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A 1-D kinetic collisional radiative model (CRM) with state-of-the-art atomic data is developed and employed
to simulate line emission to evaluate the Thermal Helium Beam (THB) diagnostic on NSTX-U. This diagnostic
is currently in operation on RFX-mod, and it is proposed to be installed on NSTX-U. The THB system uses
the intensity ratios of neutral helium lines 667.8, 706.5, and 728.1 nm to derive electron temperature (eV ) and
density (cm−3) profiles. The purpose of the present analysis is to evaluate the applications of this diagnostic
for determining fast (∽ 4 µs) electron temperature and density radial profiles on the scrape-off layer (SOL)
and edge regions of NSTX-U that are needed in turbulence studies. The diagnostic is limited by the level of
detection of the 728.1 nm line, which is the weakest of the three. This study will also aid in future design of
a similar 2-D diagnostic systems on the divertor.

I. INTRODUCTION

Helium line-ratio diagnostic for determining electron
temperatures and densities is a standard and important
technique applied on measurements of plasma edge,
scrape-off layer (SOL), and divertor regions on several
fusion experiments such as TEXTOR,1,2 RFX-mod,3

PISCES-B,4 JET,5 and JT-60U.6 Helium emission has
been used for edge turbulence measurements using
the Gas-Puff Imaging (GPI) system on NSTX,7 for
validation of plasma transport models on MAST,8 and
for edge turbulence characterization on RFX-mod.9,10

Until recently, this powerful diagnostic technique was
limited by the quality of atomic data available. Precise
calculations of the near threshold resonances in the
cross-sections are needed for accurate spectral line-ratio
diagnostics,11 particularly for temperatures below the
ionization potential. This diagnostic technique has also
been limited by the neglect of the time-evolution of the
triplet spin system of the metastable state of helium.8,12
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Figure 1 shows the two spin systems of helium.

FIG. 1. Helium contains two spin systems: The singlet (1S
ground state), and the triplet (3S metastable state). The
electron temperature sensitive line-ratio (706.5/728.1) be-
comes time dependent due to the long relaxation time of
the metastable state (3S) at low electron densities (ne ≤

1012 cm−3,12) and which populates the 706.5 nm line in com-
parison to the 728.1 nm line that is populated from the singlet
ground state (1S). The electron density sensitive line-ratio
(667.8/728.1) is time independent (short relaxation times) be-
cause both of these lines are dominantly populated from the
singlet ground state (1S).12
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A new Hibrid-Time-Dependent/Independent (HTD/I)
helium line-ratio model that employs state-of-the-art
R-Matrix,13 R-Matrix With Pseudostates (RMPS),14

Convergent Close Coupling (CCC) electron-impact
excitation and ionization data,15,16 and that takes into
account the transient relaxation times of the atomic
states has been developed.12 This new HTD/I model
extends the spatial range of electron temperature
and density measurements, and improves agree-
ment with Multi-Point Thomson Scattering (MPTS)
measurements2,12 when compared to the widely used
helium atomic model developed at TEXTOR.1

In this work, a 1-D kinetic collisional radiative solution
is developed and used to simulate helium emission from
a helium gas-puff. This model employs the same state-
of-the-art atomic data as the HTD/I helium line-ratio
model, and has also the capability to include the effects
of high Rydberg state contributions to the lower atomic
populations. The model also include helium-proton
charge-exchange effects using newly calculated state-
of-the-art cross-sections.17 Electron and ion ionization
rate-coefficients were compared to charge-exchange in
order to quantify the magnitude of each of the depletion
process acting on the neutral gas-puff.

In the second part of this paper, the HTD/I helium
line-ratio model is used to analyze measured emission
data from RFX-mod to obtain electron temperature and
density radial profiles from the thermal helium beam
(THB) diagnostic.10 These profiles were compared to
those derived using the TEXTOR helium model that is
typically employed to analyze the experimental data on
RFX-mod.1

In the third part, the 1-D kinetic collisional model is
used to simulate line emission of a thermal helium gas-
puff as it propagates along the radial direction of NSTX
for the 667.8, 706.5, and 728.1 nm lines. The simulated
line intensities were used to evaluate the sensitivity of
the THB system, and to assess the application of this di-
agnostic on NSTX-U. Additionally, electron temperature
and density radial profiles were derived using the HTD/I
line-ratio model12 and compared to the initial profiles.

Perturbative effects on the plasma and opacity of differ-
ent emission lines are also discussed.

II. KINETIC COLLISIONAL RADIATIVE MODEL

To successfully model spectral emission from a
thermal gas injector in the Scrape-Off Layer (SOL)
and edge regions of NSTX, it is necessary to include
the main atomic collision interactions that contribute
to both emission and depletion of the neutral gas in
a kinetic collisional radiative model. Any ion/atom
can be modeled by a set of terms (LS-coupling) with
interacting radiative and collisional couplings. In the
SOL/edge plasma regions the processes that play the
main role in populating/de-populating (e.g. Anl→ml′ de-
populates the nl-state) the various nl-terms may include:

• Radiative decay: [Aml′→nl/Anl→ml′ ]

• Electron-impact excitation/de-excitation:
[qe

ml′→nl
/ qe

nl→ml′
]

• Electron-impact ionization: [Se
nl]

• Charge-exchange: [σ
CX

nl ]

Electron recombination is not included in the model,
it is assumed that any neutral atom in the gas-puff
that is ionized gets trapped in the magnetic field lines
and transported away from the view of the detector.
This transported ion may eventually recycle/recombine
and continue emitting at the same wavelengths as
the neutrals from the gas-puff injection; therefore, by
subtracting the background and gas-puff signals the
recombination contributions are removed (See Figure 4).

