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A 1-D kinetic collisional radiative model 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
728.1nm to derive electron temperature (eV) and density (cm ) profiles. The purpose of the pres-
ent analysis is to evaluate the applications of this diagnostic for determining fast («~4 us) electron
temperature and density radial profiles on the scrape-off layer 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 system on the divertor. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4948554]

I. INTRODUCTION

Helium line-ratio diagnostic for determining electron
temperatures and densities is a standard and important tech-
nique applied on measurements of plasma edge, scrape-off
layer (SOL), and divertor regions on several fusion experi-
ments such as TEXTOR,"” RFX-mod,” PISCES-B,* JET,’
and JT-60U.° Helium emission has been used for edge turbu-
lence measurements using the Gas-Puff Imaging (GPI) system
on NSTX,” for validation of plasma transport models on
MAST® and for edge turbulence characterization on RFX-
mod.”"?

Until recently, this powerful diagnostic technique was
limited by the quality of atomic data available. Precise calcu-
lations of the near threshold resonances in the cross-sections
are needed for accurate spectral line-ratio diagnostics,'" par-
ticularly for temperatures below the ionization potential.
This diagnostic technique has also been limited by neglect-
ing the time-evolution of the triplet spin system of the meta-
stable state of helium.*'? Figure 1 shows the two spin
systems of helium.

A new Hybrid-Time-Dependent/Independent (HTD/I)
helium line-ratio model that employs state-of-the-art R-Matrix,
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R-Matrix With Pseudostates (RMPS),"* Convergent Close
Coupling (CCC) electron-impact excitation and ionization
data'>'® and that takes into account the transient relaxation
times of the atomic states has been developed.'” This new
HTD/I model extends the spatial range of electron
temperature and density measurements, and improves
agreement with Multi-Point Thomson Scattering (MPTS)
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FIG. 1. Helium contains two spin systems: The singlet ('S ground state) and
the triplet (*S metastable state). The electron temperature sensitive line-ratio
(706.5/728.1) becomes time dependent due to the long relaxation time of the
metastable state (°S) at low electron densities (7, < 10'2cm3),'? and which
populates the 706.5 nm line in comparison to the 728.1 nm line that is popu-
lated from the singlet ground state ('S). The electron density sensitive line-
ratio (667.8/728.1) is time independent (short relaxation times), because both
of these lines are dominantly populated from the singlet ground state ('S).'>
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measurements>'? when compared to the widely used helium
atomic model developed at TEXTOR."

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 includes helium—proton charge-exchange effects
using newly calculated state-of-the-art cross-sections.'’
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.'”
These profiles were compared to those derived using the
TEXTOR helium model that is typically employed to ana-
lyze the experimental data on RFX-mod.'

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 diagnostic on NSTX-U.
Additionally, electron temperature and density radial profiles
were derived using the HTD/I line-ratio model'* and com-
pared to the initial profiles. Perturbative effects on the plasma
and opacity of different emission lines are also discussed.

Il. 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
(CRM). Any ion/atom can be modeled by a set of terms (LS-
coupling) with interacting radiative and collisional cou-
plings. In the SOL/edge plasma regions, the processes that
play the main role in populating/de-populating (e.g., Apj—mr
de-populates the n/-state) the various n/-terms may include:

* Radiative decay: [Aur—u/An—mr]

* Electron-impact excitation/de-excitation: [¢°,,_.,,/9,_.r]
+ Electron-impact ionization: [S¢,]

* Charge-exchange: [65¥]

Electron recombination is not included in the model, and
it is assumed that any neutral atom in the gas-puff that is ion-
ized 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
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with the atomic collisional processes (on the right hand side)
included

O
L +v- an[ = Z [Aml’ﬂnl + neqfnl’ﬂnl]fmll

ot nl#ml'

_ {niqslx(v) + .Sy,

+ Z [Anlﬁml’ + nlel;_,m;r}} nl (1)

nl#ml'

where n, and n; are the free electron/ion densities, and
fu(v,r, 1) represents the neutral atom distribution function in
the excited n/-term. The velocity-dependent charge-exchange
rate-coefficient is defined by the collision integral

1
q5* (v) :;Jd3v'|va'|aglx(|vf'u'|)f,~('v’), )

