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Abstract

The relations between three atomic lines, He I 667.8 nm (3 1D→21P), 706.5 nm (33S→2 3P), and 728.1 nm (3 1S→21P), and the underlying
fluctuations in a helium plasma are investigated for the quantitative interpretation of optical observations in plasma fluctuation measurements.
Frequency dependent fluctuation amplitude ratios and phase delays between the line emission fluctuation and the electron density and temperature
fluctuations are calculated based on a quasi-static collisional-radiative model and a linear approximation technique. For frequencies up to the
upper limit of practical interest (< 1 MHz), the fluctuation amplitude ratios and phase delays are similar to those directly evaluated by the quasi-
static model. It is found that the difference between the results from the linear approximation technique and from the quasi-static model is due
to the absence of metastable fluctuations. Contributions of the 2 1S and 23S metastable fluctuations to the three helium line emission fluctuations
are analyzed. The linearity between fluctuations in the line emission and in the electron density and temperature is valid for fluctuation levels
higher than 10%.

1. Introduction

Turbulent plasma fluctuations remain a fundamental and
critical issue in magnetically controlled fusion devices [2,3].
Turbulence, which appears in the form of plasma fluctuations,
is thought to be the cause of the anomalous transport in the
plasma. The turbulent fluctuations affect fluxes of the parti-
cles and energy within the plasma, and thus will deteriorate the
confinement. In order to improve the confinement, a better un-
derstanding of the physical mechanisms behind the turbulent
transport phenomena is important, which requires the plasma
fluctuations both in the edge and core of the device to be char-
acterized.

Various diagnostic techniques, such as Langmuir probe, re-
flectometry, scattering, beam emission spectroscopy, and elec-
tron cyclotron emission, have been successfully utilized in dif-
ferent magnetically confined plasmas for the measurement of
plasma fluctuations (see Refs. [2–5] for reviews). Among these
techniques the optical method is essentially useful, which has
the main advantage of a better time and spatial resolution.
This method has been widely used for characterizing two-
dimensional turbulent fluctuations in the edge region of many
fusion plasmas by means of beam emission spectroscopy [6–9],
gas puff imaging [10–14], and other optical approaches [15,16].
The measurements revealed that the edge plasma turbulence of-
ten appeared in random structures with long correlation length
along the magnetic field and small correlation length across the
magnetic field, and sometimes showed intermittent structures
moving both poloidally and radially. Also, the plasma fluctu-
ations were always found to have broadband spectrum distri-
butions in the typical frequency range 10 kHz–1 MHz, with
relative fluctuation levels increasing monotonically towards the
wall. These findings have expanded our knowledge about fluc-
tuations and their effects on transport in the edge plasma. Nev-
ertheless, a quantitative characterization of the plasma fluctua-
tion needs the observed light signals to be converted to plasma
parameter fluctuations.

This paper aims to explore the connections between the
light emission and the plasma parameter fluctuations in a he-
lium plasma. The amount of local plasma line emission, which
is determined by basic atomic physical processes within the
plasma, is proportional to the population of the upper transi-
tion level of the spectral line. Populations in the plasma ex-
cited levels can be calculated by using a collisional-radiative
(CR) model. In this physical model, the excited level popula-
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tion depends on several plasma parameters, such as the neutral
density, the electron density (ne) and electron temperature (Te).
Therefore, any variations in the plasma parameters can be re-
flected and also possibly be recovered from the changes in the
line emission. In recent years, accurate cross section data for
neutral helium have been assessed thoroughly [17]. The model
for helium has been widely used for the measurement of ne
and Te by the line intensity ratio method [18–26], which gives
consistent results compared with those from other diagnostics
[20–23]. Based on a CR model for neutral helium together with
a linear approximation technique, we investigated the relation-
ship between fluctuations in three helium lines, He I 667.8 nm
(3 1D→ 2 1P), 706.5 nm (3 3S→ 2 3P) and 728.1 nm (3 1S→
2 1P), and in the underlying plasma ne and Te. This relationship
is frequency dependent, and thus allows the frequency related
fluctuation parameters to be extracted from optical observa-
tions, which also provides guidelines for selecting the proper
spectral lines to measure the plasma fluctuations. Although the
results are only presented for neutral helium plasmas, the gen-
eral conclusions should be similar for plasmas with other gases.
The method presented for helium can be readily used for other
gases when an appropriate CR model is available.

The rest of this paper is organized as follows. In Sec. 2 we
describe the neutral helium CR model for the calculation of
excited level populations. Section 3 proposes a linear approxi-
mation technique for the extraction of line emission fluctuation
information. Section 4 shows the frequency dependent ampli-
tude and phase relationship between the three helium lines and
the ne and Te fluctuations, as well as influences of two helium
metastable states. The applicability of the results for interpre-
tation of optical fluctuation observations is demonstrated by
numerical simulations in Sec. 5. Limitations and uncertainties
of the model are discussed in Sec. 6. Conclusions are drawn in
Sec. 7.

2. Helium collisional-radiative model

2.1. Population density calculations
The population densities of excited energy levels in a

plasma are determined by multiple basic physical processes.
For helium plasmas at low density (ne < 1017 m−3), the popu-
lation in the excited level can be described by a simple corona
model [25–28] which only considers the electron impact ex-
citation from the ground state and the spontaneous radiative
decay. At higher densities, however, other processes such as
excitation from metastable states, collisional excitation and
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de-excitation, and cascading become important and can no
longer be neglected. In this case, a CR model which takes into
account many of these processes must be used to accurately
describe the excited level populations. In this paper we utilize
the widely used CR model for neutral helium developed by
Fujimoto [29] and Goto [30].

According to the CR model, the time derivative of the pop-
ulation density of a level p can be described by [29,30]:

dn(p)
dt

=−
[

∑
q6=p

C(p,q)ne + ∑
q<p

A(p,q)+S(p)ne

]
n(p)

+
[

∑
q6=p

C(q, p)ne + ∑
q>p

A(q, p)
]
n(q)

+
[
α(p)ne +β (p)+βd(p)

]
neni, (1)

where q denotes another energy level, q < p means that level
q lies energetically lower than level p, ne and ni are densities
of the electron and ion, C(p,q) is the electron impact excita-
tion or de-excitation rate coefficient, A(p,q) is the spontaneous
transition probability, S(p) is the ionization rate coefficient,
and α(p), β (p), and βd(p) are the three-body, spontaneous,
and dielectric recombination coefficients, respectively. On the
right-hand side of the equation, the first set of terms in square
brackets represents the population flux out from level p, and
the second and third sets of terms in square brackets represent
the population flux into level p. A helium plasma system in-
cludes many energy levels and the population density of each
level follows Eq. (1). Thus, for a system of N + 1 levels the
coupled ordinary differential equations can be rewritten in the
matrix form:

dn(p)
dt

=
N

∑
q=0

b(p,q)n(q), dn/dt = Bn, (2)

where 0 6 p 6 N, we use q = 0 to represent the ion energy
level and thus n(0) = ni, and b(p,q) are the elements of the CR
matrix B, which are functions of ne and Te.

