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An advanced kinetic collisional radiative model is used to predict beam into plasma charge-

exchange visible and extreme UV (XUV �50� 700 Å) light emission to quantify impurity density

profiles on NSTX. This kinetic model is first benchmarked by predicting line-of-sight integrated

emission for the visible k¼ 5292.0 Å line of carbon (C VI n¼ 8! 7), and comparing these predic-

tions to absolute calibrated measurements from the active CHarge-Exchange Recombination

Spectroscopy diagnostic (CHERS) on NSTX. Once benchmarked, the model is used to predict

charge-exchange emission for the 182.1 Å line of carbon (C VI n¼ 3! 2) that is used to scale

Bremsstrahlung continuum emission in the UV/XUV region. The scaled Bremsstrahlung emission

is used as a base to estimate an absolute intensity calibration curve of a XUV Transmission

Grating-based Imaging Spectrometer (TGIS) diagnostic installed on the National Spherical Torus

Experiment (NSTX and upgrade NSTX-U). The TGIS diagnostic operates in the wavelength region

�50� 700 Å, and it is used to measure impurity spectra from charge-exchange emission. Impurity

densities are estimated by fitting synthetic emission from the kinetic charge-exchange model to

TGIS spectral measurements. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936953]

I. INTRODUCTION

Monitoring and quantifying impurity elements such as Fe,

Mo, W, etc., play an important part in fusion physics research.1

High-Z elements have commonly been observed in tokamak

plasmas,2 and their quantification is important to prevent loss

of power by radiation in burning plasmas. The upgrade on the

National Spherical Torus Experiment (NSTX-U)3 at the

Princeton Plasma Physics Laboratory (PPPL) will eventually

include the placement of Titanium-Zirconium-Molybdenum

(TZM) alloy tiles on the lower divertor for high-Z wall studies.

In support of these studies, the Johns Hopkins

University plasma spectroscopy group designed and built a

Transmission Grating-based Imaging Spectrometer (TGIS).

This diagnostic operated on NSTX in a survey mode to mea-

sure impurity lines from beam into plasma charge-exchange

and Bremsstrahlung continuum emission, and it is scheduled

to continue to operate on NSTX-U. The TGIS covers the

XUV/VUV regions with a spectral window between

�50 and 700 Å (dk=k �3% resolution), and a field of view

of 22�, and 0.9 m<R< 1.5 m ( �2:7 cm of resolution).1

In order to expand the capabilities of the TGIS diagnos-

tic to obtain quantitative impurity measurements, accurate

beam into plasma charge-exchange modeling and absolute

intensity calibration of the instrument are needed.

This paper first describes the adaptation of an already

developed advanced kinetic collisional radiative model to pre-

dict beam into plasma charge-exchange impurity emission.4,5

This model was first developed to determine atomic physics

corrections to measured apparent plasma rotation velocities

based on carbon charge-exchange emission at the DIII-D

tokamak. In this work, the model is expanded to include in

the kinetic collisional radiative model not only electron, but

ion-impact excitation and ionization interactions that become

important in the high-temperature/density core environment

of NSTX. The model is used to predict line-integrated beam

into plasma charge-exchange emission from different plasma

impurity ions, including non-hydrogen-like systems. The

model closely reproduces absolute intensity calibrated meas-

urements from the active CHarge-Exchange Recombination

Spectroscopy diagnostic (CHERS) that operates on a regular

basis on NSTX. The CHERS diagnostic measures fully

stripped carbon ion temperatures and densities, as well as

rotation velocities from charge-exchange using the visible

k¼ 5292.0 Å line (C VI n¼ 8! 7).

In order to absolutely calibrate the TGIS instrument, the

charge-exchange model is used to predict line integrated

emission of the XUV 182.1 Å line (C VI n¼ 3! 2). This

line is chosen due to its high intensity in the XUV, and the

absence of other strong impurity lines around its wavelength.

