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1. Introduction

In tokamaks with axisymmetric divertors, the partial or total detachment of the plasma

from the targets in the divertor region is a consequence of charge-exchange and neutral

collisional processes which lower the electron temperature and allow the ion-electron

recombination processes to dominate the ionization processes. Under such conditions,

recombination processes populate highly excited energy levels [i.e. with a high prin-

cipal quantum number (PQN) n] of hydrogen/deuterium atoms, so that spectra of

high-members of the hydrogen/deuterium Lyman, Balmer and Paschen series can be

observed. Such spectra have been measured in several tokamaks, e.g. JET [1, 2], Alca-

tor C-Mod [3, 4] and ASDEX Upgrade [5]. These spectra are commonly used for plasma

electron density and temperature diagnostics. The electron temperature can be deduced

spectroscopically from the measurements by several methods for instance those based on

line intensities. However, the latter may require collisional-radiative modelling of level

populations [6]. On the other hand, the electron density can be determined from the

width or/and the shape of spectral lines for which Stark effect is the dominant broaden-

ing mechanism. The latter property has been previously applied to hydrogen emission

on several occasions, e.g. in [7] where estimates of the electron density in the divertor of

JET were obtained from line shape analysis. The idea proposed in the present paper is

to extend this spectroscopic method to the high-members of the diffuse series of neutral

helium. In fact, in its first phase, ITER should operate part of the time in helium,

because of low activation requirements and lower H-mode threshold [8]. Similarly to

high-n lines of hydrogen/deuterium, the He I 1s2p 3P ◦–1snd 3D triplet lines can be

used for both electron density and temperature diagnostics in helium plasmas. They

can also be used to check the consistency of the results extracted from hydrogen lines in

the case of hydrogen/deuterium plasmas containing helium. Recently, neutral helium

lines from high-lying levels have been observed and used for plasma diagnostic purposes

in several fusion devices: for instance in a helium discharge with D2 puffing in the JET

divertor [9, 10, 11, 12] and in the linear divertor simulator NAGDIS-II [13, 14, 15, 16].

In the literature, articles dealing with Stark broadening of high-n lines of neutral helium

have been published by Griem and coworkers [17, 18, 19]. However, despite the large

domain of electron density covered in these references (1014–1020 cm−3), only ref. [19]

concerns lines from upper PQNs n ≥ 5, the others being limited to n ≤ 5. The results

were extended to higher values of n for electron densities less than 1014 cm−3 using as-

ymptotic formulae for line shapes at large separations from the line centers (line wings).

Other papers [20, 21], based on a semi-classical formalism of Stark broadening with both

electrons and ions treated with the impact theory, present electron and ion broadening

parameters of the He I diffuse series with n ≤ 10 for electron densities of astrophysical

interest. In tokamak divertors, the plasma conditions and the He I 1s2p 3P ◦− 1snd 3D

triplet lines of interest may be different from those investigated by the above references.

The aim of this paper is to present an alternative approach, based on a hydrogenic
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approximation for the reduced dipole matrix elements, which is suitable to plasma

diagnostics of tokamak divertor. The paper is organized as follows: In section 2, we

present the underlying theory and the approximations on which is based the Stark line

shape code (PPP [22]) used for the present calculations of line profiles. In section 3, we

explain how the atomic data basis (especially the reduced dipolar matrix elements) is

constructed in order to be used for line profile calculations of neutral helium. Results

and discussions are reported in Sec. 4. Eventually, a conclusion is drawn in section 5.

2. Formalism of Stark broadening

The accuracy of a diagnostic based on Stark broadening of line emission depends on the

simultaneous fulfilment of three conditions: the validity of the Stark broadening model,

the accuracy of the used atomic data and the quality of the spectroscopic measurements

(e.g. spectral or spatial resolution). The calculations presented in this paper do not

account for gradient and density fluctuation effects. So we focus here on spectra of suf-

ficiently high resolution which are obtained from homogeneous and stationary plasmas

and hence discuss the first two conditions.

