results with those
obtained using the MIST impurity transport code [13], in which all ionization states are taken
into account in equations (13). The comparison is shown in figure 4. It is seen that the simplified
model slightly underestimates the αZ values, and the difference increases with increasing Z at
fixed Te. However, these discrepancies are not larger than 10–15% even for high-Z material
like Ti.

In order to estimate the time needed for complete ionization τion, we have used the fact that
the ionization potentials of H- and He-like ions of injected impurities are close to each other
and these values are much larger than the ionization potentials of lower ionization states. Thus,
τion can be estimated as the sum of ionization times of H- and He-like ions for the temperature
range of interest, Te � Iion. Using the MIST code, we have calculated the time τequil needed to
reach the ionization equilibrium of an impurity with charge Z at the given electron temperature
Te. The results of these calculations are shown in figure 5 together with the αZ values from
figure 4. It can be seen that for temperatures Te � Iion, the times τion calculated by our CE
model are close to τequil obtained from the MIST code calculations. The decrease of τequil for
temperatures lower than the corresponding ionization potential can be explained by the fact
that for these conditions the equilibrium is determined by the lower ionization states, with
correspondingly lower ionization times.
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∝
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1086420
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Figure 4. Complete ionization degree αZ versus electron temperature calculated by the simplified
model (solid curves) and by the MIST code (dashed curves) for F, Si, Ti.
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Figure 5. Complete ionization time τion calculated by the simplified model (solid curves) and
equilibrium time τequil calculated by the MIST code (triangles for Ti, circles for Si, squares
for F) versus electron temperature at Ne = 1013 cm−3. Dotted curves are αZ dependencies on
Te from figure 4. Arrows to the x-axis show the ionization potentials of H-like ions of indicated
impurities.

4. Results of calculations and discussion

4.1. Calculations of CXRS signal for CHS and LHD

In figure 6, the partial CX radiation cross-sections for Li material as a tracer for CHS
(ENBI = 36 keV) and LHD (ENBI = 150 keV) cases are shown, together with the l-dependence
of radiation probability for H-like Li ion. The reasons resulting in the large difference of Li
capture-radiation cross-sections in these two experiments are evident from figure 6. There are
small absolute values of CX cross-section and unfavourable dependence of the partial cross-
section on the angular quantum number l relative to l-dependence of the radiation probability
mentioned above. Results of evaluations of CXR signals of Li3+ ions for TESPEL experimental
conditions on these two machines are presented in table 1. Here, Rp is the pellet radius and
SNBI is NBI cross-section area.

The most different input parameters of CXR signal evaluations by means of equation (10)
in the two machines are underlined in the table. It is seen that small values of both capture-
radiation cross-section and NBI density flux result in two order of magnitude smaller CXR
signal I 2

5,4 values for the LHD case with respect to CHS. This explains why no detectable
difference between the CXRS and reference detector signals has been observed in LHD
TESPEL experiments with LiH tracer.

4.2. Calculations of CXRS signal for various Z tracer materials in LHD

The model developed in section 3 can be used for calculations of CXRS signal for various
Z tracer materials in the LHD case with a 150 keV NBI energy. The capture-radiation cross-
section for the visible spectral range, normalized to its 4.7 × 10−19 cm2 value for Li, is shown
in figure 7 versus the tracer nuclear chargeZ. The analysis of figure 7 confirms the preliminary
conclusion made previously on the basis of considerations of total cross-section dependence
on Z (that one should use a higher-Z material for TESPEL injection into LHD plasmas). The
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Table 1. Evaluations of i3 CXR signals for CHS and LHD.