Any given neutral atom interacting with a plasma in
the excited nl-term can be represented using the kinetic
equation with the atomic collisional processes (on the
right hand side) included

∂fnl

∂t
+ v · ∇fnl =

∑

nl 6=ml′

[

Aml′→nl + neq
e
ml′→nl

]

fml′

−
{

niq
CX

nl (v) + neS
e
nl +

∑

nl 6=ml′

[

Anl→ml′ + neq
e
nl→ml′

]

}

fnl , (1)

where ne and ni are the free electron/ion densities, and
fnl(v, r, t) represents the neutral atom distribution func-

tion in the excited nl-term. The velocity-dependent
charge-exchange rate-coefficient is defined by the colli-
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sion integral

q
CX

nl (v) =
1

ni

∫

d3
v
′|v − v

′|σCX

nl

(

|v − v
′|
)

fi(v
′) , (2)

with a free ion distribution function represented in the
form of a shifted Maxwellian by an ion flow velocity vi

in the form

fi(v) =
ni

π3/2v3
thi

e−(v−vi)
2/v2

thi , (3)

and a thermal ion velocity defined as

vthi
=

√

2k
B
Ti

mi
. (4)

In order to solve the kinetic Equation (1), the distri-
bution function of the injected neutrals is assumed to be
in the form

fnl(v, r, t) = fo(v)nnl(r, t) , (5)

where nnl(r, t) represents the density population of the
nlth excited term as a function of position and time, and
the velocity dependent function fo(v) has the form of
a shifted Maxwellian distribution with a given displace-
ment velocity vn

fo(v) =
1

π3/2v3
thn

e−(v−vn)2/v2
thn . (6)

It has been shown that the particle velocity dis-
tribution of the puff can be described by a drifting
narrowed Maxwellian distribution with flow velocity
vn = M

√

γk
B
Tn/mn,18 where M is the Mach number

(M = 1 for this case), γ is the specific heat ratio
(γ = 5/3 for helium), Tn is the neutral gas temperature
(Tn ≈ 300 K), and mn is the mass of the neutrals in the
gas.18

The gas-puff flow and thermal velocity of the neutrals
are given by

vn =

√

5k
B
Tn

3mn

vthn
=

√

2k
B
Tn

mn
. (7)

Equation (1) can be integrated with respect to velocity
by substituting the distribution function solution from
Equation (5) using the integral relations

nnl =

∫

d3
vfnl

nnlvn =

∫

d3
vvfnl , (8)

which yield

∂nnl

∂t
+ vn · ∇nnl =

∑

nl 6=ml′

[

Aml′→nl + neq
e
ml′→nl

]

nml′

− ni

∫

d3
vq

CX

nl (v)fnl −
{

neS
e
nl +

∑

nl 6=ml′

[

Anl→ml′ + neq
e
nl→ml′

]

}

nnl . (9)

From the definition of the charge-exchange rate-
coefficient given in Equation (2), the charge-exchange
collision integral can be written as

ni

∫

d3
vq

CX

nl (v)fnl =

∫

d3
vfnl(v, r, t)

×
∫

d3
v
′|v − v

′|σCX

nl

(

|v − v
′|
)

fi(v
′) ,

(10)

which can be integrated and written in the form

ni

∫

d3
vq

CX

nl (v)fnl = niQ
CX

nl nnl . (11)

The generalized charge-exchange rate-coefficient Q
CX

nl
is obtained from the collision integral Equation (10)
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[Equation (A11)], the derivation is shown in detail in
appendix A. The solution is given by

Q
CX

nl = 2√
π

(v2
thi

+v2
thn

)

|vi−vn| e−(vi−vn)2/(v2
thi

+v2
thn

)

×
∫ ∞

0

dνν2Sinh

[

2|vi−vn|
q

v2
thi

+v2
thn

ν

]

σ
CX

nl (ν)e−ν2

,

(12)

where the non-dimensional quantity ν is defined as a
function of the center of mass energy as

ν = 1
q

v2
thi

+v2
thn

√

2eE(eV/amu)
mamu

. (13)

Substituting Equation (11) into Equation (9), and by
choosing the propagation velocity axis of the gas-puff
along the radial direction vn = vnr̂ yields

∂nnl

∂t
+ vn

∂nnl

∂r
=
∑

nl 6=ml′

[

Aml′→nl + neq
e
ml′→nl

]

nml′

−
{

niQ
CX

nl + neS
e
nl +

∑

nl 6=ml′

[

Anl→ml′ + neq
e
nl→ml′

]

}

nnl . (14)

Equation (14) can be written in terms of the collisional
radiative matrix as

∂nnl

∂t
+ vn

∂nnl

∂r
=

∑

nl 6=ml′

Cnl,ml′ nml′ + Cnl,nlnnl , (15)

where the non-diagonal elements of the matrix (gains)
are represented by

Cnl,ml′ = Aml′→nl + neq
e
ml′→nl

, (16)

and the diagonal elements (losses) by

Cnl,nl = −
{

niQ
CX

nl + neS
e
nl

+
∑

nl 6=ml′

[

Anl→ml′ + neq
e
nl→ml′

]

}

. (17)

The atomic data used in the CRM is the same as
the one from the HTD/I helium line-ratio model,12 the
present model also includes helium-deuteron charge-
exchange interactions by employing newly calculated
state-of-the art cross-sections17 to obtain the generalized

charge-exchange rate-coefficients Q
CX

nl [Equation (12)].