To simplify the model, the energy levels are generally di-
vided into two sets [31–35]. One set is time dependent, and the
other set can be considered in quasi-static states, i.e., dn/dt ≈
0. The traditional criterion for dividing the levels into two sets
requires that the relaxation times for the excited levels in quasi-
static states are much shorter than the relaxation times for the
levels in the other set. However, Greenland’s analysis [34] in-
dicates that this requirement is not sufficient. The strict cri-
terion should be based on the knowledge of eigenvectors and
eigenvalues of the CR matrix B. Therefore, if the population
densities of all the excited levels s > M satisfy the quasi-static
approximation, the coupled equations of these levels are easily
solved and the population of level s, which only depends on the
densities of the first M levels and the ion, can be represented by

n(s) =
M

∑
q=0

r(s,q)n(q), (3)

where r(s,q) are the population coefficients for level s. Substi-
tuting Eqs. (3) into (2), one gets the reduced rate equations for
levels p 6 M:

dn(p)
dt

=
M

∑
q=0

[
b(p,q)+

N

∑
s=M+1

b(p,s)r(s,q)
]
n(q). (4)

Generally, two CR models have been suggested for neutral
helium plasmas [29,30]. In one model, the set of the time-
dependent levels consists of only the ground state (1 1S) and

the ion [M = 1 in Eq. (4)]. In the other model, the set of the
time-dependent levels also includes the two metastable states
(2 1S and 2 3S) of neutral helium [M = 3 in Eq. (4)]. Based
on Greenland’s criteria, Stotler et al. [35] have investigated the
validity of the two models under different plasma conditions.
It is found that the M = 3 model is not always valid though it
has a much higher time resolution. Also, under most conditions
the initial densities of the two metastables are required for the
M = 3 model. For simplicity, in this paper we only consider the
M = 1 model. In this case, according to Eq. (3) the population
densities of the excited levels can be written as

n(s) = r0(s)ni + r1(s)n1. (5)

Here, n1 is the ground state density, and on the right-hand side
the first and second terms represent, respectively, the recom-
bining and ionizing plasma components. The rate equations for
the ground state and the ion are also simplified:

dn1

dt
=−dni

dt
= αcrneni−Scrnen1, (6)

with αcr and Scr representing the CR recombination and ion-
ization rate coefficients, respectively. If all excited energy lev-
els are in quasi-steady state, the population of the excited level
can be readily calculated from Eq. (5), provided the densities
of the ground state and the ion are known. This is called the
quasi-static CR model. If only some of the excited levels can
be assumed to be in quasi-steady equilibrium, the time depen-
dent equations for the others are typically rewritten in a form
analogous to Eq. (6) [see Eq. (4)] in which the effects of the
quasi-static levels are incorporated into effective rates. Equa-
tion (1) is then reserved those cases in which the quasi-steady
assumption is not invoked at all.

For plasmas under different conditions, some physical pro-
cesses are dominant while others can be neglected. To accu-
rately describe the plasma in a special condition, it is necessary
to determine which processes are important. For example, in
the edge region of a fusion plasma with high neutral densities
the radiation trapping may play an important role [20,21], and
except in the high density (ne > 1020 m−3) and low temperature
(Te < 5 eV) conditions the recombining plasma component is
small and negligible [18]. The radiation trapping, metastable-
metastable collisions and diffusion of metastable atoms are not
considered in the code [30].

2.2. Quasi-static approximation of excited level populations
In the calculation of the excited level population densities,

since we use the M = 1 CR model the two metastable states
and all the excited levels are assumed satisfying the quasi-static
approximation. The quasi-static assumption can be checked by
using the time dependent CR model (e.g., see Refs. [23,34–36])
in which other important processes affecting the densities can
also be included in the CR equations. However, this is highly
dependent on the real plasma conditions and requires the de-
tails about the plasma. Considering these difficulties, we only
consider the simplest case in which other terms, such as trans-
port, sources, and sinks, that affect the ground state density can
be neglected. In this case, the quasi-static approximation re-
quires that for ionizing plasmas, the relaxation time of the ex-
cited level must be short enough compared with the ionization
time of the neutral atoms, so the population in the excited level
reaches equilibrium before the variation of neutral density [19].
By definition, the metastable states have a relatively long re-
laxation time compared with other excited states [33]. For neu-

2



         

0.0091

0.0092

ne = 1016 m-3

ne = 5×1015 m-3

ne = 8×1015 m-3

Te = 20 eV

         

0.0054

0.0061

0.0068

n(
23 S

) 
/ n

(1
)

ne = 1018 m-3

ne = 5×1017 m-3

ne = 8×1017 m-3

10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

Time (s)

0.00046

0.00052

0.00058

ne = 1020 m-3

ne = 5×1019 m-3

ne = 8×1019 m-3

Fig. 1. Temporal evolution of the population ratio of the 2 3S metastable state
to the ground state. The ne at 10−10 s suddenly increases with 20% and 50%
of the end state values, and the Te remains 20 eV.

tral helium plasmas, the relaxation time of the 2 3S metastable
is longer than that of the 2 1S metastable state [24,37]. This
implies that the two metastables, especially the 2 3S state, are
possibly not in equilibrium with the ground state under some
plasma conditions.

To check the 2 3S relaxation time under plasma fluctuations,
the temporal evolutions of the excited level populations are
calculated with the time dependent CR model. Initially, the
ion, the electron, and the ground state densities are specified.
The excited state densities are then determined by applying
the quasi-static approximation (Eq. (5), same as Eq. (3) with
M = 1). The subsequent evolution of the system is obtained by
integrating the time dependent CR equations, Eq. (1). Figure 1
shows the temporal evolution of the 2 3S population normalized
to the ground state density, calculated with Te = 20 eV and
several initial ne values. At 10−10 s the ne suddenly increases,
leading to the system gradually evolving from the initial steady
state to another state. The time at which the population reaches
99% of the end state value is considered as the relaxation time
of the corresponding energy level. The curves show that as the
end state ne increases from 1016 to 1018 and 1020 m−3, the
2 3S relaxation time decreases from 4× 10−3 to 3× 10−5 and
7×10−8 s, respectively. The relaxation time is only dependent
on the end state ne values. The brief flattering of the curve for
ne = 5×1017 m−3 is associated with the relaxation time of the
2 1S state, indicating a shorter relaxation time compared with
that of the 2 3S state. This effect is also apparent to a lesser
degree in the other density curves.