Parameter CHS LHD

PNBI (MW) 0.7 3
ENBI (keV) 36 150
SNBI (m2) 0.016 0.36
J/e = nHvH (1017 cm−2 s−1) 5 0.2
〈σCX

5,4 〉 (10−17 cm2) 1.47 0.047
Rp (mm) 0.025 0.1
NZ = NLi (109 cm−3) 5 10
Vobs (cm3) 10 60
ωdet = (Sd/Rd)

2 (10−4) 1.5 1.0
I 2

5,4 (105photons s−1) 44 0.44

evaluated capture-radiation cross-sections for Z � 10 are 30–100 times larger than that for Li
tracer material.

As was mentioned above and can be seen from equation (10), at a fixed geometry of the
experiment, NBI energy and power, the CXR signal is proportional to both 〈σCX

n,(n−1)〉 and the
density of injected impurity nuclei, NZ . The last quantity can differ from the density Nimp

of injected impurity atoms by (ionization degree) αZ times. Hence, the CXR signal increases
with an increase of the product parameter % = 〈σCX

n,(n−1)〉 × αZ .
The functional dependence of this parameter on Z was calculated using the simplified

ionization balance model and is shown in figure 8(a) for three different electron temperatures.
The dependence of parameter % on Z has a maximum because 〈σCX

n,(n−1)〉 increases and αZ

decreases with increasing Z, and it depends on electron temperature. These Z-dependencies
can be reduced (approximately) to one curve by dividing the product% byT 3/4

e and its argument
Z byT 1/3

e . The reduced% from figure 8(a) versus reduced tracer charge are shown in figure 8(b)
together with their fit fCXR(x):

fCXR(x) = 8.5x2.2

x18 + 100
, x = Z

T
1/3

e (eV)
. (14)
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for Li, versus Z for the LHD case with a 150 keV NBI energy.
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The observed scaling property of the product % leads to a simple relationship between
the electron temperature and the charge Zopt for which optimal observation conditions of the
maximum CXR signal can be achieved. In a similar way, one can introduce a range of tracer
materials with Z ranging from Zmin to Zmax by the requirement that the CXR signal level
should not be smaller than half its maximum amplitude (see figure 8(b)). These conditions are
expressed as

Zopt = 1.15T 1/3
e (eV), Zmin = 0.75T 1/3

e (eV), Zmax = 1.35T 1/3
e (eV). (15)

4.3. Operational range of TESPEL diagnostics in LHD

Let us specify condition (2) by requiring that the complete ionization time τion has to be
three times smaller than the characteristic diffusion time τdiff . For a typical impurity diffusion
coefficientD ≈ 2×103 cm2 s−1, measured in CHS and LHD (see [2, 3]), and a typical distance
�r � 12 cm between CXRS detector channels on LHD and the tracer deposition radius, τdiff

can be estimated as τdiff = �r2/4D = 122/4 × 2 × 103 ≈ 18 ms. Thus, we have

τion(Z, Te, Ne) � 1
3τdiff ≈ 6 ms. (16)

Finally, condition (15) for the CXR signal level and condition (16) for complete ionization
of injected impurity lead to the establishment of a certain operational range of TESPEL
diagnostics for studies of the fully stripped impurity transport in LHD at the NBI energy
of 150 keV. These limits are shown in figure 9. The black thick line and error bars represent
equations (15) for Zopt and Zmin, Zmax, respectively. Conditions (16) are shown by four
curves for different electron plasma densities in the 1013–1014 cm−3 range. The limits shown
in figure 9 can be easily used for choosing the TESPEL tracer material. The choice should
be made for materials with atomic number within the error bars, preferably closer to the
black thick curve corresponding to the maximum CXR signal, and below the curve which
represents the condition on ionization time for a given electron plasma density. For example,
for Te = 1–2 keV (PNBI = 3 MW) and Ne = (2–5)× 1013 cm−3, injection of F, Mg and Al as
a tracer material can be considered as optimal from the point of view of high CXR signals. For
these conditions, the ratio of CXR signal to the background (perturbed continuum radiation)
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Figure 9. Operational range of TESPEL diagnostics in the visible spectral range for studies of
impurity transport in the LHD machine with an NBI energy of 150 keV.
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is expected to be at the same detectable range as was in CHS TESPEL experiments with Li
tracer.