In the SOL region of the tokamak, the D+ ions move
with a flow velocity vi [Equation (3)] parallel to the
magnetic field lines, and with a magnitude equal to the

plasma sound speed vi =
√

k
B
(Te + Ti)/(me + mi).

19

In this work, the electron/ion (protons) temperatures
and densities are assumed to be equal (Ti ≈ Te and
ni ≈ ne);

19 therefore, the magnitude of the ion flow

velocity is vi ≈
√

2k
B
Te/(me + mi). The gas-puff

injection axis is mostly perpendicular to the magnetic
field lines in the SOL; therefore, it is safe to assume
that vn ⊥ vi, and |vi−vn| ≈

√

v2
i + v2

n in Equation (12).

The sum in the collisional radiative matrix is per-
formed for a total of N = 19 terms for the configurations
1snl (1s < nl < 4f).12 In order to account for high
Rydberg state contributions to the lower states the pro-
jection matrix can be included in the calculation.12 The
comprehensive collisional radiative matrix is obtained
by adding the indirect contributions of the high Rydberg
states to the N = 19 terms of the direct contributions
[Equations (16) and (17)].12

One of the standard techniques for solving first order
partial differential equations is to integrate along charac-
teristics. By choosing s as the variable along the charac-
teristic, the following relation is used

dnnl

ds
=

dt

ds

∂nnl

∂t
+

dr

ds

∂nnl

∂r
, (18)

where dt
ds = 1, and dr

ds = vn. Therefore, Equation (15)
can be expressed in the reduced form

dnnl

ds
=

∑

nl 6=ml′

Cnl,ml′ nml′ + Cnl,nlnnl . (19)
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Rewriting Equation (19) in matrix form for a N total
number of nl-terms











dn1

ds
dn2

ds
...

dn
N

ds











=











C1,1 C1,2 . . . C1,N

C2,1 C2,2 . . . C2,N

...
...

. . .
...

CN,1 CN,2 . . . CN,N











·











n1

n2

...
n

N











,

(20)

and defining the vector and matrix quantities as

F =











n1

n2

...
n

N











and C =











C1,1 C1,2 . . . C1,N

C2,1 C2,2 . . . C2,N

...
...

. . .
...

CN,1 CN,2 . . . CN,N











, (21)

Equation (20) is written in the generalized vector repre-
sentation

dF

ds
= C · F . (22)

In order to decouple the system of differential equa-
tions the problem is solved using a thin shell approxima-
tion along the beam propagation characteristic interval
ds ≈ s−so, where the interval ds is small enough that an
average constant value of the local plasma conditions and
the collisional radiative matrix C can be assumed within
the interval. Diagonalzing the average collisional radia-
tive matrix for the interval so → s,12 the quasi-constant
diagonal eigenvalues matrix λ and the eigenvectors ma-
trix V are calculated. Using the linear transformations

F =V · F ′

F
′

=V
−1 · F

λ =V
−1 · C · V , (23)

Equation (20) is locally uncoupled and expressed as

dF
′

ds
= λ · F ′

. (24)

Notice that the eigenvalues of the collisional radiative
matrix represent the inverse values of the lifetimes for
the populations of each individual nl-term in the model.
Solving for the γth-element from Equation (24)

dn′
γ

ds
= λγn′

γ , (25)

the solution is written as

n′
γ(s) = n′

γ(so)e
R

s

so
λγds′

. (26)

Since the average eigenvalue λγ within the interval
so → s is assumed to be constant, the integral is reduced
to
∫ s

so
λγds′ ≈ λγ [s − so]. Applying the linear transfor-

mations from Equations (23) to n′
γ(s) and n′

γ(so), and by
using the characteristic relation ds = dr/vn, the solution
for the population densities is given by

nnl(r) =
N
∑

γ=1

Vnl,γ

N
∑

ι=1

V −1
γ,ι nι(ro)e

1
vn

λγ [r−ro]
, (27)

where the eigenvalue and eigenvector terms λγ , Vnl,γ ,
and V −1

γ,ι corresponde to those averaged for inside the
small radial propagation interval ro → r, the calculated
populations nnl(r) are used as the initial conditions
nι(ro) for the following interval calculation. It is initially
assumed that all helium atoms in the gas-puff are on
the ground state when first entering the plasma. For the
smooth plasma profiles employed for the helium gas-puff
simulation in this work (Figures 2 and 3), it was found
that a small radial interval value of dr = r − ro ≈ 5 mm
was enough to attain convergence. The length of the
interval depends on the gradiant of the plasma param-
eters along the propagation axis. The derived solution
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is similar to the time-dependent approach used by the
HTD/I line-ratio model [Equation (21) of Ref.12].