Figures 2(a) and (b) show the relaxation time of the 2 3S
metastable (obtained similar as that in Fig. 1) and the ionization
time of the ground state (calculated with 1/Scrne), respectively,
as a function of ne for several Te values, and Fig. 2(c) shows the
ratio between the 2 3S relaxation time and the ground state ion-
ization time for a comparison. The 2 3S relaxation time, which
is mainly determined by ne and only weakly dependent on Te,
is much smaller than the ground state ionization time at high
densities (ne > 1018 m−3) and low temperatures (Te < 100 eV),
as clearly shown in Fig. 2(c). This indicates that the quasi-static
approximation is valid for the 2 3S state under these conditions.
For some of the other plasma conditions, however, the relax-
ation time is comparable with the ionization time. Practically,
the ground state density is not determined by the collisional ion-
ization process alone. Other physical processes such as charge
exchange, atom-atom collisions, transport of neutral particles,

which are ignored in this paper, may also play important roles
and partly balance the ionization effect [27]. Therefore, in real
plasmas the characteristic variation time of the ground state
density depends on the plasma conditions. This suggests that
the quasi-static approximation will possibly still be valid for
the 2 3S state under such plasma conditions.

3. Fluctuation amplitude ratio and phase delay extraction
method

The neutral helium line emission and the plasma parameter
fluctuations are connected by the basic atomic processes within
the plasma. Based on the quasi-static CR model, the variation of
the line emissions due to ne and Te fluctuations can be directly
evaluated. This straightforward method, which is only suitable
for low frequency fluctuations, cannot provide any information
for plasmas with relatively high fluctuation frequencies. With
fluctuations of ne or Te in a harmonic form as the inputs to the
time dependent CR model, the relationship between the line
emission and the plasma fluctuations as a function of frequency
can be obtained. In practise, however, this would be very time
consuming for a large number of calculations. Therefore, an
alternative method which is more efficient would be desirable.

In this section, we propose a linear approximation method to
derive the line emission fluctuation amplitudes and phase delays
relative to ne and Te fluctuations, which overcomes the above
mentioned difficulties. The basic idea of the proposed method is
that according to the CR model a low level harmonic fluctuation
in ne or Te will introduce another harmonic fluctuation in the
population of the excited state at the same frequency. Since
any fluctuation signals can be approximated by the Fourier
series expansion, the variation of the excited state population
due to plasma fluctuations can be decomposed in the frequency
domain. Therefore, the relationship between fluctuations in the
excited state population and in ne and Te can be obtained at
each fluctuation frequency.

We take the harmonic fluctuations of ne and Te at frequency
ω as

ñe(t) = δne exp[ j(ωt +ϕ0)], T̃e(t) = δTe exp[ j(ωt +ϕ0)],
(7)

where δne and δTe are, respectively, the fluctuation amplitudes
of ne and Te at frequency ω , and ϕ0 is the initial phase. The
CR matrix B in Eq. (2) is a function of ne and Te, which can
be written to a series expansion in the form of

B(ne,Te) =
∞

∑
k=0

Ck(Te)nk
e =

∞

∑
k=0

Dk(ne)T k
e . (8)

The temporal variation of the CR matrix due to ne or Te fluc-
tuations thus can be expressed with the linear approximation:

B̃(ne,Te, t) ≈ ñe(t)
ne

∞

∑
k=1

kCk(Te)nk
e =

T̃e(t)
Te

∞

∑
k=1

kDk(ne)T k
e

= ∆B exp[ j(ωt +ϕ0)]. (9)

The truncation value of k in the upper limit of the sum is
determined by the accuracy we need. For small perturbations
of ne or Te, the first few order terms can be satisfied.

For relatively low level harmonic fluctuations in ne or Te,
the temporal variation of the excited state population can be
approximated by the same harmonic form function but with
a different fluctuation amplitude, δn, and a phase delay, ϕ ,
namely,

ñ(t) = δnexp[ j(ωt +ϕ0 +ϕ)]. (10)
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Fig. 2. (a) Relaxation time of the 23S metastable state, (b) ionization time constant for the ground state calculated with 1/Scrne, and (c) the ratio between the
23S relaxation time and the ground state ionization time, as a function of ne for several Te values. Scr is the CR ionization coefficient as presented in Eq. (6).

By substituting Eqs. (9) and (10) into (2), with ωt +ϕ0 = 0
and neglecting the higher order terms (with a first order ap-
proximation), one obtains

jωδne jϕ = Bn+Bδne jϕ +∆Bn. (11)

Considering the real and imaginary parts of Eq. (11), we get a
linear equation system:

 B ω

−ω B





δncosϕ

δnsinϕ


 =


−Bn−∆Bn

0


 . (12)

For energy levels under quasi-static equilibrium, the term Bn on
the right-hand side should be close to zero and can be neglected.
Based on the above equation system, one readily obtains the
values of δncosϕ and δnsinϕ by a linear inversion. Then it is
straightforward to deduce the population fluctuation amplitude
δn and phase delay ϕ for each excited level.

It should be noted that ∆B is a linear function of the fluctua-
tion amplitudes of ne or Te as shown in Eq. (9), so under quasi-
static condition the fluctuation amplitude δn of the excited state
population is proportional to the plasma fluctuation levels δne
and δTe, with the phase delay value ϕ being unchanged. This
is the linear relationship between the line emission fluctuations
and the ne and Te fluctuations. It is also valuable to note that
if we drop the equilibrium condition Bn = 0, the algorithm is
applicable to energy levels which are not in quasi-steady states.

In the linear approximation algorithm, the fluctuation am-
plitude and phase of the ion density is assumed to be the same
as those of ne. Both population densities of the 2 1S and 2 3S
metastable states are considered in quasi-static equilibrium,
which thus can be directly computed from Eq. (5). The ground
state is not included in the calculation since the effect of the
ground state density fluctuation is found to be not important in
some experiments. This will further be discussed in Sec. 6.

4. Relations between light emission and ne, Te fluctuations
4.1. The ne and Te dependencies of spectral line emission

The CR model for neutral helium presented in Sec. 2 has
been used to calculate the population densities of the excited
levels under quasi-static equilibrium, and then to investigate
the relationship between spectral line emissions and plasma
parameters. Neglecting the recombining plasma component in
Eq. (5), the light emission radiated from a level p to a lower
level q can be expressed as

Ip,q = hc/(4πλ )A(p,q)n(p) ∝ n1r1(ne,Te), (13)

where h is Plank’s constant, c is the speed of light, and λ
is the wavelength of the emitted spectral line. Since Ip,q is a
function of n1, ne and Te, the variation in the light emission
could be due to any fluctuations in the local values of n1, ne or
Te. The ne and Te dependencies of the light emission have been
discussed for a qualitative explanation of plasma fluctuations
from optical observations [10–12,15,38], but no extensive study
has been presented so far. In this paper, we illustrate the results
with the He I 667.8, 706.5, and 728.1 nm lines as a typical
example since among all the neutral helium lines, these three
spectral lines are visible and have strong intensities, which can
be detected in helium or helium seeded plasmas with a wide
range of parameters.