The predicted relative intensity of this line to the continuum

is used to scale modeled Bremsstrahlung emission in the

XUV/VUV range of the TGIS ( �50� 700 Å). The scaled

Bremsstrahlung continuum emission is then used as a refer-

ence for absolute intensity calibration of the TGIS.
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Combining absolute calibrated spectral measurements

from the TGIS with modeled charge-exchange and

Bremsstrahlung continuum emission, quantitative impurity

density radial profiles are estimated.

The paper is organized as follows: Section II describes the

adaptation of the advanced kinetic collisional radiative model

to predict charge-exchange emission,4,5 followed by Section III

which includes a summary of the neutral beam model

employed to calculate beam deposition and penetration into the

plasma.6 Section IV contains a description of the atomic data

employed in the kinetic model for different ion impurities.

Section V benchmarks the modeled results by direct compari-

son to absolute intensity calibrated measurements of the

k¼ 5292.0 Å radial profiles from CHERS, as well as calculat-

ing a complete line-integrated carbon charge-exchange spectra.

Section VI describes the absolute intensity calibration of the

TGIS based on scaled Bremsstrahlung continuum emission,7

and the quantification of impurity density radial profiles.

II. ADVANCED KINETIC COLLISIONAL RADIATIVE
MODEL

An advanced kinetic collisional radiative model that

includes gyro-orbit effects in charge-exchange impurity cap-

ture and emission was developed to determine plasma rotation

velocities at the DIII-D tokamak.4,5 In the present work, this

model is adapted to predict charge-exchange emission from

different impurity ions (both hydrogen-like and non-hydro-

gen-like) in order to quantify their local densities. This model

does not take into account any impurity transport mechanisms,

electrons are exchanged between the neutral beam and the

local impurities that are already present, and therefore, their

densities are quantified from the charge-exchange emission

process. The question of how the impurities get to the meas-

ured location is dealt by the field of transport theory.8

The adapted model may include many populating mecha-

nisms in the collisional-radiative system. These nl-terms/nlj-
levels resolved mechanisms may be (but are not limited to):

• Spontaneous decay: (Aml0!nl=Anl!ml0)
• Electron-impact excitation/de-excitation: (qe

ml0!nl=qe
nl!ml0 )

• Ion-impact excitation/de-excitation: (qi
ml0!nl=qi

nl!ml0)
• Electron-impact ionization: (Se

nl)
• Ion-impact ionization: (Si

nl)

• Radiative recombination: [aðrÞnl ]

• Dielectronic recombination: [aðdÞnl ]

• Three-body recombination: [að3Þnl ]
• Charge-exchange: (rCX

nl ).

Figure 1 illustrates different mechanisms that contribute

to the population of the nlth atomic term of an impurity ion,

where nl represents the specific term that is described (nlj for

a level), and ml0 represents any higher or lower term from nl.
Notice that other processes such as interactions with other

ion impurities may also be included in the collisional-

radiative formalism.

Electron and ion impact excitation and ionization rate

coefficients are calculated by assuming Maxwellian distribu-

tions. For the impurity ions before a charge-exchange event,

a shifted Maxwellian distribution with respect to the plasma

rotation velocity is employed in the form4

fi v� Vrð Þ ¼ ni

p3=2v3
th

e� v�Vrð Þ2=v2
th ; (1)

where Vr is the measured ion rotation velocity from CHERS,

and the ion thermal velocity is represented by vth¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTi=mi

p
.

In order to account for all radiative and collisional cou-

plings, as well as ion gyro-velocity effects in a charge-

exchange event, the kinetic equation is solved. The different

collisional processes (on the right hand side) are included in

the form

@fnl

@t
þ v � rfnl þ

Zie

mi
Eþ v�Bð Þ � rvfnl ¼

X
nl 6¼ml0

Aml0!nl þ neqe
ml0!nl þ niq

i
ml0!nl

� �
fml0 � neSe

nl þ niS
i
nl þ nea

r0ð Þ
nl þ nea

d0ð Þ
nl þ n2

ea
30ð Þ

nl

n

þ
X

nl6¼ml0

Anl!ml0 þ neqe
nl!ml0 þ niq

i
nl!ml0

� �)
fnl þ nea

rð Þ
nl þ nea

dð Þ
nl þ n2

ea
3ð Þ

nl

h i
fi v�Vrð Þ

þ
X

k

nbk
jv� vbk

jrCX
nl jv� vbk

j
� �

fi v�Vrð Þ ; (2)