The final solution for the distribution function of the
neutrals in the gas-puff [Equations (5) and (6)] within
the small radial interval dr = r − ro is given by

fnl(v, r, t) = fo(v)
N
∑

γ=1

Vnl,γ

N
∑

ι=1

V −1
γ,ι nι(ro)e

1
vn

λγ [r−ro]
.

(28)

This model is used for predicting line emission of the
helium gas-puff, and from the simulated emission the
electron temperature and densities as a function of the
time-dependent line-ratios [R(t)] are calculated using the
HTD/I line-ratio model12

R
Te

(t) =
I

(706.5nm)

I(728.1nm)

R
ne

(t) =
I

(667.8nm)

I(728.1nm)

R
Te,ne

(t) =
I

(706.5nm)

I(667.8nm)
. (29)

To assess the main neutral depletion processes
that affect the penetration of the gas-puff into the
SOL/edge regions of the plasma, electron ionization
and helium-proton charge-exchange rate-coefficients are
calculated. For the sake of comparison helium-proton
ionization rate-coefficients were also calculated using
the Percival and Richards expression by means of the
“rqinew” ADAS subroutine,20,21 although they may also
be calculated from cross-sections using the generalized
rate-coefficient expression from Equation (12).

Figure 2 shows the comparison between electron/ion
ionization and charge-exchange rate-coefficients calcu-
lated using the measured MPTS electron temperature
radial profile for NSTX shot 112814. In this work, the
electron and ion temperatures were assumed to be equal
(Ti ≈ Te).

19 It is observed that the main interaction
responsible for depleting the neutral gas-puff along the
SOL and edge regions of the plasma [separated by the
Last Closed Flux Surface (LCFS)] is electron ionization.
It is therefore concluded that charge-exchange and ion-
ization interactions with protons can be neglected. This
conclusion agrees with recent DEGAS 2 Monte Carlo
neutral transport simulations for deuterium gas-puffs
on NSTX, where it was found that emission simula-
tions in the SOL are insensitive to charge-exchange,
including resonant charge-exchange processes.22,23

Resonant charge-exchange processes between neutral
deuterium and plasma deuterons are expected to be
higher than those between helium and deuterons; there-

fore, as Figure 2 shows charge-exchange can be neglected.
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FIG. 2. Electron temperature radial profile obtained from
fitting MPTS measurements from NSTX shot 112814. By
assuming Ti = Te,

19 electron/ion ionization and helium-
deuteron charge-exchange (CX) rate-coefficients were calcu-
lated and compared. Electron-impact ionization is roughly
six orders of magnitude higher than charge-exchange, and
twenty five orders of magnitude higher than ion-impact ion-
ization. It is definitely concluded that both charge-exchange
and ion-ionization processes can be neglected in the SOL/edge
regions. These results are consistent with recently published
DEGAS 2 Monte Carlo neutral transport simulations.22,23

The contributions of high Rydberg states to the
lower N = 19 atomic populations 1snl (1s < nl < 4f)
are included by adding the projection matrix to the
collisional radiative matrix [Equations (16) and (17)].12

The details of the semi-empirical atomic data included
in the projection matrix are given in.12 Figure 3 shows
the modeled populations for the 1s3s(3S), 1s3s(1S), and
1s3d(1D) atomic terms that correspond to the 706.7,
728.3, and 667.9 nm lines of helium, as well as the
electron density profile for NSTX shot 112842 employed
in the calculation. The model shows significant effects of
high Rydberg contributions on the atomic populations,
and how these contributions can affect the line emission
radiation.

The effects of high Rydberg contributions appear to in-
crease with respect to electron temperature and density.
These effects were also present when including high Ryd-
berg contributions to the HTD/I line-ratio diagnostic to
analyze emission data from TEXTOR.12 It was experi-
mentally observed that the helium line-ratio model with-
out including high Rydberg contributions yielded closer
electron temperature and density values with respect to
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FIG. 3. Electron density radial profile from fitted MPTS mea-
surements for NSTX shot 112814, and that is used [together
with the electron temperature profile (Figure 2)] to calculate
the atomic populations 1s3s(3S), 1s3s(1S), and 1s3d(1D),
that correspond to the 706.7, 728.3, and 667.9 nm lines. The
calculation is done with and without (w/o dashed lines) high
Rydberg contributions included in the collisional radiative
matrix. Consistent with previous results,12 it is observed that
high Rydberg contributions do affect significantly the atomic
populations, particularly at the higher temperature and den-
sity regions of the SOL/edge.

those from MPTS measurements at TEXTOR (Figures
11 and 12 of Refs.2,12). Based on these experimental re-
sults, emission calculations in this work included only the
lower 19 configurations 1snl (1s < nl < 4f).12

III. THERMAL HELIUM BEAM DIAGNOSTIC ON
RFX-MOD

To evaluate the application of the Thermal Helium
Beam (THB) diagnostic from RFX-mod on NSTX-U, it
is necessary to estimate the expected signal detection
level for the three emission lines of helium (667.8, 706.5,
and 728.1 nm). The most critical line is the 728.1 nm,
since it is the weakest one of the three. In this section
a brief description of the THB diagnostic used in RFX-
mod is given. A more complete discussion can be found
in.3 The THB diagnostic uses the same equilibrium
model from TEXTOR;1 therefore, significantly different
derived electron temperatures and densities between
the THB and the HTD/I models are expected. These
derived quantities differ not only due to the different
atomic data sets employed, but also due to the inclusion
of the time relaxation effects in the atomic populations
of the new model.12