Figure 3 shows the light emission of the three helium lines
as a function of ne and Te calculated by the quasi-static CR
model with ground state density n1 = 1018 m−3 and ion den-
sity ni = ne. The curves represent the population ratios of the
upper transition level of the spectral line to the ground state,
which are proportional to the corresponding line emission in-
tensity as described by Eq. (13). The ne and Te dependencies
of the line emission can be easily seen from these curves. In
Fig. 3(a), for ne < 1017 m−3 the line emission is almost lin-
early proportional to ne, since for such relatively low densities
the population exclusively excited from the ground state is bal-
anced by the spontaneous radiation decay (the corona model
[25–28]), i.e., C(1, p)nen1 = ∑q<p A(p,q)n(p), where C(1, p)
is the electron impact excitation rate coefficient from ground
state to level p. For ne > 1017 m−3 the slope of the emission
curves decreases due to the increased importance of the sec-
ondary physical processes such as excitation and de-excitation
from neighboring levels and metastable contributions. In this
case, the excited level populations can no longer be approxi-
mated by the corona model. In Fig. 3(b), for Te . 25 eV there
is a steep increase in the line emission, whereas for higher tem-
peratures the variation of the line emission is relatively small.
For Te . 3 eV the decreasing of the line emission with increas-
ing temperature is ascribed to the contribution of the recombin-
ing plasma component which cannot be neglected for such low
temperatures. The different Te dependencies of the three helium
lines are mainly determined by the electron impact excitation
rate coefficients from the ground state which differ significantly
for the singlet levels and the triplet levels due to the different
behavior of cross sections for spin-conserving (singlet excited
state) and spin-changing (triplet excited state) collisions [23].

The absolute value of the emission curve slope is essen-
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Fig. 3. The (a) ne and (b) Te dependencies of the population ratio between
the upper transition level of the line and the ground state for the three neutral
helium lines calculated with n1 = 1018 m−3. The line emission intensity is
proportional to the population ratio as represented by Eq. (13) for ionizing
plasmas.

tially a good estimate of the sensitivity of the line emission to
the low level and low frequency plasma fluctuations. As can be
seen from Fig. 3, at low density and temperature the line emis-
sion is very sensitive to both ne and Te fluctuations while for
relatively high density and temperature values the sensitivity
to ne fluctuation decreases and the sensitivity to Te fluctuation
becomes very low especially for the singlet spectral lines. Al-
though based on the quasi-static CR model results the relation-
ship between the fluctuations in the line emission and in ne and
Te is clear, the relationship as a function of frequency is still
not clear. The frequency dependent information is important for
the quantitative interpretation of optical measurement of ne and
Te fluctuations, because in fusion plasmas the fluctuations have
been found to have a broadband frequency spectrum (e.g., see
Refs. [3–5]). We therefore show in the following Secs. 4.2 and
4.3 the results obtained by the linear approximation technique
described in Sec. 3.

4.2. Electron density caused fluctuations
According to Eq. (13), the fluctuation of the spectral line

emission could be caused by variations in ne of the plasma.
The relationship between the line emission and ne fluctuation
is obtained as follows. First, the excited population densities at
a given ne and Te are calculated from the M = 1 quasi-static
CR mode, Eq. (5). Then, the fluctuation amplitude and phase
delay for each state are determined by solving Eq. (12) with ∆B
being obtained from imposed ne fluctuation based on Eq. (9)
(noting that Bn = 0 since the quasi-static approximation is used
for the calculation of the excited state population densities).
Figure 4 shows the fluctuation amplitude ratio and phase delay
profiles for the three helium lines as a function of frequency
calculated with Te = 20 eV and several ne values. The profiles
in Fig. 4(a) show that at relatively low frequencies the ratio is
flat, i.e., it is independent of the fluctuation frequency. As the
frequency increases, the ratio first increases slightly and then
stays constant, which is especially evident for the He I 706.5
nm line. A further increase in the frequency leads to the ratio
sharply decreasing to zero. The phase delay profiles shown in

Fig. 4(b) increase from zero at low frequencies to π/2 at very
high frequencies. For the phase delay profiles, there are also
changes corresponding to the variations in the amplitude ratio
profiles: where the ratio increases the phase delay becomes
negative and the decrease in the ratio is always associated with
the increase in the phase delay.

Figure 4 also shows the fluctuation amplitude ratio and
phase delay profiles for different ne values. As ne increases, the
ratio decreases, the “hump” (see Fig. 4(a), which is most evi-
dent for the He I 706.5 nm line) moves to higher fluctuation fre-
quencies, and the frequency where the ratio begins to decrease
or where the phase delay begins to increase becomes higher.
In Fig. 4(a), the data denoted by the triangular symbols are the
slopes of the curves shown in Fig. 3(a), for a comparison with
the values calculated by the linear approximation method. The
identical results at low frequencies indicate that all the excited
levels including the two metastables are in equilibrium with
the plasma density fluctuation, and thus there is no phase de-
lay between the fluctuation of the excited level population and
ne fluctuation. The comparison also indicates that the “hump”
in Fig. 4(a), more exactly speaking, the difference between the
amplitude ratios at low frequencies and those in the “hump”
range is due to the falling out of equilibrium of some energy
levels. In fact, the “hump” and the negative phase delays are
the results of the absence of the metastable population fluctu-
ations, which will be discussed in detail in Sec. 4.4. The sharp
decrease in the amplitude ratio at very high frequencies is due
to the limited relaxation time of the upper transition level of
the spectral line; for frequencies higher than the value corre-
sponding to the relaxation time, the population in the excited
level cannot attain equilibrium speedily or alternatively has no
response to the fluctuations. The excited level relaxation time
is evident from the decrease in the ratio profiles: as ne increases
from 1016 to 1020 m−3 the relaxation time of the upper transi-
tion levels of the three helium lines decreases from ∼ 10−6 to
∼ 2×10−8 s. Even under the lowest plasma density condition,
the excited level relaxation time still corresponds to a frequency
higher than 106 Hz, thus the optical method is applicable for
the measurement of plasma fluctuations at any practically in-
terested frequencies.