where fnl(r, v, t) represents the ion distribution function with

ion charge Zi after a charge-exchange event, ne is the free elec-

tron density, ni is the free ion density (that may include both

main and impurity ions), fi(v – Vr) is the shifted distribution

function for the charge-exchange receiving impurity ion from

Equation (1). The magnetic field B is obtained from the NSTX

FIG. 1. Different populating/de-populating mechanisms for the nlth-term of

an ion in a plasma.
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EFIT equilibrium reconstruction,9 and the electric field is cal-

culated using E ¼ $Pi=ðZ þ 1Þeni � Vr � B. The ion pres-

sure is given by Pi ¼ kBniTi. The neutral beam distribution

function is represented by fbðv0Þ ¼
P

k nbk
d3ðv0 � vbk

Þ, where

nbk
is the density of neutral deuterium for the kth energy com-

ponent of the beam (for beams with more than one energy

component), and vbk
is the kth velocity component of the beam.

The calculation of the nbk
densities is explained in detail in

Section III. The velocity dependent cross-section for the

charge-exchange process into the nl-term is represented by

rCX
nl . The kinetic calculation employs measured plasma quanti-

ties such as electron temperatures and densities from Multi-

Point Thomson Scattering (MPTS), as well as carbon ion den-

sities, temperatures, and plasma rotation from CHERS. Notice

that the same kinetic formalism can be applied for an nlj-level

resolved representation.

The full solutions for both the nl-term ion density and

apparent velocity after a charge-exchange event are4

nnl Vrð Þ ¼ �ni

X3

k¼1

XN

c¼1

Vnl;c
1

kc
Ck

c Vrð Þ

vapp
nl Vrð Þ ¼ Vr þ

X3

k¼1

vbk
� Vrð Þ

jvbk
� Vrj

XN

c¼1

Vnl;c
1

kc
Uk

c Vrð Þ

X3

k¼1

XN

c¼1

Vnl;c
1

kc
Ck

c Vrð Þ
þ Eþ Vr � Bð Þ

B

X3

k¼1

XN

c¼1

Vnl;c
1

kc

xc

kc

1þ x2
c

k2
c

� �Ck
c Vrð Þ

X3

k¼1

XN

c¼1

Vnl;c
1

kc
Ck

c Vrð Þ

�

X3

k¼1

B

B
� vbk

� Vrð Þ
jvbk
� Vrj

XN

c¼1

Vnl;c
1

kc

xc

kc

1þ x2
c

k2
c

� �Uk
c Vrð Þ

X3

k¼1

XN

c¼1

Vnl;c
1

kc
Ck

c Vrð Þ
þ Eþ Vr � Bð Þ � B

B2

X3

k¼1

XN

c¼1

Vnl;c
1

kc

x2
c

k2
c

1þ x2
c

k2
c

� �Ck
c Vrð Þ

X3

k¼1

XN

c¼1

Vnl;c
1

kc
Ck

c Vrð Þ

þ

X3

k¼1

B� B� vbk
� Vrð Þ½ �

B2jvbk
� Vrj

XN

c¼1

Vnl;c
1

kc

x2
c

k2
c

1þ x2
c

k2
c

� �Uk
c Vrð Þ

X3

k¼1

XN

c¼1

Vnl;c
1

kc
Ck

c Vrð Þ
; (3)

where kc and Vnl,c are the eigen-values and eigen-vectors of the collisional radiative matrix,4 and the ion gyro-frequency is

given by xc ¼ Zie
mi

B.