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

(v) = (),
fiw) = e T, G)

th;

and a thermal ion velocity defined as

[2kpT;
U[h’ = —B . (4)
mi

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

fnl(vara t) :fg('U)}’ln](r,t), (5)

where n,(r, ) represents the density population of the nith
excited term as a function of position and time, and the veloc-
ity dependent function f,(v) has the form of a shifted
Maxwellian distribution with a given displacement velocity v,

1
fo(v) = —7T3/20,3/7,1 e

,(U—U”Z/L‘?”n . (6)

It has been shown that the particle velocity distribution of
the puff can be described by a drifting narrowed Maxwellian
distribution with flow velocity v, = M+/ykgT, /mn,18 where
M is the Mach number (M =1 for this case), y is the specific
heat ratio (y =5/3 for helium), 7}, is the neutral gas tempera-
ture (T,,~300K), and m, is the mass of the neutrals in the
gas.'®

The gas-puff flow and thermal velocity of the neutrals

are given by

o [ska,
" 3m,
(7
2kpT,
Uth, = .
my
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Equation (1) can be integrated with respect to velocity
by substituting the distribution function solution from
Equation (5) using the integral relations

Npp = Jd3vfnl
(®)
Np|Vp = Jd3vvfnlv

which yield

8”}1[
ot

+ vy - vnn/ - § [Aml’Hn/ + neqfn[’*»n[] Ny
nl#ml’

_”iJ vqnl ( Mot
— {I’leszl + Z [Anl—\ml’ + neqzl—wzl’]}n”l'

nl#ml'
®

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

nij ’UC],,1 ( ) nl — Jd3vﬁ71(vara t)

< [ = 1o (v~ o (o).
(10)
which can be integrated and written in the form
[ dog w1t = m0Sn (an

The generalized charge-exchange rate-coefficient Q5 is
obtained from the collision integral Equation (10) [Equation
(A11)], and the derivation is shown in detail in the
Appendix. The solution is given by

2 2
v v
cx 2 (th; + thn) —(wi—vn)?/ (3, 13,
i = o] © ’
i

o 2|v; — v, —?
xJ dv/*sinh Mu cF(we™, (12)

nl
0 /142 2
Uth,- + vth,,

where the non-dimensional quantity v is defined as a func-
tion of the center of mass energy as

. 1 ZeE(eV/amu). (13)

2 P m
Ui, t Uin, amt

Substituting Equation (11) into Equation (9), and by
choosing the propagation velocity axis of the gas-puff along
the radial direction, v, = v,r yields
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anrzl ann/
+ Uy = § [Aml’—ml + ”le,,pHH/] Nmp
ot or
nl#ml'
CX
- {niQr7l + nfoll

+ Z [Anlﬂml’ + neqi[ﬂm[/] }nnl- (14)

nl#ml'

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

anrzl + annl
a " or

= Z Cnl,ml’nml’ + Cnl,nlnnl; (15)
nl#ml'

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

Cnl,ml’ =Apr—n + ﬂeélfmqn;, (16)

and the diagonal elements (losses) by

CX
Cnl,nl = _{niQn[ + ”eSf,j

+ 3 Aur + neqi;,ﬂ,,,p}}. (17)

nl#ml

The atomic data used in the CRM are the same as the
one from the HTD/I helium line-ratio model,12 and the pres-
ent model also includes helium—deuteron charge-exchange
interactions by employing newly calculated state-of-the art
cross-sections'” to obtain the generalized charge-exchange
rate-coefficients QSZX [Equation (12)].

In the SOL region of the tokamak, the D" ions move
with a flow velocity v; [Equation (3)] parallel to the magnetic
field lines, and with a magnitude equal to the plasma sound
speed v; = \/kg(T, + T;)/(m, + m;)."* In this work, the elec-
tron/ion (protons) temperatures and densities are assumed to
be equal (T; ~ T, and n; ~ ne);19 therefore, the magnitude of
the ion flow velocity is v; &~ \/2kpT,/(m, + m;). The gas-
puff injection axis is mostly perpendicular to the magnetic
field lines in the SOL; therefore, it is safe to assume that
v, Lv;, and |v; — v,| & /07 + 02 in Equation (12).