It is known that a spectral line emitted by an atom or an ion embedded in a plasma

is affected by the electric micro-fields produced by the electrons and ions. The Stark

broadening theory describes the effect of charged particles on line profiles. The so-called

”standard model” [23], which we adopt here, is based on a semi-classical picture, i.e. the

emitter is considered as a quantum system while the perturbers are treated classically

using Newton’s equations of motion. In the dipolar approximation, the profile I(∆ω)

of a line is the one-side Fourier transform of the dipole autocorrelation function Cdd(t):

I(∆ω) =
1

π
<

∫ ∞

0

Cdd(t) ei∆ωtdt, (1)

where ∆ω = ω − ω0 is the detuning from the unperturbed angular frequency ω0 of the

line and < stands for the real part of the integral. In the Liouville space (direct product

of two Hilbert spaces), the autocorrelation function of the dipole can be expressed as

follows:

Cdd(t) = 〈〈d∗|{U(t)}|ρ0d〉〉, (2)

where d and ρ0 are respectively the dipole and the density operator of the emitter, U(t)

represents the emitter evolution operator, and the brackets {. . .} denote an ensemble

average over the states of the perturbers. The emitter evolution operator U obeys the

following stochastic Liouville equation:

∂U

∂t
= −iLU, (3)

where the Liouvillian operator L = L0 + l(t) is the sum of two terms L0 and l(t) denot-

ing respectively the Liouvillian of the unperturbed emitter (including the fine structure

term) and that of the time-dependent interaction of the emitter with the perturbers,
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i.e., the plasma electrons and ions. The latter may be written as follows: l(t) = −d.F(t)

where F(t) is the electric field due to the plasma charged perturbers. Since electrons and

ions in a plasma have typical velocities differing by more than an order of magnitude,

their interactions with the emitter are characterized by different time scales. Naturally,

this suggests a description based on the separation of the time scales of their interactions

with the emitter. If ts = 1/∆ωS stands for the time of interest of the Stark broadening

mechanism (∆ωS being the Stark width), the main contribution to the integral in Eq.

(1) comes from interactions of duration smaller than ts. The correlation time of the

interaction of the emitter with ions τi is greater than the time of interest ts (τi >> ts).

Conversely the correlation time of the interaction of the emitter with electrons τe is lower

than ts (τe << ts). This justifies the adoption of the common model which consists in

assuming the ions static during ts (“quasi-static approximation”) and the electrons as

fast particles affecting the atom’s radiation like a series of binary collisions (“impact

approximation”). The line shape code PPP [22] we use for the present calculations

relies on these two approximations.

The validity criterion of the impact approximation for electrons can be expressed

in terms of the Weisskopf radius ρwe and the mean distance between electrons re as

follows: ρwe/re << 1. The Weisskopf radius, also known as the strong collision radius,

for a helium neutral at level n ≥ 7 is taken equal to that of a hydrogen atom in level

n, i.e. ρwe = ~n2/meve where me and ve are respectively the mass and thermal veloc-

ity of a free plasma electron. This is justified by the hydrogen-like behavior of helium

atoms at high n levels: the orbit of the excited electron of a neutral helium atom in

the n = 7-level is not greatly different from the one of the hydrogen orbits and the

level energies are close to those of a hydrogen-like atom [24]. The mean interparticle

distance is related to the plasma electron density by re = (3/4πNe)
1/3. Considering that

ρwe/re < 0.1 is sufficient for the impact approximation to be valid, we have plotted in