The nl-term density population nnl and apparent velocity vnl are used to calculate the line intensities and the Doppler

shifted wavelengths due to plasma rotation and atomic physics effects.4

A numerical solution using Gauss-Legendre (GL) quadrature is implemented to calculate the quantities Ck
c and Uk

c, which

can be written as4

Ck
c Vrð Þ ¼

1ffiffiffi
p
p
Xb

i¼1

wik 1þ vth

jvbk
� Vrj

xik

� �
e
�x2

ik

XN

i¼1

V�1
c;i Qk

i xikð Þ;

Uk
c Vrð Þ ¼

vth

2
ffiffiffi
p
p
Xb

i¼1

wik 1þ vth

jvbk
� Vrj

xik

� �
vth

jvbk
� Vrj

� 2xik

� �
e
�x2

ik

XN

i¼1

V�1
c;i Qk

i xikð Þ ;
(4)

where the generalized recombination element as a function of the non-dimensional quantity �k is given by

Qk
i �kð Þ ¼

1

3
nea

rð Þ
i þ nea

dð Þ
i þ n2

ea
3ð Þ

i

h i
þ nbk

vth �k þ
jvbk
� Vrj
vth

				
				rCX

i vth �k þ
jvbk
� Vrj
vth

� �				
				

 !
: (5)

The non-dimensional limits of the quantity �k are related

to the charge-exchange cross-section upper and lower energy

limits,4 and the quantities xik and wik are the Gauss-Legendre

abscissas and weights of the numerical integration.10 The

full numerical treatment of the solution is explained in detail

in Ref. 4.
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The line emissivity for a specific nl! ml0 transition [in

units of (Photons/cm3 s sr)] as a function of plasma parame-

ters at location r is given by

enl!ml0 rð Þ ¼ 1

4p
Anl!ml0nnl rð Þ ; (6)

where nnl(r) is the density population for the nl-term

obtained from Equation (3). Anl!ml0 is the Einstein coeffi-

cient for the nl! ml0 transition with the wavelength knl!ml0 .

From this equation, the full spectra for different ion impur-

ities are calculated.

III. BEAM DENSITIES AND BEAM POPULATION
MODELING

Some of the most important quantities in the model are

the neutral beam density components nbk
[Equations (2)

and (5)], and the n-shell excited population of the deuter-

ons in the neutral beam that donate their electrons to the

impurity ions in the plasma through the charge-exchange

process.

The neutral beam 1 (NB1) employed on NSTX (and

NSTX-U) consists of a bundle of three separate powered

sources (or three overlapped beams) named: A, B, and C,

each one of them capable of providing a maximum power of

2 MW (a total of 6 MW maximum NB1 power).11 The typi-

cal neutral beam energies for each source are: 45.0, 22.5, and

15 keV/amu for the full, half, and third deuteron energy com-

ponents.4 The total neutral beam densities are determined

from the measured injected power (Pinj¼ 2 – 6 MW) and the

beam acceleration grid bias voltage Ebias.
12 The total den-

sities are spatially distributed on the plane perpendicular to

the propagation axis, and this spatial distribution is typically

measured experimentally.13 The normalized spatial distribu-

tion function is represented by f(x, y, z), where z represents

the beam propagation axis, and x and y represent the horizon-

tal and vertical perpendicular distances measured from the

beam propagation axis. The normalized spatial distribution

function is characteristic of the neutral beam and is inde-

pendent of plasma parameters or the machine where it

operates. The normalized distribution function of NB1 was

determined from direct Doppler-shifted Balmer-a line emis-

sion measurements on the Tokamak Fusion Test Reactor

(TFTR),13 and it was found that it can be well described by a

Lorentzian function (see Figure 2) with horizontal and verti-

cal half widths wh¼ 6.08 cm and wv¼ 21.79 cm.

Having the injected beam power, the bias voltage, and

the normalized spatial profile, the 3D neutral beam densities

can be calculated with12

nbk
x; y; zð Þ ¼ ukDk zð Þ

Pinj

peEbiasvbk
whwv

f x; y; zð Þ ; (7)

where the beam attenuation factor as a function of the dis-

tance of penetration z for the kth energy component is given

by Dk(z), and it is a function of plasma conditions. uk repre-

sents the beam power fractions for the kth-energy component.