The sum in the collisional radiative matrix is performed
for a total of N=19 terms for the configurations 1sn/
(1s < nl < 4f)."* In order to account for high Rydberg state
contributions to the lower states, the projection matrix can
be included in the calculation.'” The comprehensive colli-
sional 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 characteris-
tics. By choosing s as the variable along the characteristic,
the following relation is used

dnnl o ﬂannl
ds ds Ot

ﬂannl
ds Or’

(18)
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where 4 = 1, and % = v,. Therefore, Equation (15) can be
expressed in the reduced form

dnnl o
ds

Z Cnl‘ml’nml’ + Cnl,n/nnl . (19)
nlz#ml'

Rewriting Equation (19) in matrix form for a N total
number of nl/-terms

dnl
ddrfz Cip Cip ... Cin n
—_— C271 Cz,z e C2_N ny
s | = . R , (20)
‘ Cyi1 Cy2 Cnvn nN
dl’lN
ds
and defining the vector and matrix quantities as
n C111 Cl,z Cl,N
ny Co1 Cap ... Coy
F=| . | and C= : . . 2D
ny Cni Cn2 Cyn
Equation (20) is written in the generalized vector
representation
dF
—=C-F. (22)
ds

In order to decouple the system of differential equations,
the problem is solved using a thin shell approximation along
the beam propagation characteristic interval ds ~ s —s,,
where the interval ds is small enough that an average con-
stant value of the local plasma conditions and the collisional
radiative matrix C can be assumed within the interval.
Diagonalizing the average collisional radiative matrix for the
interval s, — s,'? the quasi-constant diagonal eigenvalues
matrix 4 and the eigenvectors matrix V are calculated. Using
the linear transformations

F=V.F
F =v!'.F
i=v'.Cc.V. (23)

Equation (20) is locally uncoupled and expressed as

!
ar =A-F. (24)
ds
Notice that the eigenvalues of the collisional radiative
matrix represent the inverse values of the lifetimes for the
populations of each individual n/-term in the model. Solving
for the y,,-element from Equation (24)

dnf’ A /
ds/ — /“/n“/’ (25)

the solution is written as
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" .ds'

n’(s) = n;,(so)e s T (26)

Since the average eigenvalue A, within the interval s, — s
is assumed to be constant, the integral is reduced to
f: Jods' & Jy[s — s,]. Applying the linear transformations
from Equations (23) to n(s) and n(s,), and by using the
characteristic relation ds = dr/v,, the solution for the popula-
tion densities is given by

N N
- L) r—r,
nnl(r> = Z an.y Z V},ﬂ’lnl(}'o)emﬂ?[ o , 27)
=1 =1

where the eigenvalue and eigenvector terms 4,, V,;,, and V; 11
correspond to those averaged for inside the small radial propa-
gation interval r, — r, the calculated populations 7n,(r) are
used as the initial conditions 7,(r,) 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 — r, ~ 5mm was
enough to attain convergence. The length of the interval
depends on the gradient of the plasma parameters along the
propagation axis. The derived solution 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 — r, is given by

Electron/lon lonization vs CX Rate-Coefficients
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FIG. 2. Electron temperature radial profile obtained from fitting MPTS
measurements from NSTX shot 112814. By assuming T; = T,,'° electron/ion
ionization and helium—deuteron charge-exchange (CX) rate-coefficients
were calculated 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 ionization. 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 the recently published
DEGAS 2 Monte Carlo neutral transport simulations.?*?*
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N

N
fnl(v» r, t) :ﬁ)(v) Z Vn/f,ﬁ Z V;Ilnt(ro)eﬁ;ﬁ[riro]- (28)
=1

1

=
b

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

line-ratio model'2
7(706.5nm)
Rr. (1) = o tom
7(667.8nm)
Ru (1) = S tom)
7(706.5nm)
Rronc(0) = o7 )

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 com-
parison, helium—proton ionization rate-coefficients were also
calculated using the Percival and Richards expression by
means of the “rqinew” ADAS subroutine,’**! although they
may also be calculated from cross-sections using the general-
ized rate-coefficient expression from Equation (12).

Figure 2 shows the comparison between electron/ion
ionization and charge-exchange rate-coefficients calculated
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 (T; ~T,)." 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 ionization 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 simu-
lations in the SOL are insensitive to charge-exchange,
including resonant charge-exchange processes.”>** Resonant
charge-exchange processes between neutral deuterium and
plasma deuterons are expected to be higher than those
between helium and deuterons; therefore, as Figure 2 shows,
the charge-exchange can be neglected.

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 ma-
trix [Equations (16) and (17)].'> The details of the semi-
empirical atomic data included in the projection matrix are
given in Ref. 12. Figure 3 shows the modeled populations for
the 153s(’S), 1s3s('S), and 153d(' D) atomic terms that corre-
spond 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 popula-
tions, and how these contributions can affect the line emission
radiation.