The same calculation was performed for other ne and Te
values under ne fluctuations. Considering that the fluctuation
amplitude ratio and phase delay between the line emissions and
the ne fluctuation at relatively low frequencies are almost flat
and close to zero, respectively, we only presented the results of
the fluctuation ratios at frequency 103 Hz, as shown in Fig. 5.
One can see that the ratio is almost uniform at different densities
and temperatures for the He I 667.8 nm line, and has a weak
Te dependence and a strong ne dependence for both the He I
706.5 and 728.1 nm lines. At low ne values the ratio is close to
1 as in this range the emission is proportional to ne (the corona
model). As ne increases the sensitivity of the line emission
to ne fluctuation decreases from about 1 to 0.6, 0.1, and 0.3,
respectively, for the He I 667.8, 706.5, and 728.1 nm lines. The
decreasing of the fluctuation ratio with increasing ne is due to
the change of the population mechanisms of the excited states,
as already mentioned in Sec. 4.1.

4.3. Electron temperature caused fluctuations
According to Eq. (13), the fluctuation of the spectral line

emission could also be caused by variations in Te of the plasma.
The Te related fluctuations of the helium line emission were
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Fig. 4. (a) Fluctuation amplitude ratio between the three neutral helium lines and ne, (δ I/I)/(δne/ne), and (b) the corresponding phase delay, ϕ/π , as a function
of fluctuation frequency for Te = 20 eV and different ne values from 1016 to 1020 m−3. The triangular symbols shown in (a) represent the slopes of the ne
dependent emission curves in Fig. 3(a).
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Fig. 5. Contour plot of the relative fluctuation amplitude ratio for the three
neutral helium lines due to ne fluctuations, (δ I/I)/(δne/ne), as a function
of ne and Te at 103 Hz.

investigated in a similar way as those of the ne related fluc-
tuations. Figure 6 shows the fluctuation amplitude ratio and
phase delay profiles due to Te fluctuation as a function of fre-
quency calculated with ne = 5×1017 m−3 and several Te val-
ues. The results are almost the same as those of ne fluctuation.
For frequencies lower than ∼ 3× 106 Hz, the ratio is nearly
independent of fluctuation frequency and the phase delay is
close to zero or −π , except for frequencies close to 104 Hz,
where there are minor variations (under most plasma param-
eters a decrease) in the ratio profiles and the phase delay be-
comes slightly higher than zero or −π . These changes are also
due to the metastable population fluctuations which gradually
disappear as frequency increases (more details are presented in
Sec. 4.4). For frequencies higher than ∼ 3×106 Hz, the sensi-
tivity of the line emission fluctuation to Te fluctuation decreases
sharply to zero and the corresponding phase delay increases to
π/2 or −π/2, which are also due to the limited relaxation time
of the spectral line upper transition level. The relaxation time
is almost independent of Te, it is only a strong function of ne.
Hence, the fluctuation ratio profiles for different temperatures
start to decrease at about the same frequency.

In Fig. 6(a), the data represented by the triangular symbols

are the slopes of the Te dependent curves shown in Fig. 3(b) at
several Te values, which are in good agreement with the fluctu-
ation amplitude ratios between the line emission and Te at low
frequencies, calculated by the linear approximation method.
The ratio decreases with increasing Te values. But for the He I
667.8 and 706.5 nm lines, the ratio increases for Te higher than
50 and 20 eV, respectively, and the corresponding phase values
are reversed (with a π difference). This phenomenon can be ex-
plained based on the line emission profiles as a function of Te
shown in Fig. 3(b). For Te . 25 eV there is a sharp increase in
the line emission since the excitation energy from the ground
state to the excited levels is∼ 23 eV, and for Te & 25 eV the line
emission first reaches a maximum and then decreases gradually.
The absolute value of the curve slope (equivalent to the fluctu-
ation amplitude ratio at low frequencies) thus first decreases to
zero and then increases gradually. The reversal of the excited
level fluctuation phase can also be explained according to the
relationship between the line emission and Te. For example, the
emission profile of the 706.5 nm line has a decreasing trend for
Te & 30 eV, thus an increase in Te will lead to a decrease in the
line emission and vice versa. Hence, the phase of the emission
fluctuation is reversed compared with that of the Te fluctuation.

The same calculation was performed for other ne and Te
values under Te fluctuations. Figure 7 shows the fluctuation
ratios for the line emissions at the frequency of 103 Hz due to Te
fluctuation. As expected, the ratio is only a weak function of ne
but a strong function of Te. The sensitivity of the line emission
fluctuation to Te fluctuation is strong at low temperatures (with
a maximum fluctuation ratio of ∼ 5), while there is almost
no response for the He I 667.8, 706.5, and 728.1 nm lines at
temperatures of 50, 30, and 100 eV, respectively. At higher
temperatures the fluctuation ratio has a slight gradual increase.
This variation trend has already been discussed in Sec. 4.1, as
shown in Fig. 3(b) due to the Te dependencies of the electron
impact excitation rate coefficients from the ground state to the
upper transition level of the three helium lines.
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Fig. 6. (a) Fluctuation amplitude ratio between the three neutral helium lines and Te, (δ I/I)/(δTe/Te), and (b) the corresponding phase delay, ϕ/π , as a function
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Fig. 7. Contour plot of the relative fluctuation amplitude ratio for the three
helium lines due to Te fluctuations, (δ I/I)/(δTe/Te), as a function of ne and
Te at 103 Hz.

It should be noted that the fraction of the line emission fluc-
tuation caused by Te fluctuations is relatively small at high tem-
peratures, especially for the singlet spectral lines. In some tem-
perature ranges, there is almost no fluctuation for the line emis-
sion. The insensitive regions for the three helium lines cover a
temperature interval from∼ 20 to∼ 500 eV. In these regions the
measured line emission essentially reflects the ne fluctuations,
since the variation in the line emission due to Te fluctuations
is negligibly small. This is possibly one of the reasons why in
many experiments the observed optical fluctuations have simi-
lar frequency spectra and spatial structures compared with the
probe measured saturated ion current fluctuations [6,12,15,16],
remembering that the fluctuation ratio between the line emis-
sion and ne is almost independent on frequency. In these Te
fluctuation insensitive regions the ne fluctuation can be directly
recovered from the signal of only one neutral helium line emis-
sion, provided ne and Te are measured by other methods. On
the other hand, we have also to note that in some other regions,
for example ne > 1019 m3 and 30 < Te < 80 eV, the He I 706.5
nm line is not sensitive to either ne or Te variations, thus it is
not suitable for plasma fluctuation measurements.

4.4. Contribution of metastable population fluctuations
As noted in Secs. 4.2 and 4.3, the fluctuations of the 2 1S

and 2 3S metastables will cause some influences on the fluctua-
tion of the excited level population. To further check this issue
and determine to what extent the metastable population fluctu-
ations should be considered, the fractions of the two metastable
contributions to the helium spectral line fluctuations were in-
vestigated. In the linear approximation algorithm [Eq. (12)],
any energy level can be excluded, i.e., the level is considered
using the quasi-static population without fluctuations. The dif-
ference between the results obtained with the level being in-
cluded and excluded represents the population fluctuation con-
tribution from this level. In this way, the contributions of the
metastable fluctuations and other contributions to the excited
level population fluctuation can be evaluated.