Fig.1, ρwe/re = 0.1 for different values of n as a function of the plasma electron density

and temperature. For each value of n, the impact approximation is valid in the region

located above the corresponding iso-ratio curve (ρwe/re = 0.1), which is a straight line

here because of the logarithmic scale. The domains of electron density 1012− 1015 cm−3

and temperature 0.03−1000 eV shown in the figure largely cover the divertor conditions

of magnetic fusion devices. According to Fig. 1, for an electron temperature Te > 10 eV,

the electron impact approximation is valid for several values of n (including n = 8− 12)

over almost the whole Ne. On the other hand, when Te . 1 eV , this approximation

is valid for n = 8 at Ne . 1014 cm−3, for n = 9 at Ne . 6 × 1013 cm−3, for n = 10

at Ne . 4 × 1013 cm−3 and for n > 12 at Ne < 1013 cm−3. It should be noted that

setting for instance ρwe/re < 0.2 instead of ρwe/re < 0.1 as the criterion for the validity

of the impact approximation extends the previous upper limits of the electron density

to higher values for each electron temperature. In this case for Te . 1 eV and electron

densities up to Ne = 1014 cm−3 the impact approximation remains valid for n ≤ 12.

It should be noted that for given electron density and temperature, the validity of the



Stark broadening of high-n triplet lines of He I 5

impact approximation may be questionable for higher values of n.

In contrast to the impact approximation, the quasi-static approximation is valid

in the opposite case, i.e. ρwe/re >> 1. Similarly to electrons we have plotted

in Fig.1 the ion curves ρwi/ri = 0.1 and ρwi/ri = 1 (thick lines), where ri and

ρwi are respectively the ion mean distance and the ion Weisskopf radius given by

ri = (3/4πNi)
1/3 and ρwi = ~n2/mevi. Here Ni is the ion density and vi is the ion

velocity. With respect to the impact approximation, it can be seen from Fig.1 that

even for the most advantageous case corresponding to n = 8 and an ion density of

1012 cm−3, this (impact) approximation is valid for ions with temperatures higher than

about 200 eV (Ti ≥ 200 eV ). On the other hand, below the thick line representing the

ion curve ρwi/ri = 1, which is close the electron curve ρwe/re = 0.1, the ion Weisskopf

radius ρwi is greater than the ion mean distance ri and the quasi-static approximation

can be used. In divertor regions of tokamaks and other fusion devices like stellarators,

plasma densities and temperatures are in the ranges (Ne,i = 5 × 1012 − 1015 cm−3 and

Te,i = 1 − 100 eV ). For ions, these conditions correspond to regions below the curves

ρwi/ri = 1 for all n ≥ 8 (see Fig.1 for n = 8). Therefore we can use the quasi-static

approximation to treat the interactions of the emitter with the plasma ions for all the

He I 1s2p 3P ◦ − 1snd 3D lines with n ≥ 8. Note that when neither the quasi-static

approximation nor the impact approximation is valid for ions, one can use more accurate

approaches accounting for ion dynamics, e.g., the “frequency fluctuation model” which

is already implemented in the PPP line shape code [22].

3. Atomic data

The Stark line shape code PPP [22] uses as an input data concerning both the emitter

and the perturbers (plasma electrons and ions). Data concerning the emitter include

energies, level populations and dipolar transition matrix elements. In this paper we

are interested in He I emission lines resulting from transitions between triplet sublevels

1snd 3D and 1s2p 3P ◦ with n ≥ 7. Calculations of Stark profiles of He I triplet lines

with a complete set of sublevels, (for each n, all sublevels of orbital quantum number

l ≤ n − 1 are used) on the one side and a simplified set of sublevels (for each n, only

sublevels with l ≤ 4 are retained) on the other side, show no noticeable difference.

We have therefore retained only the 1snl 3L energy sublevels with 7 ≤ n ≤ 20 and

0 ≤ l ≤ 4, i.e., sublevels 1sns 3S, 1snp 3P ◦, 1snd 3D, 1snf 3F ◦, and 1sng 3G with

1s2p 3P ◦–1sns 3S and 1s2p 3P ◦–1snd 3D as the allowed transitions (see Fig. 2). Note

that as the fine structure effect is negligible for high n, all sublevels 1snl 3LJ corre-

sponding to the possible values of the total momentum J have the same energy as the

parent sublevel 1snl 3L. It was mentioned previously that the use of Stark broadening

for electron density diagnostic purposes requires atomic data as accurate as possible.