Phys. Plasmas 23, 053302 (2016)

Modeled Atomic Populations with and w/o High Rydberg
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FIG. 3. Electron density radial profile from fitted MPTS measurements for
NSTX shot 112814, and which is used [together with the electron temperature
profile (Figure 2)] to calculate the atomic populations 153s(*S), 1s3s('S), and
1s3d(lD)7 which correspond to the 706.7, 728.3, and 667.9 nm lines. The cal-
culation is done with and without (w/o dashed lines) high Rydberg contribu-
tions included in the collisional radiative matrix. Consistent with the previous
results,'? it is observed that high Rydberg contributions do affect significantly
the atomic populations, particularly at the higher temperature and density
regions of the SOL/edge.

The effects of high Rydberg contributions appear to
increase with respect to electron temperature and density.
These effects were also present when including high
Rydberg contributions to the HTD/I line-ratio diagnostic to
analyze emission data from TEXTOR.'? It was experimen-
tally observed that the helium line-ratio model without
including high Rydberg contributions yielded closer electron
temperature and density values with respect to those from
MPTS measurements at TEXTOR (Figures 11 and 12 of
Refs. 2 and 12). Based on these experimental results, emis-
sion calculations in this work included only the lower 19
configurations 1snl (1s < nl < 4f)."2

lll. 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 descrip-
tion of the THB diagnostic used in RFX-mod is given. A
more complete discussion can be found in Ref. 3. The THB
diagnostic uses the same equilibrium model from
TEXTOR;! 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."?
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To avoid complex transport calculations, the effects of
electron recombination and recycle are experimentally sub-
tracted. 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 injection. By sub-
tracting the background and gas-puff signals, the recycle/
recombination contributions are removed.*'?

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

The THB diagnostic separates the three different helium
emission wavelengths by means of a monochromator. The
light collected from the plasma edge at 8 different radial
locations is carried to the spectrograph through a bundle of
optical fibers. The optics consists of a Czerny-Turner mono-
chromator 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

10- @) Line Intensity (r/a=0.985) | -]
—— 6678A
| —— 70854 ]
. —— 7281A
O
&» 5F .
|
[a\] 2 a
£
T
0 1 | !
~
E 6 b) ' : ' ' shot:115746
~
D.‘ - 4
o B | .
=)
Sl * |
2_ -
2 L i
2 4 6

time (Sec)

FIG. 4. Time history of helium gas-puff emission used in the line-ratio elec-
tron temperature and density diagnostic on the edge (r/a = 0.985) of the
TEXTOR tokamak, where the pulses of intensity at 200 ms intervals for
100 ms are from the gas injector. (a) 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) Same data with the recy-
cling/recombination light subtracted using a 100 ms rolling average smooth.
Note: Line-ratio analysis is done individually for each of the helium gas-
puff injection pulses.”
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the PMTs are amplified and acquired with a sampling fre-
quency 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 diagnostic 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 criti-
cal, and these minimum values were compared to the expected
intensities obtained from the simulated emissivities. The mini-
mum signal levels were obtained from measurements of the
three emission lines when the gas-puff signal can be discrimi-
nated 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 back-
ground emission produces an electronic signal 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 sig-
nal (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 in-
tensity value for detecting the 728.1nm line is between
3.0 — 4.0 x 10" Ph/Sr — cm? —s.

Figure 6 shows the radial profiles of the measured inten-
sities of the three helium lines for a typical RFX-mod plasma
discharge (I, = 1.5 MA, and central electron density around
1.6 x 1013 cm ). Only six radial points are shown, and the
other two viewing-chords were looking at a different toroidal
and poloidal position. Figure 6 also shows electron
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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 detected by the diagnostic.
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FIG. 6. Comparison between electron temperature and density radial profiles
derived from measured intensity line-ratios using the RFX equilibrium
model (TEXTOR model),' and the new HTD/I model'? for REX-mod shot
37536. The differences between the two are consistent with the previous
results obtained at TEXTOR,2’]2 where it was found that including both the
new atomic data set and the time-dependent evolution of the atomic popula-
tions yielded significant differences between the models.

temperature and density profiles derived using the RFX
model (TEXTOR model)," and compared to those derived by
the new HTD/I model."*

The results in Figure 6 show significant differences
between the derived electron temperatures using the new
HTD/1 model,12 and those from the TEXTOR model.' These
differences are consistent with those previously obtained
at TEXTOR, where it was observed that the electron temper-
atures derived from the HTD/I model showed better

Helium Beam

Tangential
Spectral Chords

Nozzle

FIG. 7. Conical expansion profile employed to model the radial propagation
of the thermal helium gas-puff with a half-angle expansion 0, ,. 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 vac-
uum vessel. The electron temperature and density profiles presented in 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 temperatures and
density values along the line-of-sight due to the angle of incidence and the
crossing through different flux surfaces. The integrated emission is used to
derive the original temperature and density profiles along the center of the
beam, thus adding extra uncertainty to the results (Figure 8).