To avoid complex transport calculations the effects of
electron recombination and recycle are experimentally
subtracted. It is assumed that any neutral atom in the
gas-puff that is ionized gets trapped in the magnetic field
lines and transported away. This transported ion may
eventually recycle or recombine and continue emitting at
the same wavelengths as the neutrals from the gas injec-
tion. By subtracting the background and gas-puff signals
the recycle/recombination contributions are removed.2,12

Figure 4 shows an example of background subtraction
used for data analysis on a single viewing-chord of
the helium line-ratio spectral-monitoring (HELIOS)
diagnostic that operated at TEXTOR.2

FIG. 4. Time history of helium gas-puff emission used in
the line-ratio electron temperature and density diagnostic on
the edge (r/a = 0.985) of the TEXTOR tokamak, where the
pulses of intensity at ∽ 200 msec intervals for 100 msec are
from the gas injector. a). Shows the total radiant intensity of
each line including the background recycling/recombination
light which builds up as the discharge evolves and helium
gas is added. b). Shows the same data with the recy-
cling/recombination light subtracted by using a 100 msec
rolling average smooth. Note: Line-ratio analysis is done in-
dividually for each of the helium gas-puff injection pulses.2

The THB diagnostic separates the three different
helium emission wavelengths by means of a monochro-
mator. The light collected from the plasma edge at 8
different radial locations is carried to the spectrograph
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through a bundle of optical fibers. The optics consists of
a Czerny-Turner monochromator with a focal length of
300 mm and optical aperture of f# = 4, and a dispersive
grating with 1200 lines/mm. At the light exit of the
spectrograph there are three slits of 1 mm width, that
are coupled to three arrays (one for each of the three
wavelengths) of 8 viewing-chords (optical fibers). The
light is then taken to three multi-anode photo-multiplier
tubes (PMTs, Hamamatsu R5900U-20 L16) that are
used as detectors for each of the wavelengths. The
output signals of the PMTs are amplified and acquired
with a sampling frequency of 2 MHz. The system is
also equipped with a CCD camera that can acquire
a complete spectrum of the collected light at a lower
sampling rate, and the wavelength sensitivity calibration
was obtained using an integrating sphere.

The characterization of the sensitivity of the diag-
nostic is needed to evaluate the feasibility of using the
THB system for measuring helium line emission profiles
on NSTX-U. Measuring the minimum measurable
emission levels is critical, and these minimum values
were compared to the expected intensities obtained from
the simulated emissivities. The minimum signal levels
were obtained from measurements of the three emission
lines when the gas-puff signal can be discriminated from
the background. The background is mainly due to the
presence of signal from residual helium recycled on the
graphite first wall in addition to low level electronic
noise. During standard discharges on RFX-mod, the
detected background emission produces an electronic sig-
nal at the output of the PMT amplifiers below 100 mV
of the background signal. Therefore, the minimum
signal level is set to 100 mV , which corresponds to the
minimum measurable emission intensity.

Figure 5 shows the measured sensitivity curve for the
8 different viewing-chords of the THB system. This
plot shows the minimum measurable emission for the
three different wavelengths, which correspond to the
minimum voltage signal (100 mV ) at the output of the
PMT amplifiers.

From sensitivity measurements using the actual optics
and electronics, it is estimated that the lowest measured
intensity value for detecting the 728.1 nm line is between
3.0 − 4.0 × 1014 Ph/Sr − cm2 − Sec.

Figure 6 shows the radial profiles of the measured in-
tensities of the three helium lines for a typical RFX-mod
plasma discharge (Ip = 1.5 MA, and central electron
density around 1.6 × 1013 cm−3). Only six radial points
are shown, the other two viewing-chords were looking
at a different toroidal and poloidal position. Figure 6
also shows electron temperature and density profiles
derived using the RFX model (TEXTOR model),1 and
compared to those derived by the new HTD/I model.12
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FIG. 5. Measured sensitivity limits of the THB system on
RFX-mod for each of the eight viewing-chords. Measurements
were performed for the three different helium wavelengths de-
tected by the diagnostic.
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FIG. 6. Comparison between electron temperature and den-
sity radial profiles derived from measured intensity line-ratios
using the RFX equilibrium model (TEXTOR model),1 and
the new HTD/I model12 for RFX-mod shot 37536. The dif-
ferences between the two are consistent with previous results
obtained at TEXTOR,2,12 where it was found that including
both the new atomic data set and the time-dependent evolu-
tion of the atomic populations yielded significant differences
between the models.