Although energies of sufficient accuracy of neutral helium sublevels can be taken from

the NIST database [25] for instance, many reduced matrix elements of dipole transitions
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from high-n levels are unavailable. Therefore we have constructed a helium atomic data

set where energies have been taken from NIST [25] while dipole matrix elements were

computed using a hydrogenic approximation.

Fig. 2 shows the retained energy sublevels for each PQN n and the allowed (solid

arrows) and forbidden transitions (broken arrows). Sublevels corresponding to n = 8

and their energy separations in eV are illustrated on the left side of the figure. Based

on hydrogenic radial wavefunctions, we have used formula (60.11), (63.2) and (63.3)

from A. Bethe and E. Salpeter’s textbbok [26] to calculate the reduced matrix elements

〈2p 3P ◦‖d‖nd 3D〉 of the He I dipole transitions 1s2p 3P ◦ − 1snd 3D. The use of the

hydrogenic wavefunctions for neutral helium lines are easily justified in the case of single

optical electron transitions from high-n levels. Absolute values of the matrix elements

〈2p 3P ◦‖d‖nd 3D〉 for 1s2p 3P ◦−1snd 3D transitions with n = 4−20, calculated with the

hydrogenic approximation are shown by open circles ( ◦ ) in Fig. 3. They are compared

to values deduced from transition probabilities given in references [14, 25]. Note that in

Fig. 3 of our previous paper [10], we have compared transition probabilities calculated

using the hydrogenic approximation to those of refs. [14, 25]. The main discrepancies

between A-values in Fig.3 of [10] are due to an error in the conversion of the hydrogenic

dipole reduced matrix elements to transition probabilities (A-values) where a factor

2S + 1 = 3 (S being the spin of the atom) was missing. This does not affect the data

analysis results. As transition probabilities of the dipole transitions 1s2p 3P ◦−1snd 3D

are not all available in the NIST data base [25] especially for high n, a power law was

used in [14] to calculate the missing ones An3D→23P ◦ :

An3D→23P ◦ [108s−1] = 22.748× n−3.2396. (4)

For a transition between an upper level k and a lower level i, the transition probability

Ak→i is related to the line strength S ′(k, i) ≡ S ′k→i by the following:

Ak→i =
2.0261× 1018

gkλ3
S ′k→i, (5)

where λ is the wavelength of the transition expressed in Å and gk is the statistical weight

of the upper level k. In this relation atomic units are used for the line strength S ′k→i.

The line strength S ′ ≡ S ′(nd 3DJk
, 2p 3P ◦

Ji
) = |〈2p 3P ◦

Ji
‖d‖nd 3DJk

〉|2 of a transition

2p 3P ◦
Ji
−nd 3DJk

is related to the dipole reduced matrix element 〈2p 3P ◦‖d‖nd 3D〉 by

the following relation [27]:

〈2p 3P ◦‖d‖nd 3D〉 = −a0

√
S ′

2S + 1
= −a0

√
S ′

3
, (6)

where S = 1 is the spin and a0 is the Bohr radius. Here Ji and Jk are the total

momentum values of the lower and upper levels respectively. The prime used for

the line strength S ′ designation aim to prevent confusion with the spin S. One

can see clearly that the matrix elements obtained from references [14, 25], which

are shown in Fig. 3 by open triangles (M), are in a very good agreement with
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those calculated using the hydrogenic approximation. Following this, we use the

same hydrogenic approximation to calculate the reduced matrix elements of all the

allowed dipolar transitions including 〈1sns 3S‖d‖1snp 3P ◦〉, 〈1snp 3P ◦‖d‖1snd 3D〉,
〈1snd 3D‖d‖1snf 3F ◦〉 and 〈1snf 3F ◦‖d‖1sng 3G〉 with 7 ≥ n ≥ 20.