The deuterium beam velocities are represented by vbk
for the

full (vb1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eEbias=mD

p
), half (vb2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eEbias=mD

p
), and

third (vb3
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eEbias=3mD

p
) energy components, where mD

represents the mass of deuterium. The neutral beam n-shell

excited population of the deuterons and beam attenuation

depend on their interactions with the hot electrons and ions

in the plasma, and are calculated using the time-dependent

“hnbeam” code.4,6 Only interactions with electrons, main

ion, and main impurity (plasma deuterons and fully stripped

carbon) are taken into account in the beam calculation since

these quantities are already available from MPTS and

CHERS measurements. The “hnbeam” is a time-dependent

code based on an analytic solution6 of the bundle-n¼ 5

atomic populations of the deuterium beam. The solution for

each of the 5 n-shell populations [nn(z)] as a function of

beam propagation distance z is calculated for an arbitrarily

small grid step z – zo (depending on the electron/ion tempera-

ture and density gradients along the beam propagation direc-

tion) and is given by

nn zð Þ ¼
XN

l¼1

Vn;l zð Þ
XN

m¼1

V�1
l;m zð Þnm zoð Þekl zð Þz�zo

vb : (8)

Here, vb represents the magnitude of the beam propaga-

tion velocity, Vn,l(z) are the eigenvector elements of the colli-

sional radiative matrix [with its inverse V�1
l;mðzÞ], and kl(z) are

the eigenvalues of the matrix calculated for the local plasma

parameters at the z location along the beam propagation

axis.4,6 The initial position is represented by zo, and the cal-

culation is done in small step intervals represented by z – zo.

This beam model includes bundle-n electron/ion impact ioni-

zation, as well as excitation/de-excitation, and charge-

exchange with deuterons and fully stripped carbon ions,

while electron-impact ionization and excitation/de-excitation

rate coefficients are assumed to be Maxwellian. The rate

coefficients for ion-impact are calculated taking into account

the local plasma parameters and a shifted Maxwellian distri-

bution [Equation (1)], with the non-dimensional quantity �k

are calculated using

FIG. 2. The NB1 normalized spatial profile is well described using a Lorentzian

function that fits measurements from Doppler-shifted Balmer-a line emission on

TFTR.13 NB1 operated on TFTR before being transferred to NSTX.
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qn vbk
;Vrð Þ¼

1

p3=2v3
th

ð
d3vjv�vbk

jrn v�vbkð Þe� v�Vrð Þ2=v2
th

¼ 1ffiffiffi
p
p v2

th

jvbk
�Vrj

ð1
�1

d�k �kþ
jvbk
�Vrj
vth

� �2

rn �kð Þe��
2
k ;

(9)

where the rate coefficient is also a function of the local impu-

rity ion rotation velocity Vr. Ion impurity rotation may

become important when the magnitude of Vr becomes com-

parable to the neutral beam propagation velocities vbk
.14 The

“hnbeam” time-dependent code retains the capability of

including impurity ion rotation velocities and is numerically

efficient when calculating the ion-impact rate coefficients

directly from cross-sections, thus eliminating the need of

pre-calculated tables of beam stopping coefficients used by

other beam codes.15,16 Figure 4(c) shows the attenuation ra-

dial profile [nbk
ðrÞ] for the three energy components of NB1

on NSTX shot 142192 (t¼ 0.815 s).

IV. ATOMIC DATA

Most of the atomic data included in the kinetic model

was obtained from the Atomic Data and Analysis Structure

(ADAS) database.17 The atomic data for hydrogen-like car-

bon consist of state-of-the-art electron-impact excitation data

calculated using the R-Matrix with Pseudostates (RMPS)

method combined with plane-wave-Born (PWB) data,18,19

and are described in detail by Ballance et al.20 The bundle-nl
electron-impact excitation data include transitions between