The results in Figure 6 show significant differences



Title 9

between the derived electron temperatures using the
new HTD/I model,12 and those from the TEXTOR
model.1 These differences are consistent with those pre-
viously obtained at TEXTOR, where it was observed
that the electron temperatures derived from the HTD/I
model showed better agreement to MPTS measurements,
while the TEXTOR model highly underestimated the
temperatures.2,12 It was also observed that the new
HTD/I model derived electron densities slightly closer to
MPTS measurements.12 The error analysis of the TEX-
TOR model includes two branches:1 One is the system-
atic uncertainty from the atomic cross-sections and the
integration procedures and assumptions to obtain rate-
coefficients as discussed in.1 The second source of un-
certainty is obtained from the measured line emissions.
In this work, the measured uncertainty of the THB sys-
tem on RFX-mod was estimated to be ∼ 5% relative
to the line emission strength. This results in an un-
certainty for the line-ratios, which yield an upper and
lower margin for each. The uncertainties for the ratios
were calculated with Gauss error propagation. Because
the modeled line-ratios show non-linear dependencies on
density and temperatures, the error propagation through
the model yielded the results shon in Figure 6. Intensity
measurements and uncertainties in the atomic data are
also included in the error analysis of the HTD/I model,
and they are explained in detail in.12

IV. SIMULATED EMISSION ON NSTX/NSTX-U

For the analysis presented in this work, a single nozzle
with a simple gas-puff conical expansion profile and a
fixed half-angle expansion of θ1/2 ∽ 25o, that was esti-
mated from camera observations of the NSTX Gas-Puff
Imaging system (GPI) is considered (Figure 7).24 The
neutrals are propagated along the radial axis with a flow
velocity vn [Equation (7)] while they expand conically.

A total of 16 viewing-chords were considered. The nu-
merical integration along the line-of-sight is performed
between the two intersecting points of the spectral
viewing-chord with the 3-D conical gas-puff expansion
using Gauss-Legendre quadrature.25 Convergence on the
numerical integration was obtained with a minimum of
11 points. A total of 31 integration points were em-
ployed in the calculation. The 3-D mapping of the radial
electron temperature and density profiles are taken into
consideration when calculating local emissivities for each
of the Gauss-Legendre points along the line-of-sight of
each viewing-chord.

The measured electron temperature and density pro-
files (Figures 2 and 3) for the same NSTX shot (112814)
as the GPI simulation were used to produce emission
for the 667.8, 706.5, and 728.1 nm lines, as well as a
gas-flow of 6.0 × 1020 Atoms/Sec.24 For error analysis,

FIG. 7. Conical expansion profile employed to model the ra-
dial propagation of the thermal helium gas-puff with a half-
angle expansion θ1/2. The radial position is measured from
the output of the nozzle, while the spectral viewing-chords
look at the beam radially, and are oriented tangential to the
toroidal vacuum vessel. The electron temperature and den-
sity profiles presented on Figures 2, 3, and 8 represent fitted
MPTS measurements along the center of the radial axis. The
tangentially located spectral viewing-chords are integrated
through the 3-D conical expansion, which contain different
electron temperature and density values along the line-of-sight
due to the angle of incidence and the crossing through differ-
ent flux surfaces. The integrated emission is used to derive
the original temperature and density profiles along the cen-
ter of the beam, thus adding extra uncertainty to the results
(Figure 8).

an uncertainty of ± 3 % was artificially added to the
simulated intensities. A detailed explanation of the
error propagation employed on the new HTD/I model
that includes both the uncertainties on the measured
intensities and those estimated from the atomic data
can be found in Ref.12 Another source of uncertainty
is intrinsically introduced by the 3-D integration along
the line-of-sight through the conical expansion of the
gas-puff, where different electron temperatures and
densities are found due to the curvature of the flux
lines. To reduce this source of uncertainty, the THB
system would require a perpendicular viewing geometry
with respect to the propagation axis of the thermal
beam. The simulated lines were analyzed using the new
HTD/I line-ratio model12 to derive electron temperature
and density profiles along the center of the radial axis.
These results were compared to actual MPTS fitted
measurements.

Figure 8 shows the simulated line-of-sight integrated
emission calculated using the 1-D kinetic model. The
figure also shows comparisons between the initial and
derived electron temperature and density radial profiles
obtained using the HTD/I model for NSTX shot 112814.

Another reason for scattering in the derived elec-
tron temperatures and densities, is the resetting of
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FIG. 8. Simulated line-of-sight integrated emission for
the 667.8, 706.5, and 728.1 nm helium lines for NSTX
shot 112824 using 16 spectral viewing-chords (Figure 7).
The calculation was done assuming a gas source rate of
6.0× 1020 Atoms/Sec,24 and an uncertainty of ± 3 % in the
simulated intensities for error sensitivity analysis. The dashed
lines helps to reproduce a line emission profile by connecting
the 16 simulated detection points. Line-ratios were calcu-
lated from the simulated emission to derive radial electron
temperature and density profiles using the HTD/I model.12

These profiles were compared to actual measurements along
the center of the beam.

initial atomic population values in the HTD/I model
during the propagation time of the beam between
data points, where the lifetimes of the atomic states
are comparable to the transit time of the neutrals.12

It was also found that the emission profile of the
728.1 nm line gets close to the signal detection limit
(3.0 − 4.0 × 1014 Ph/Sr − cm2 − Sec) of the RFX-mod
system for some of the radial positions (Figure 8). Still
for most of the profile the signal level remains above the
detection limit, thus estimating a good signal level for
application of the RFX-mod hardware to fast electron
temperature and density measurements in the SOL/edge
regions of NSTX-U. Measured electron temperatures
and densities in the range of Te ∽ 20 → 100 eV and
ne ∽ 2.0×1012 → 1.0×1013 cm−3 are expected along the
edge. The sensitivity of the THB can still be improved to
reduce the detection limit by optimization of the f# = 4
spectrograph optical aperture, as well as designing a
better coupling between optics and plasma. Another way
to increase the signal level can be obtained by decreasing
the bandwidth of the electronics, since the characteristic
frequency of the edge fluctuations in tokamaks is lower
then the one of reversed field pinches. The bandwidth of
the amplifier can be decreased from 2 MHz to 500 kHz

in order to increase signal sensitivity. Finally, increasing
the amount of helium in the gas-puff system would
directly increase line emission; however, opacity and
local plasma perturbative effects must first be considered.