4. Results and discussion

As attention is focused here on Stark broadening, the profiles to be discussed have been

calculated without Zeeman and Doppler effects. Doppler line width of any of the consid-

ered He 1s2p 3P ◦− 1snd 3D lines is less than 0.45 Å for a neutral temperature of 10 eV

and even less than 0.15 Å for a temperature of ∼ 1 eV . As we will see later below, for

divertor plasma conditions, Doppler line widths are usually below the Stark line widths

for the most interesting lines considered here. However, at the lowest electron densities,

depending on the neutral temperature for instance, other broadening mechanisms may

be of the same order or even dominate the Stark effect and have to be accounted for.

Even though the PPP line shape code can easily deal with several broadening mecha-

nisms (using for instance a convolution procedure), such situations are not considered

in this paper. Details concerning the PPP code used for the calculations can be found

in [22] and the references therein. For a cold plasma with a temperature Te ∼ 1 eV ,

the validity of the impact approximation for electrons is fulfilled for transitions from

n = 8− 12 for electron densities up to Ne ∼ 1014 cm−3 and even at higher densities for

n = 8 and n = 9 (Ne . 5× 1014 cm−3 for n = 9).

As the 1s2p 3P ◦− 1s11d 3D and 1s2p 3P ◦− 1s12d 3D lines may be blended due to

Stark effect, lines 1s2p 3P ◦−1snd 3D with n = 8−10 appear to be the most convenient

for density diagnostics of recombining plasmas like in tokamak divertors. The results of

calculations concerning these lines are illustrated in Figs. 4, 5 and 6. The profiles have

been calculated considering a deuterium plasma with an electron temperature of 1 eV .

The calculations would not be different for a helium plasma in which He+ ions are the

majority. In Fig. 4, we show the 1s2p 3P ◦−1s8d 3D line profiles calculated for electron

densities of 1014 cm−3 (dashed line) and 3.5× 1014 cm−3 (dotted line). The line FWHM

increases from ∼ 0.8 Å at Ne = 1014 cm−3 to ∼ 1.8 Å at Ne = 3.5×1014 cm−3. Similarly,

calculated profiles of the 1s2p 3P ◦−1s9d 3D line are shown in Fig. 5 for the same plasma

conditions, i.e. Ne = 1014 cm−3 (dashed line) and Ne = 3.5 × 1014 cm−3 (dotted line).

The FWHM of the lines increases from ∼ 1 Å to ∼ 2.9 Å when the density is enhanced

from Ne = 1014 cm−3 to Ne = 3.5 × 1014 cm−3. Note that the shoulders appearing in

the red side of the two lines shown in Figs. 4 and 5 represent the forbidden components

1s2p 3P ◦−1s8p 3P ◦ and 1s2p 3P ◦−1s9p 3P ◦ due to the ion contribution of Stark effect.

The use of high-n lines of neutral helium for plasma diagnostics may require data

assessment. A possible way for that would be to compare Stark profiles calculated using

the available atomic data with spectra composed of high-n lines emitted simultaneously
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by deuterium/hydrogen and helium from the same plasma region, because atomic data

for a hydrogenic emitter are known with a very good accuracy. Such deuterium/helium

spectra can for example be obtained in divertor simulators, or in other plasma devices

and tokamaks. Another way would consist in the use of independent electron density

diagnostic methods. The electron density that can be deduced using these Stark

broadened He I lines is a spatial (along the line of sight) and temporal average. It

should be noted that if a drift wave turbulence exists along the line of sight, then

the deduced electron density may contain a contribution from fluctuations and this

generally leads to an overestimation of the electron density. Our group has recently

started investigating the effects of fluctuations especially low-frequency turbulence on

line shapes (see for instance [28]). Note that similarly to hydrogen lines in low-density

in magnetized plasmas [29], it may be necessary to simultaneously account for Stark

and Zeeman effects and to use the impact approximation for both ions and electrons.