the same n-shell (nl! nl0). The Einstein A-coefficients were

calculated for a maximum value of n¼ 17 shell for

hydrogen-like carbon using the AUTOSTRUCTURE atomic

code.21 The atomic data for chlorine, iron, and copper ions

includes PWB and Distorted-Wave (DW) electron excita-

tion. For all impurities, the electron-impact ionization rate

coefficients were calculated by the Exchange Classical

Impact Parameter (ECIP) method,22 which have been found

to be accurate when compared to those calculated from non-

perturbative methods.23 The radiative recombination coeffi-

cients were calculated by using the Cowan atomic structure

code,24,25 while the 3-body recombination coefficients were

obtained by detailed balance26 from the ECIP ionization data

by means of the “r8necip” ADAS subroutine.17,27 The ion-

impact excitation rate coefficients were calculated by impact

parameter using the “rpengv” ADAS subroutine,17 and the

ion-impact ionization rate coefficients were calculated using

the Percival and Richards expression by means of the

“rqinew” ADAS subroutine.17,28

FIG. 3. The general layout of the NB1 together with the TGIS diagnostic spa-

tial view and a single CHERS spectral viewing chord on NSTX are shown in

this figure. The NB1 consists of three independently operated power sources

(sources A, B, and C) with a contribution of 2 MW each (6 MW total NB1

power). The CHERS diagnostic spectral viewing chords as well as the TGIS

view cross the NB1 3-D profile to detect beam into plasma impurity charge-

exchange emission. To model the emission for both CHERS and TGIS, the

numerical integration along the line-of-sight is calculated using GL numerical

integration quadrature.10 The region of integration for modeling charge-

exchange is limited to the “powered” volume of NB1, which varies with

respect to the active powered sources. For calculating the Bremsstrahlung con-

tinuum emission for the TGIS, the integration region is limited to the volume

inside the Last Closed Flux Surface (LCFS). For the shot analyzed in this

work (NSTX shot 142192), only the A and B power sources were active. This

figure shows the boundaries of the active sources that define the limits of the

Gauss-Legendre numerical integration for CHERS.

FIG. 4. Comparison between the modeled and measured (CHERS k¼ 5292.0 Å line) charge-exchange emission profiles for NSTX shot 142192 (d). (a) and (b)

Measured electron and ion temperature and density radial profiles from MPTS and CHERS. These profiles are used to calculate the NB1 plasma penetration

for the full, half, and third energy components shown in (c). The measured electron/ion temperature, density, and radial NB1 profiles are also used in the ki-

netic emission calculation of the line-of-sight integrated charge-exchange intensity profile shown in (d).
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The charge-exchange data for carbon include nl-term

resolved cross-sections that include up to the n¼ 17 shell

from the ADAS database.17 These cross-sections also

include charge-exchange from the n¼ 1! 4 excited popula-

tions of deuterium in the neutral beam, and the total n-

resolved cross-sections of carbon are distributed to each of

the nl-terms using

rCX
nl ¼

ffiffiffiffiffiffiffiffiffiffi
lþ 1
p

Pn�1

l0¼0

ffiffiffiffiffiffiffiffiffiffiffi
l0 þ 1
p rCX

n ; (10)

where the quantum states with the highest angular momen-

tum l (l� n� 1) are preferred during the charge-exchange

process.29

For all other ion impurities included in this work, the

charge-exchange cross-sections were approximated by semi-

classical treatment from Hutchinson.29 This semi-classical

approach has shown agreement with various full calculations

of charge-exchange cross-sections.29 The different nlj-levels

are populated from the neutral beam by splitting the cross-

sections assuming statistical distributions. To predict accu-

rate wavelengths in the spectra, the values of the energy lev-

els of the ions were replaced by those from NIST.30

V. BENCHMARK OF THE KINETIC MODEL WITH
CHERS

To assure that the kinetic model produces reasonable

emission results, predictions are first compared to absolute

calibrated line-integrated emission from the C VI (n¼ 8! 7)

visible line (k¼ 5292.0 Å) measured by CHERS.

Figure 3 shows the geometry of the NB1 on NSTX

crossing a single CHERS spectral viewing chord. It also

shows the location and spatial view of the TGIS diagnostic

that intercepts the neutral beam near the edge of the plasma.