Improving the THB hardware will allow robust fast
measurements (∽ 4 µs) of electron temperature and
density profiles along the SOL/edge of NSTX-U for
turbulence studies. Eventually, if this diagnostic is
successful a similar 2-D system may be used on the
divertor region of NSTX-U.

Perturbative effects of deuterium and helium gas-puffs
on the edge plasma of NSTX have been studied in detail
for short pulses (τpuff ∼ 20 ms).26 It was observed that
these puffs caused little or no change in the line-averaged
plasma density or total stored energy, while the edge
density and electron temperature changed by ≤ 10%,
although in some discharges significant decrease in the
electron temperature were observed ∼ 50− 100 ms after
the peak of the puff.26 Figure 9 shows the calculated
deposited radial power and contributed electron density
from the neutral helium beam to the SOL/edge regions
of NSTX for shot 112824.

Opacity effects on the measured spectral lines must
also be considered when conducting gas-puff experiments
for diagnostic and transport studies. Opacity effects
were estimated using an escape factor code of the ADAS
suite called ADAS214,20 and developed by Behringer.28

A cylindrical plasma geometry with similar plasma
conditions at the center of the conical expansion of the
gas-puff was used. The calculation assumed a parabolic
emission profile along the radius of the cylinder and
Doppler emission profiles for the selected lines.29 The
escape factors were calculated for several lines of helium
and deuterium that are important for line-ratio diagnos-
tic [Equation (29)], and commonly used in turbulence
studies.22,26,30 Table I shows the estimated scape factors
for four different neutral densities.

TABLE I. Optical escape factors Λ calculated using the
plasma conditions for NSTX shot 112824 for both helium and
hydrogen lines at four different neutral densities no (cm−3).

He λ (nm) no = 1 × 1011 no = 1 × 1012 no = 1 × 1013 no = 1 × 1014

667.8 0.9357 0.5533 0.0635 0.0043

706.5 1.0000 0.9964 0.9784 0.8165

728.1 0.9945 0.9503 0.6354 0.0917

587.6 0.9986 0.9844 0.8598 0.3130

H λ (nm) no = 1 × 1011 no = 1 × 1012 no = 1 × 1013 no = 1 × 1014

656.3 0.9025 0.4286 0.0383 0.0027

486.1 0.9857 0.8704 0.3353 0.0262

434.0 0.9960 0.9526 0.6482 0.0960

The opacity estimations show that for neutral den-
sities no ≥ 1013 cm−3, the neutral hydrogen cloud is
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FIG. 9. Local deposited radial power and contributed elec-
tron density in the SOL/edge regions of NSTX by the helium
neutral puff for shot 112824. The neutral puff functions as a
power sink along the radial propagation direction, with most
of the power dissipated by ionization rather than radiation.1

The beam is ionized and the electrons get trapped and trans-
ported along the magnetic field lines to be redistributed along
the SOL/edge plasma volume. The plasma volume was calcu-
lated by using the NSTX EFIT equilibrium reconstruction.27

The contributions of the puff to the electron density can be
neglected, since local changes of both temperature and den-
sities are ≤ 10% for short pulses (τpuff ∼ 20 ms).26

opaque. These results are consistent with those from
Post.31 Maximum neutral densities within the gas-puff
deuterium cloud in the order of ∼ 5 × 1012 cm−3 have
been estimated.26 Similar opacity results were found
for helium lines, and from these estimations it is con-
cluded that local neutral densities for helium must be
no ≤ 1 × 1011 cm−3 in order to guaranty accurate elec-
tron temperature and density line-ratio measurements.

V. CONCLUSIONS

A 1-D kinetic collisional radiative solution was derived
and used to simulate line-of-sight integrated emission
along a helium gas-puff for three different spectral lines
(667.8, 706.5, and 728.1 nm) that are commonly used for
plasma diagnostic. It is concluded that excitation and
ionization from electrons are the dominating collisional
mechanisms that control the emission and depletion of
the neutral cloud. It was estimated that both charge-
exchange and ionization from main ions can be neglected
since these processes are orders of magnitude lower than
electron ionization. These results are consistent with
recent gas-puff Monte Carlo simulations using DEGAS

2 for deuterium on NSTX, where it was found that
resonant charge-exchange processes between neutral
deuterium in the puff and plasma deuterons had a
negligible effect on the emission and depletion of the
gas.22,23 Non-resonant charge-exchange between neutral
helium and plasma deuterons is expected to be even
lower.