As a typical example, Fig. 8 shows the contributions of the
two metastables and other contributions to the three neutral he-
lium line emission fluctuations as a function of frequency. The
excited level populations were calculated under the quasi-static
condition with ne = 5× 1017 m−3 and Te = 20 eV. The total
contribution was obtained same as that shown in Figs. 4 and
6. The 2 1S, 2 3S, and other contributions were then determined
by comparing the total contribution and the results calculated
with either one or both the 2 1S and 2 3S metastables being ex-
cluded in the linear approximation algorithm. In the case of ne
fluctuation [Fig. 8(a)], the contribution of the 2 1S state is very
small for the three neutral helium lines and can be completely
neglected, while the contribution of the 2 3S state is relatively
large for the He I 667.8 and 706.5 nm lines,∼ 10% and∼ 40%,
respectively, and small for the He I 728.1 nm line. In the case
of Te fluctuation [Fig. 8(b)], the 2 1S contribution becomes im-
portant for the He I 667.8 nm line, whilst the 2 3S contribution
is still significant for both the He I 667.8 and 706.5 nm lines,
∼ 10% and ∼ 54%, respectively. The He I 728.1 nm line shows
almost no sensitivity to any of the two metastables. From the
profiles one can also see that under the current plasma condi-
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Fig. 8. Contributions of the 2 1S and 2 3S metastable states population fluc-
tuations and other contributions to the three neutral helium line emission
fluctuations as a function of frequency in the case of (a) ne and (b) Te fluc-
tuations, calculated with ne = 5×1017 m−3 and Te = 20 eV.

tions, the relaxation time of the 2 3S state is ∼ 7×10−5 s com-
pared to ∼ 3×10−6 s of the 2 1S state, which are clearly indi-
cated by the gradual decreasing of the metastable contribution
profiles with increasing frequency as in Fig. 8(b) for the He I
667.8 nm line. The relaxation time indicated by the variation
of these profiles agrees with the results shown in Fig. 2(a).

In Fig. 8(a), the inclusion of the metastable fluctuations de-
creases the excited level population fluctuations. This indicates
the fluctuation of the 2 3S metastable has a reversed phase com-
pared with the ne fluctuation, noticing that the excited level pop-
ulation fluctuations are in phase with ne fluctuation as shown in
Fig. 4(b). One can clearly see from Fig. 1 that the 2 3S popula-
tion decreases with increasing ne, which confirms the reversed
2 3S population fluctuation. As fluctuation frequency increases,
the phase delay between the 2 3S state and ne increases. This
leads to a negative phase delay in the excited levels. A further
increase in the frequency will cause a larger phase delay for
the 2 3S state, but at the same time the contribution from this
metastable becomes negligible (because the metastable has al-
most no response to ne fluctuation). The net result is that the
2 3S phase delay has little effect on the excited level for which
the phase delay returns to zero. Hence, in Fig. 4 where the fluc-
tuation ratio increases the corresponding phase delay first de-
creases to below zero and then gradually increases back to zero.
In Fig. 8(b), the inclusion of the metastable fluctuations en-
hances the excited level population fluctuations. This indicates
that the metastable fluctuations are in phase with Te fluctua-
tions. The variation of the phase delay profiles in Fig. 6(b) cor-
responding to the decreasing of the fluctuation ratio in Fig. 6(a)
near the frequency 104 Hz can be explained in a similar manner.

To determine in which plasma parameter region the contri-
butions from the two metastables are important, contributions
to the three helium lines were calculated at different ne and Te
values. Figure 9 shows the 2 1S and 2 3S metastable contribu-
tions due to ne fluctuation calculated at frequency 103 Hz. It
is shown that the 2 1S contribution is negligibly low (< 2%)
for all the three atomic lines, while the 2 3S contribution for
the He I 667.8 and 728.1 nm lines is relatively large only in a
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Fig. 9. Contributions of the (a) 2 1S and (b) 2 3S metastable states population
fluctuations to the three neutral helium line emission fluctuations in the ne
fluctuation related component at 103 Hz.
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Fig. 10. Contributions of the (a) 2 1S and (b) 2 3S metastable states population
fluctuations to the three neutral helium line emission fluctuations in the Te
fluctuation related component at 103 Hz.

small region where 5×1017 < ne < 4×1019 m−3 and Te < 20
eV, in other regions the contribution is far less than 10%. The
2 3S contribution for the He I 706.5 nm line becomes important
at ne > 1017 m−3, in the lower density regions the contribution
is small because the metastable population is less likely being
changed by ne variation, due to both the low excitation and ion-
ization from the 2 3S state. Figure 10 shows the contributions of
the two metastables due to Te fluctuation calculated also at fre-
quency 103 Hz. In this case, the 2 1S contribution is relatively
large for the He I 667.8 nm line at Te . 30 eV (∼ 10%–20%),
but still very small for the other two spectral lines (< 5%). The
2 3S contribution is ∼ 10%–50% for the He I 667.8 nm line at
Te . 20 eV and significantly large for the He I 706.5 nm line.
Both metastable contributions to the He I 728.1 nm line are not
important. Some regions where the temperature related fluctu-
ation is close to zero (see Fig. 7) should not be considered.

The strong dependence of the triplet level population on the
2 3S metastable has been previously confirmed by many stud-
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ies [23–25]. It is generally considered that the 2 3S state has
a much higher population than the 2 1S metastable because a
large portion of the population de-excited from the triplet lev-
els to the 2 3S state is quickly and predominantly re-excited
back [26]. Thus, the population contributed from the 2 3S state
to the triplet levels is relatively large and the population fluc-
tuation in the triplet level is also significantly affected. Unfor-
tunately, some experiments indicate that under certain plasma
conditions the 2 3S population should be much lower than the
value estimated by the quasi-static approximation [24,25]. This
leads to a large uncertainty by using spectral lines emitted from
the triplet levels for the characterization of plasma parameters.
Meanwhile, we notice that the He I 728.1 nm line is almost
not affected by either of the two metastables. Therefore, this
atomic line will be good for the plasma fluctuation measure-
ments, particularly suitable for determining ne fluctuation since
it is not sensitive to Te fluctuation at relatively high tempera-
tures (Te & 50 eV). Also, the insensitivity of the He I 728.1
nm line to the metastables results the independence of the fluc-
tuation ratio on frequency, which is another merit for plasma
fluctuation measurements. It is worth noticing that for statistic
techniques such as correlation lengths and times and flow ve-
locities [12–14] that are commonly used for quantifying plasma
fluctuations from light fluctuation data, the influences of the
metastables are negligible. These statistic techniques are only
dependent on the relative intensities of the measured light fluc-
tuation signals, thus are almost not affected by the different
dependencies of the line emission on ne and Te, as discussed
in Refs. [12,13]. However, these measured quantities are not
necessarily the same as those of the underlying plasma fluc-
tuations, due to the complicated relationship between the light
signal and the local plasma parameters.