Phys. Plasmas 23, 053302 (2016)

agreement to MPTS measurements, while the TEXTOR
model highly underestimated the temperatures.>'* It was
also observed that the new HTD/I model derived electron
densities slightly closer to MPTS measurements.'? The error
analysis of the TEXTOR model includes two branches:' one
is the systematic uncertainty from the atomic cross-sections
and the integration procedures and assumptions to obtain
rate-coefficients as discussed in Ref. 1. The second source of
uncertainty is obtained from the measured line emissions. In
this work, the measured uncertainty of the THB system on
RFX-mod was estimated to be ~5% relative to the line emis-
sion strength. This results in an uncertainty 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 shown 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 Ref. 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 0/, ~25°, which was estimated
from camera observations of the NSTX Gas-Puff Imaging
system (GPI), is considered (Figure 7).* The neutrals are
propagated along the radial axis with a flow velocity v,
[Equation (7)] while they expand conically.
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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 x 102 Atoms/ s,24 and an uncertainty of =3% in the simulated inten-
sities for error sensitivity analysis. The dashed lines help to reproduce a line
emission profile by connecting the 16 simulated detection points. Line-ratios
were calculated from the simulated emission to derive radial electron tem-
perature and density profiles using the HTD/I model.' These profiles were
compared to actual measurements along the center of the beam.
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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.”> Convergence on the numeri-
cal integration was obtained with a minimum of 11 points. A
total of 31 integration points were employed in the calcula-
tion. The 3-D mapping of the radial electron temperature and
density profiles is 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 profiles
(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 728.1nm lines, as well as a gas-flow of 6.0
x10% Atoms/ s.2* For error analysis, 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 meas-
ured intensities and those estimated from the atomic data can
be found in Ref. 12 Another source of uncertainty is intrinsi-
cally 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 cur-
vature of the flux lines. To reduce this source of uncertainty,
the THB system would require a perpendicular viewing ge-
ometry with respect to the propagation axis of the thermal
beam. The simulated lines were analyzed using the new HTD/
I line-ratio model'? 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 elec-
tron temperature and density radial profiles obtained using
the HTD/I model for NSTX shot 112814.

Another reason for scattering in the derived electron
temperatures and densities is the resetting of initial atomic
population values in the HTD/I model during the propaga-
tion time of the beam between data points, where the life-
times of the atomic states are comparable to the transit time
of the neutrals.'* 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 x 10" Ph/Sr — cm? — s) of the REX-mod system
for some of the radial positions (Figure 8). Still for most of
the profiles, 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 den-
sity measurements in the SOL/edge regions of NSTX-U.
Measured electron temperatures and densities in the range of
T,~20 — 100eV and n,+2.0 x 10"* — 1.0 x 10" cm™3
are expected along the edge. The sensitivity of the THB can
still be improved to reduce the detection limit by optimiza-
tion 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 char-
acteristic frequency of the edge fluctuations in tokamaks is
lower then the one of reversed field pinches. The bandwidth

Phys. Plasmas 23, 053302 (2016)

Deposited Beam Power/e-Density vs Radial Position
Shot: 112814
T T T 1

:
— P, =T7.56 kW H

g 1
5,§ 0.5} |
o —
23 04l | - Pp,=T.16 kW ||
g B | o Poy=0.40 kW
o o 0.3 : . LCFS
oS 02
==
%3
83 o1
(9]
O o0
10 - . T T
R 3
T
g 1010 — Measured (MPTS) ]
= —  Deposited (Puff)
&
10°F _ - = —o_ 3
105 I L L I L L I
9 10 11 12 13 14 15 16 17

Radial Position (cm)

FIG. 9. Local deposited radial power and contributed electron 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." The
beam is ionized and the electrons get trapped and transported along the mag-
netic field lines to be redistributed along the SOL/edge plasma volume. The
plasma volume was calculated using the NSTX EFIT equilibrium recon-
struction.”” The contributions of the puff to the electron density can be
neglected, since local changes of both temperature and densities are <10%
for short pulses (T, ~ 20 ms).%

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 the line emission; however, opacity and local
plasma perturbative effects must first be considered.