It is also concluded that the effects of high Rydberg
contributions to the lower atomic populations are
significant, specially for the higher electron temperature
and density regions of the SOL/edge. However, it was
experimentally observed that when only the lower 19
configurations 1snl (1s < nl < 4f) were included in the
collisional radiative model, closer to MPTS electron tem-
perature and density measurements were derived than
those that included high Rydberg.12 Due to this experi-
mental evidence, line emission simulations contained in
this work did not include high Rydberg effects. Further
experimental evidence is needed in order to do a com-
plete assessment of high Rydberg effects on line emission.

The HTD/I helium line-ratio was used to derive
electron temperature and density radial profiles from
experimental emission on RFX-mod. Results are con-
sistent with those derived from TEXTOR,2,12 which
showed better agreement to MPTS measurements than
the old model typically employed to analyze helium
emission from the THB system on RFX-mod.1

The same atomic data set from the HTD/I helium
line-ratio was employed on the 1-D kinetic model to
simulate integrated helium gas-puff emission profiles for
the 667.8, 706.5, and 728.1 nm lines on a bundle of 16
optical fibers for NSTX shot 112814. The simulated
emission was analyzed using the HTD/I model12 to
closely reproduce the initial electron temperature and
density profiles along the center of the propagation axis
of the gas-puff. From these simulations it is estimated
that the expected signal level of the THB system on
NSTX-U should be significantly larger than the detec-
tion limit, thus concluding that the application of this
diagnostic to provide robust fast measurements (∽ 4 µs)
of electron temperature and density profiles along the
SOL/edge of NSTX-U is a viable option.

Finally, it is concluded from opacity calculations that
the amount of gas injected on NSTX-U will be limited
by the local density of the neutrals at the spectral mea-
surement points rather than perturbative effects on the
local plasma parameters. Applications of a similar 2-D
diagnostic system can eventually be expanded to the di-
vertor region of NSTX-U in support of radiated power
and detachment studies.
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Appendix A: Derivation of the generalized charge-exchange
rate-coefficient

The generalized charge-exchange rate-coefficient
[Equation (12)] is derived from the collision integral by
using the shifted Maxwellian distribution functions for
ions and neutrals given in Equations (3), (5), and (6),
which may be written as

ni

∫

d3
vq

CX

nl (v)fnl =

∫

d3
vfnl(v, r, t)

∫

d3
v
′|v − v

′|σCX

nl

(

|v − v
′|
)

fi(v
′)

=
ninnl

π3/2v3
thi

v3
thn

∫

d3
ve−(v−vn)2/v2

thn

∫

d3
v
′|v − v

′|σCX

nl

(

|v − v
′|
)

e−(v′−vi)
2/v2

thi . (A1)

Since |v − v
′| = |v′ − v|, a new variable is defined as

u = v
′ − v. This yields d3

u = d3
v
′; therefore,
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Changing variables to ϑ = v − vi and d3
ϑ = d3

v,
Equation (A2) can be written in the form
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and also expressed as
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Each of the integrals with respect to ϑ can be solved by
completing the square of the exponent, and by changing
variables to x can be written in the form
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and which solution is related to the complementary error
function defined as

Erfc(t) =
2√
π

∫ ∞

t

dxe−x2

. (A6)

Therefore, Equation (A4) can be written in the form
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Using the property of the complementary error func-
tion Erfc(−t) + Erfc(t) = 2, Equation (A7) is reduced
to
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This equation suggests that the maximum value of the
generalized charge-exchange integral will occur for differ-

ential velocities u ≈ |vi−vn| (u = v
′−v). The equation

can be simplified further by expressing the integral kernel
in terms of a hyperbolic sine function
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]

}

=
2ninnl√

π
1

q

v2
thi

+v2
thn

1
|vi−vn|e

−(vi−vn)2/(v2
thi

+v2
thn

)

∫ ∞

0

duu2σ
CX

nl (u)e−u2/(v2
thi

+v2
thn

)

× Sinh
[

2|vi−vn|
(v2

thi
+v2

thn
)
u
]

. (A9)

Changing variables to the non-dimensional variable

ν = u/
√

v2
thi

+ v2
thn

, and defining

ni

∫

d3
vq

CX

nl (v)fnl = ninnlQ
CX

nl , (A10)

the generalized charge-exchange rate-coefficient is writ-
ten in its final form as

Q
CX

nl = 2√
π

(v2
thi

+v2
thn

)

|vi−vn| e−(vi−vn)2/(v2
thi

+v2
thn

)

×
∫ ∞

0

dνν2Sinh

[

2|vi−vn|
q

v2
thi

+v2
thn

ν

]

σ
CX

nl (ν)e−ν2

.

(A11)

The non-dimensional variable ν can be related to
the center-of-mass energy of the charge-exchange cross-
section with

E(eV/amu) =
mamu

2e
(v2

thi
+ v2

thn
)ν2 . (A12)

The generalized rate-coefficient from Equation (A11)
can be integrated numerically using Gauss-Legendre
quadrature.25 This expression is similar to the one
derived in,23 where the rates were written in terms of

the Il,n integrals that are stored in DEGAS 2.

For the special case that vi ≈ vn or |vi − vn| → 0, it
can be shown that Equation (A11) is reduced to

Q
CX

nl =
4√
π

√

v2
thi

+ v2
thn

∫ ∞

0

dνν3σ
CX

nl (ν)e−ν2

. (A13)
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