5. Numerical tests and measurement

The relations between fluctuations of the atomic line emis-
sion and the underlying ne and Te, which were obtained with
the linear approximation algorithm described in Sec. 3, were
numerically tested by using the time dependent CR model with
artificial fluctuation data for the ne and Te fluctuations. The
property of the artificial plasma fluctuation signals was set to
about the same values measured by experiments [9]. A broad-
band amplitude distribution (1–400 kHz) with a decaying ex-
ponential tail in frequency space together with random phases
was used to generate the fluctuation signals for ne and Te by in-
verse Fourier transform. Figure 11 shows the generated ne and
Te fluctuation signals with 2×105 elements in 1 ms time inter-
val and their frequency fluctuation amplitude distributions. The
relative fluctuation level is ∼ 2% for both ne and Te, and the
time resolution is 5 ns. It is important to note that the ne and
Te fluctuations in Ref. [9] were measured in the core plasma
region, whereas most optical methods such as beam emission
spectroscopy and gas puff imaging can only access the plasma
edge region. The plasma fluctuations in the edge region are
usually very large compared with those in the core region (see
Ref. [2] for more details). Since the model in this paper is zero-
dimensional, it cannot discern any differences in the core and
edge regions except the ground state density and the ne and Te.
Therefore, using the relatively low fluctuation data measured
in the plasma core region is more suitable to test the accuracy
of the linear approximation algorithm.

With the numerical fluctuation signals being imposed on
the values of ne or Te, respectively, as the input to the time
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Fig. 11. Numerically generated relative fluctuation signals for (a) ne and (b)
Te and (c,d) the corresponding frequency fluctuation amplitude distributions.

dependent CR model and with the quasi-static population den-
sities of the excited levels as the initial condition, and keeping
other plasma parameters to be constants, namely, Te = 50 eV
(for density fluctuation) and ne = 1018 m−3 (for temperature
fluctuation), the variations of the population densities in all ex-
cited levels as functions of time were calculated, and then the
emission fluctuations for the three neutral helium lines (He I
667.8, 706.5, and 728.1 nm) were deduced from Eq. (13). The
results shown in Figs. 12 and 13 are the line emission fluctua-
tion amplitudes and phase delays as functions of frequency due
to, respectively, ne and Te fluctuations. These frequency depen-
dent profiles were obtained by directly applying the fast Fourier
transform to the line emission fluctuation signals without any
further processing. The emission fluctuation amplitudes of the
three helium lines are normalized respect to the fluctuation am-
plitudes of ne or Te. The values obtained by the linear approx-
imation algorithm are also included in each graph for a com-
parison. One can clearly see that the results obtained from both
of the methods are in good agreement with each other over the
whole frequency range, noticing that the spikes around 20–30
kHz are due to numerical errors because the ne and Te fluctu-
ation amplitudes are close to zero near the above frequencies
[see Figs. 11(c) and (d)]. The consistent results validate the
linear approximation algorithm, and also indicate that recover-
ing ne or Te fluctuations from the fluctuating signals of spec-
tral line emissions is possible, provided all important physical
processes are included in the model.

In the literature, many experiments have shown strong cor-
relations between light emissions and Langmuir probe mea-
sured fluctuations, such as in Caltech [15], CSDX [39], TPE-
RX [40], and Mirabelle [38]. If the temperature related fluc-
tuation is negligible (as shown in Sec. 4.3 for neutral helium,
for other gases the results should be in a similar situation) or
in phase with the ne fluctuation (as sometimes measured by
means of Langmuir probes in TEXT-U [41] and DIII-D [42]
and expected theoretically, see Ref. [12]), the interpretation of
the observed line emission signals will be largely simplified.
Currently, the two-dimensional optical measurement of ne and
Te fluctuations in the H-1 heliac [43] is still in progress. The
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Fig. 12. Comparison of (a) fluctuation ratio, (δ I/I)/(δne/ne), and (b) phase
delay, ϕ/π , due to ne fluctuations as a function of frequency calculated from
the time dependent CR model (thin line) and from the linear approximation
technique (thick line) for the three helium lines with ne = 1018 m−3 and
Te = 50 eV.
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Fig. 13. Comparison of (a) fluctuation ratio, (δ I/I)/(δTe/Te), and (b) phase
delay, ϕ/π , due to Te fluctuations as a function of frequency calculated from
the time dependent CR model (thin line) and from the linear approximation
technique (thick line) for the three helium lines with ne = 1018 m−3 and
Te = 50 eV.

helium plasma produced in the H-1 device has Te in the range
20–30 eV and ne ∼ 1018 m−3. The dominant coherent fluctu-
ations within the plasma have frequency in the range 15–20
kHz and fluctuation levels below 10%, as studied using virous
Langmuir probes [44]. Based on the experiment, we expect to
determine the values of ne and Te in the plasma by the helium
line intensity ratio method and then recover the ne and Te fluc-
tuations with the relationship presented in this paper.

6. Discussion

The relations between the emission of the three neutral he-
lium lines (He I 667.8, 706.5, and 728.1 nm) and the under-
lying ne and Te fluctuations were studied mainly based on the
assumptions that the fluctuation level within the plasma is not
very high and the ground state density fluctuation is negligible.
For the application of the calculated results to interpret opti-
cal observations, it is important to know under what conditions
these assumptions are valid and the possible effects of different
plasma parameters. We discuss these issues in this section.

6.1. Linear ne and Te fluctuation dependencies of line
emission fluctuations

The results obtained by the linear approximation technique
assume that the line emission fluctuation is linearly dependent
on ne and Te fluctuations. If the linear relationship is not satis-
fied, the line emission fluctuation should also be a function of
the ne and Te fluctuations. The dependence of the line emission
on plasma fluctuation levels will complicate the interpretation
of experimentally observed light signals. It is therefore neces-
sary to check to what extent the linear relationship is still valid.

By changing the harmonic fluctuation levels of ne and Te
in the time dependent CR model, the fluctuation amplitude ra-
tio of the line emission to the density or temperature at each
frequency was obtained. Figures 14(a) and (b) show the ratios
for ne and Te, respectively, with several fluctuation levels from
0.1 to 0.5 and those from the linear approximation algorithm,
calculated with ne = 5×1017 m−3 and Te = 50 eV. Comparing
the results from the two methods, it is easy to see that for fluc-
tuation levels up to 0.1 the fluctuation of the line emission is
still linearly dependent on the fluctuations of ne and Te. Even
with the large fluctuation level up to 0.3, the deviations from
the linear relationship for the three helium lines are only 0.6%,
2%, 3% and 9%, 20%, 8%, respectively, for the ne and Te fluc-
tuations. The much higher deviation for the He I 706.5 nm line
in the case of Te fluctuation is due to the fluctuation insensitiv-
ity of the line with the current plasma parameters (see Fig. 7).
The larger deviation for Te fluctuation compared with that for
ne fluctuation can be explained based on the profiles shown in
Fig. 3, because the line emission is less linearly dependent on
Te than on ne. From the profiles in Fig. 3 we can also see that
for temperatures lower or higher than ∼ 20 eV the line emis-
sion can be better approximated as the linear Te dependence,
thus the linearity should be held to a larger fluctuation level for
other plasma parameters.