5. Conclusion

Stark broadening of He I 1s2p 3P ◦ − 1snd 3D lines has been studied for conditions

relevant to recombining plasmas of tokamak divertors. The study was focused on isolated

members of the He I diffuse series corresponding to n = 8 − 10 for which both the ion

quasi-static and electron impact approximations hold over almost the considered electron

density and temperature domains. An atomic data set was built using energies taken

from the NIST database and hydrogenic radial wavefunctions for the calculation of the

dipolar matrix elements of the He I 1s2p 3P ◦ − 1snd 3D transitions. The values of

the subset of reduced matrix elements which are available in the literature are in good

agreement with our calculations, showing that our method is reliable. For each of these

lines 1s2p 3P ◦− 1s8d 3D, 1s2p 3P ◦− 1s9d 3D, and 1s2p 3P ◦− 1s10d 3D, Stark profiles

were calculated using the PPP code for different plasma conditions. It is suggested

to use these lines for plasma diagnostics of tokamak divertors as they are isolated and

sensitive to Stark broadening, especially for ITER where helium discharge scenarios are

foreseen [8].
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Figure 1.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure captions

Fig.1: Validity of the binary impact approximation for He I 1s2p 3P ◦-1snd 3D lines

(n = 8 − 12 and n = 20) plotted for electron, ion densities and temperatures in the

ranges 1012 ≤ Ne,i ≤ 1015 cm−3 and Te,i ∈ [0.03, 1000 eV ]. For electrons, the impact

approximation is considered valid above the curves (thin lines) representing ρwe/re = 0.1

for each upper PQN n. For ions, only the curves (thick lines) representing the ratios

ρwi/ri = 0.1 and ρwi/ri = 1 corresponding to n = 8 are plotted. The quasi-static and

impact approximations can be used for ions respectively in the regions below the curve

ρwi/ri = 1 and above the curve ρwi/ri = 0.1.

Fig. 2: A schematic representation of the He I transitions from the upper sublevels

1sns 3S, 1snp 3P ◦, 1snd 3D, 1snf 3F ◦ and 1sng 3G to the lower one 1s2p 3P ◦. Solid

and broken arrows represent respectively allowed and forbidden transitions. On the

left part of the figure, energy separations between sublevels characterized by n = 8 are

shown.

Fig. 3: Comparison of the dipole reduced matrix elements (in units of the Bohr

radius a0) of the He I 1s2p 3P ◦ − 1snd 3D transitions for n = 4 − 20. Data termed

”H-approx [26]” that are shown by (◦ ) have been calculated using hydrogenic radial

wavefunctions Rnl (see text for more details). Values termed ”Refs. [14, 25]” and in-

dicated by ( M ) correspond to conversion of transition probabilities from references

[14, 25]. Note the good agreement between the last data (◦ and M).

Fig. 4: Stark profiles of the He I 1s2p 3P ◦ − 1s8d 3D calculated for a deuterium

plasma with an electron temperature of 1 eV and different electron densities. Dot-

ted ( · · · · · ·) and solid ( ——) lines correspond respectively to Ne = 1014 cm−3 and

Ne = 3.5 × 1014 cm−3. The shoulder in the red wing of the line represents a forbidden

component.

Fig.5: Same as Fig.4 but for the 1s2p 3P ◦ − 1s9d 3D line of neutral helium.

Fig.6: Stark profiles of the He I 1s2p 3P ◦ − 1s10d 3D calculated for a deuterium

plasma with an electron temperature of 1 eV and different electron densities. Dashed

( · · · · · ·) and solid ( ——) lines correspond respectively to Ne = 1014 cm−3 and

Ne = 2.0× 1014 cm−3.