5. Conclusions

A model for calculations of CXR signals of impurities injected in high-temperature plasmas
has been developed. For that purpose, a simplified collisional–radiative model for calculations
of the CXR signal and the corona equilibrium set of equations for ionization balance were
solved taking into account the dominant physical processes involved. Scaling relationships for
the partial CX cross-sections with respect to both the principal and angular quantum numbers
(as the main input parameter in the model) have been established on the basis of numerical
results of CTMC CX cross-section calculations for the H beam energy of 150 keV.

The CXR signals for Li tracer in TESPEL experiments on LHD and CHS machines have
been calculated. The difference of about two orders of magnitude in the calculated signals due
to differences in both the NBI neutral flux density and capture-radiation cross-section explains
the weak Li3+ CXR signals in LHD.

The calculations of CXR signals for various injected impurities in a high-temperature
plasma have been performed for the LHD conditions. Conditions have been established which
give the maximum CXR signal and a complete ionization time that is much smaller than
the impurity transport time. These conditions determine the operational range of the CXRS
TESPEL diagnostics in the visible spectral range on LHD for the 150 keV beam energy. At
Te = 1–2 keV (PNBI = 3 MW) and Ne = (2–5)×1013 cm−3, injection of F, Mg or Al as tracer
materials for LHD is suggested as optimal.

The approach developed in this paper can be applied for optimization of CXR
measurements of injected impurities also for other NBI energies and/or for the VUV region of
observation.
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Appendix

Below we list the various mechanisms for population and depopulation of the level with
principal quantum number n with the objective to verify the simplification of the CR model
employed in the model used. Following [10], the spontaneous radiative decay probability
An1,n0 from level n1 to level n0 can be written as

An1,n0 = A0
g0

g1
fn1,n0

(
�E

Ry

)2

, (A1)

where A0 = 0.80 × 1010 s−1, fn1,n0 is the absorption oscillator strength evaluated using [14],
�E = RyZ2(1/n2

0 − 1/n2
1) is the transition energy for threshold energy of excitation from n0

to n1, Ry is the Rydberg constant, and g0 = 2n2
0 and g1 = 2n2

1 are the statistical weights of
states with principal quantum numbers n0 and n1, respectively.

The values An1,n0 of transition from n1 = nv to n0 = nv − 1 should be much larger than
those calculated for excitation and de-excitation rate coefficients for this transition. We used
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the following expression for the excitation rate coefficient (the Van Regemorter formula,
see [10]),

〈
vσ exc

n1,n0

〉 = 3.2 × 10−7fn1,n0

(
Ry

�E

)3/2

β1/2 exp(−β)G(β) (cm3 s−1), (A2)

and the de-excitation rate coefficient can be obtained from equation (A2) by the detailed balance
principle as

〈
vσ de-exc

n1,n0

〉 = 3.2 × 10−7 g0

g1
〈v〉fn1,n0

(
Ry

�E

)3/2

β1/2G(β) (cm3 s−1). (A3)

Here, β is defined by β = �E/Te, where Te is the electron temperature. The Gaunt factor
G(β) is a slowly varying function of β, with magnitude of the order of unity:

G(β) = 0.349f (β) + 0.0988 + 0.455β3/2f (β), (A4)

where the function f is taken from [11]

f (β) = − exp(β)Ei(−β) ≈ ln

(
1 +

0.562 + 1.4β

β(1 + 1.4β)

)
. (A5)

The collisional ionization can be neglected, as its rate coefficient from the level n is
much smaller than the radiative decay An1,n0 of this level to the ground state. The radiative
recombination rate coefficient to the level n is also much smaller than the CX recombination
rate NHNHσ

CX
n . For verifying these statements, one can use the following formulae for the

collisional ionization and radiative recombination rate coefficients for the level n [10]:

〈
vσ ion

n

〉 = 6.0 × 10−8q

(
Ry

IZ

)3/2

β
1/2
Z exp(−βZ)f (βZ) (cm3 s−1), (A6)

〈
vσ

rr

n

〉 = 5.1 × 10−14Zβ
3/2
Z f (βZ) (cm3 s−1), (A7)

where q is the number of equivalent electrons at the level nv (for hydrogen-like ions q = 1),
βZ = IZ/Te and IZ = Ry(Z/n)2 is the corresponding binding energy.