6.2. Fluctuation sensitivity on plasma parameters
The line intensity ratio method is sensitive to atomic data

since it is dependent on both of the line intensities in the line
ratio pair. In contrast, the relationship between the light emis-
sion fluctuation and the ne and Te fluctuations only depends on
the slope of the line emission profiles as a function of ne and
Te and is, thus, not sensitive to atomic data. The line emission
fluctuation is also not sensitive to the values of ne and Te, as
shown in Figs. 5 and 7. The insensitivity to plasma parameters
thus does not require the accurate determination of ne and Te
within the plasma. The ion density fluctuation is found to be
not important, due to the fact that the contribution of the ion to
the excited level population is small under the ionizing plasma
condition. If the ground state density is constant, the line emis-
sion fluctuation will be independent of the ground state density,
because for ionizing plasmas the population ratio of the excited
level to the ground state is only a function of ne and Te, as de-
scribed by Eq. (13). The metastables may have some effects
on the line emission fluctuations. The population of the 2 3S
metastable is possibly not accurately described by the quasi-
static approximation as suggested in some experiments [24,25].
Hence, there is a large uncertainty for the spectral lines emit-
ted from the triplet levels. On the other hand, the singlet lines
are not sensitive to the metastable populations and thus are less
likely to be affected, as discussed in Sec. 4.4.

In the fluctuation model, the main uncertainty is the as-
sumption for the ground state density which is considered to be
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Fig. 14. Comparison of the fluctuation amplitude ratios calculated by the linear
approximation technique and the time dependent CR model with fluctuation
levels of 0.1 to 0.5 for (a) ne and (b) Te related fluctuations. ne = 5×1017

m−3 and Te = 20 eV.

without fluctuation. We find that if the variation of the ground
state density is dominated by the ionization process the line
emission fluctuation property will be affected. This influence,
however, is limited only to frequencies lower than the value
corresponding to the ionization time constant of the ground
state. In Fig. 2(b) we presented the ground state ionization time
with different plasma parameters. The results show that at rela-
tively low ne or Te values the ionization time is long, thus under
these plasma conditions the influence of the ground state den-
sity fluctuation is not important for high frequency fluctuations.
In the case of gas puff imaging, a two-dimensional simulation
[45] shows that the possible effect of the neutral density fluc-
tuation caused by plasma turbulence (the “shadowing” effect
[45]) is not negligible compared with fluctuations in ne and Te.
But in experiments [12] little or no sign indicating the fluctu-
ation of the neutral density was observed. Notice that in the
simulation the plasma perturbation was highly idealized and
may differ significantly from the experimental condition. The
possible “shadowing” effect which is not noticeable in the ex-
periments is perhaps due to the difficulties in isolating this phe-
nomenon experimentally or due to the averaging of the neutral
density over the plasma turbulence structures, both temporally
and spatially [35]. If the averaging effect is comparable or more
important than the ionization process, the ground state density
is less possibly being changed by the ionization process or at
least with a variation not as significant as predicted by the ion-
ization process described by Eq. (6). Nevertheless, the possible
effect of the ground state density fluctuation should be evalu-
ated both experimentally and theoretically to determine under
what conditions it is not important.

7. Conclusions
On the basis of a CR model for neutral helium together

with a linear approximation technique, the relations between
the emission fluctuation of three helium lines (He I 667.8, 706.5
and 728.1 nm) and the underlying ne and Te fluctuations, which
are important for the quantitative interpretation of optical mea-
surements of fusion plasma fluctuations, were investigated in

detail. The relative fluctuation amplitude ratios between the line
emission and the ne and Te are almost constant and the phase
delays are close to zero or −π for a wide range of practically
interested frequencies (< 1 MHz). The line emissions become
less sensitive to density fluctuations with increasing ne and has
little sensitivity to temperature fluctuations for relatively high
Te values. These results are in good agreement with the quasi-
static estimations under low frequency fluctuations. When the
fluctuation frequency is higher than the value corresponding to
the relaxation time of the upper transition state of the spec-
tral line, the ratio sharply decreases and the phase delay in-
creases, indicating that there is no response to the plasma fluc-
tuations. Numerical simulations done by using synthesized ne
and Te fluctuation signals as the inputs to the time dependent
CR model generated consistent fluctuation ratio and phase de-
lay profiles compared with those from the linear approximation
technique, suggesting both ne and Te fluctuations can be recov-
ered from light emissions, given that the relationship between
the line emission and the plasma fluctuations are provided by
a CR model.

Since the linear approximation technique was used, the re-
sults are only applicable for plasma fluctuation levels up to ∼
10% under which the linear relationship between fluctuations
of the line emission and the ne and Te is still valid. Fortunately,
the linearity does not deviate too much even for fluctuation lev-
els up to 50%. One of the possible uncertainty in the model is
the assumption that the 2 1S and 2 3S metastable states of neu-
tral helium are in equilibrium with other energy levels, which
is questionable for plasmas under certain conditions. In most
cases, the 2 1S contribution is negligible while the 2 3S contri-
bution is important for the triplet spectral lines (e.g., the He I
706.5 nm line). The He I 728.1 nm line emitted from the singlet
level is not sensitive to either of the metastables and has a very
small response to Te fluctuation at a large range of temperatures
it is thus suitable for ne fluctuation measurements. Another un-
certainty in the model is the influence of the ground state den-
sity fluctuation. This fluctuation if exists, it will affect the line
emission for frequencies lower than the value corresponding to
the ionization time of the ground state. However, such fluctua-
tion was not observed in gas puff imaging experiments perhaps
due to difficulties in experiments to detect the phenomenon or
due to factors such as the averaging over turbulence structures
which will at least partly compensate the ionization effect.

In summary, we investigated the frequency dependent re-
lations between the helium line emission fluctuations and the
underlying ne and Te fluctuations by a neutral helium CR model
for the interpretation of plasma fluctuations. The limitation of
the model is that the linear relationship between fluctuations in
the line emission and in ne and Te is valid for plasma fluctu-
ation levels up to only ∼ 10%, and the possible uncertainties
are the effects of the triplet metastable and the ground state
density fluctuation. To further investigate these problems, both
experiments and simulations are needed.
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