Improving the THB hardware will allow robust fast
measurements («4 us) of electron temperature and density
profiles along the SOL/edge of NSTX-U for turbulence stud-
ies. 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 (t, ~ 20ms).”° 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
was observed ~50-100ms after the peak of the puff.?
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 esti-
mated using an escape factor code of the ADAS suite called
ADAS214*° and developed by Behringer.”® A cylindrical
plasma geometry with similar plasma conditions at the center
of the conical expansion of the gas-puff was used. The calcu-
lation assumed a parabolic emission profile along the radius
of the cylinder and Doppler emission profiles for the selected
lines.” The escape factors were calculated for several lines of



053302-9 Munoz Burgos et al.

TABLE I. Optical escape factors A calculated using the plasma conditions

for NSTX shot 112824 for both helium and hydrogen lines at four different
neutral densities 7, (cm”z).

He/(m) n,=1x10" n,=1x10"2 n,=1x10" n,=1x10"
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.(mm) n,=1x10" n,=1x10? n,=1x10" n,=1x 10"
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

helium and deuterium that are important for line-ratio diag-
nostic [Equation (29)], and commonly used in turbulence
studies.”*?** Table I shows the estimated escape factors for
four different neutral densities.

The opacity estimations show that for neutral densities
n, > 10" cm™3, the neutral hydrogen cloud is opaque. These
results consistent with those from Post.*’ Maximum neutral
densities within the gas-puff deuterium cloud in the order of
~5x 10" cm™ have been estimated.”® Similar opacity
results were found for helium lines, and from these estima-
tions, it is concluded that local neutral densities for helium
must be 1, < 1 x 10" em™3 in order to guaranty accurate
electron 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 simu-
lations 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.”>?* Non-resonant charge-exchange between neutral he-
lium and plasma deuterons is expected to be even lower.

It is also concluded that the effects of high Rydberg con-
tributions 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 1sn/
(1s < nl < 4f) were included in the collisional radiative
model, closer to MPTS electron temperature and density
measurements were derived than those that included high
Rydberg.'? Due to this experimental evidence, line emission
simulations contained in this work did not include high
Rydberg effects. Further experimental evidence is needed in
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order to do a complete 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 the experimental
emission on RFX-mod. Results are consistent with those
derived from TEXTOR,z’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.'

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 model'? 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 sys-
tem on NSTX-U should be significantly larger than the
detection limit, thus concluding that the application of this
diagnostic to provide robust fast measurements (-4 us) 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 measurement
points rather than perturbative effects on the local plasma pa-
rameters. Applications of a similar 2-D diagnostic system can
eventually be expanded to the divertor region of NSTX-U in
support of radiated power and detachment studies.
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APPENDIX: 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 neu-
trals given in Equations (3), (5), and (6), which may be written
as

" Jd%q,?,"(v)fn, - JdSvfnz(v, r1) Jd3v’|v |
X O'SIX(|’U — v/|)ﬁ(v/)

nin 27,2
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Since |v — V| =

|v' — v|, a new variable is defined as u = v/ — v. This yields d*u = d>v'; therefore,
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Changing variables to 1 = v — v; and d°9 = d>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 ¥ 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
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Therefore, Equation (A4) can be written in the form
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Using the property of the complementary error function 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 differential
velocities u &~ |v; — v,| (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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Changing variables to the non-dimensional variable

_ 2 2 :
v=u/\/vy + vy ,and defining

nl-j g (0)fs = nin S, (A10)

the generalized charge-exchange rate-coefficient is written in
its final form as
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The non-dimensional variable v can be related to the
center-of-mass energy of the charge-exchange cross-section
with

(A11)

E(eV /amu) = mz;" (ufhi n v,zh”) 2. (A12)
The generalized rate-coefficient from Equation (Al1)
can be integrated numerically using Gauss—Legendre quadra-
ture.” This expression is similar to the one derived in Ref.
23, where the rates were written in terms of the /;, integrals
that are stored in DEGAS 2.
For the special case that v; ~ v, or |v; — v,| — 0, it can

be shown that Equation (A11) is reduced to
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