Let us compare the rate coefficients (their ratios) of the four processes listed above. In
figure A1, the ratios of the processes which populate and depopulate the level nv (for the
visible domain) of H-like ions of the injected impurity with nuclear charge Z are shown for
typical plasma parameters Te = 2 keV and Ne = 3 × 1013 cm−3. It is seen that all ratios are
rather small, which allows us to neglect the corresponding processes in the simplified form
of a CR set of equations. It is seen from figure A1 that the ratios are proportional to the
electron density Ne and, thus, an unfavourable situation is realized at high densities. From
equations (A2), (A3), (A6) and (A7), one can conclude that the rate coefficient values for
these atomic processes increase when Te decreases. Because An1,n0 does not depend on Te, an
unfavourable situation is realized at low temperatures. Therefore, we used a plasma electron
temperature Te = 1 keV and electron density Ne = 10 × 1013 cm−3 values to calculate the
same ratios of rate coefficients shown in figure A1. These results are shown in figure A2. It
is seen from figure A2 that at these plasma parameters the ionization rate from the level nv

by electron collisions becomes comparable with the spontaneous radiative decay probability
for low Z � 10 tracer material. It slightly restricts the applicability of the developed model
at the low-Z, high-density and low electron temperature margin of obtained operational limits
shown in figure 9.

In the calculation of simplified ionization balance, one should use the effective (total) rate
coefficients of ionization of H- and He-like ions, radiative recombination of the nuclei and
H-like ions, and dielectronic recombination of H-like ions.
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Figure A1. Ratios of rate coefficients for different population and depopulation processes of level
nv versus nuclear charge Z of injected impurity for typical plasma parameters in LHD (Te = 2 keV
and Ne = 3 × 1013 cm−3).
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nv versus nuclear charge Z of injected impurity for Te = 1 keV and Ne = 1014 cm−3.

Results of calculations of effective ionization rate coefficients of H-like ions performed
by the CR model [10] confirm that they are rather close to those calculated by equation (A6)
with nv = 1.

For the total rate coefficient of radiative recombination of impurity nuclei with charge Z,
the formula from [16] was used:〈

vσ rr
tot (Z)

〉 = 5.18 × 10−14ZξZ f1(ξZ) (cm3 s−1), (A8)

ξZ = Z

137
× 500

T
1/2

e (eV)
,

f1(ξZ) = ln(ξZ) + 0.45 +
0.463

ξ
2/3
Z

+
0.067

ξ
4/3
Z

+
0.078 − 0.046 · ln(ξZ)

ξ 2
Z

.
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To calculate the total rate coefficient of radiative recombination of H-like ions, we used
equation (A8) with charge Z − 1. An accuracy of about 50% was found for this approach
by comparing the results of accurate calculations of these rate coefficients [15] with the
〈vσ rr

tot (Z − 1)〉 values obtained from equation (A8).
The rate coefficient for dielectronic recombination from H-like ions to He-like ions was

taken from the [17]:〈
vσ dr(Z)

〉 = 2.7 × 10−9 A1(Z)

(Te (eV))3/2
exp

(
− A2(Z)

Te (eV)

)
exp(−A3(Z)) (cm3 s−1), (A9)

A1(Z) = 1230

Z0.14
exp

(
− 44

Z + 2.86

)
, A2(Z) = 7.5Z2, A3(Z) = 0.0222Z.
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