The neutral beam (NB1) consists of three sources (A, B, and

C) that can be powered independently and that overlap with

each other along the central beam propagation axis.

For the NSTX shot analyzed in this work (142192), only

NB1 sources A and B were powered; therefore, the line-of-

sight GL numerical integration10 for the charge-exchange

calculation is limited to the volume enclosed by the sources

A and B (Figure 3). The charge-exchange emission is calcu-

lated for both CHERS and TGIS diagnostics. It was deter-

mined that a minimum of 5 Gauss-Legendre integration

points along the NB1 active region are sufficient to obtain

convergence. Gauss-Legendre numerical integration along

the line-of-sight is also used to model Bremsstrahlung emis-

sion detected by the TGIS diagnostic. In this case, the inte-

gration is performed along the entire volume of the plasma

inside the Last Closed Flux Surface (LCFS, Figure 3). The

reason for this limitation is due to the square of the electron

density dependence (n2
e) of the Bremsstrahlung continuum

emission [Equation (13)] detected by the TGIS, and which

falls over two orders of magnitude outside the LCFS.

Figure 4(d) shows the comparison between the modeled

and measured k¼ 5292.0 Å charge-exchange line intensities

for all of the 32 CHERS spectral viewing chords looking to

the core of NSTX. Measured electron/ion temperature (a)

and density (b) radial profiles together with calculated neu-

tral beam attenuation densities (c) (for the three neutral beam

energy components) employed by the kinetic calculation are

also shown.

In general, the kinetic model predicts slightly higher

emission than the CHERS measurements, especially in the

edge region, as shown in Figure 4(d). There are two known

effects that may explain these discrepancies: First, the

CHERS diagnostic employs the ADAS beam model17 that

only includes up to the n¼ 2 excited population of the neu-

tral beam to charge-exchange with the fully stripped carbon

ions. It has been suggested that higher n-shell populations in

the neutral beam must be included in order to account for

emission from higher C VI transitions.31 The kinetic model

includes charge-exchange from the n¼ 1! 4 excited popu-

lations of deuterium in the neutral beam (Section IV). The

second source of discrepancy may be attributed to additional

emission from carbon due to charge-exchange with halo neu-

trals produced by the beam.32,33 A recent 3-D halo neutral

code developed at the Princeton Plasma Physics Laboratory

and implemented for analysis using the TRANSP code pre-

dicts halo neutral densities �25% greater than the beam neu-

trals, particularly at the plasma edge.34 The halo neutrals

remain in the vicinity of the neutral beam footprint34 and can

also undergo charge-exchange with carbon thus increasing

the emission of the k¼ 5292.0 Å line. The model employed

to determine carbon densities from CHERS does not take

into account halo contributions to the emission; therefore, it

is possible that the derived densities may be overestimated,

particularly around the edge. The kinetic model uses derived

carbon densities from CHERS to calculate charge-exchange

emission profiles. If the CHERS densities are overestimated

due to halo contributions, it is expected that the kinetic

model will predict slightly higher emission profiles, particu-

larly at the edge, as shown in Figure 4(d).

The kinetic model is also capable to predict other transi-

tions, such as Lyman (transitions to n¼ 1), Balmer (to

n¼ 2), Paschen (to n¼ 3), and Brackett (to n¼ 4), up to the

n¼ 16 transition series for hydrogen-like carbon. These cal-

culations include the most intense lines in order to predict a

full C VI charge-exchange spectra.

Figure 5 shows a complete modeled C VI spectrum inte-

grated along the 9th CHERS spectral viewing chord

(RTan� 122.0 cm) for NSTX shot 142192.

VI. BREMSSTRAHLUNG EMISSION CALIBRATION
AND QUANTIFICATION OF IMPURITY DENSITIES

Absolute intensity calibration (or recalibration) of XUV

spectrometers using Bremsstrahlung continuum emission

offers many advantages.7 Bremsstrahlung emission spectra

peaks around the XUV region, it varies inversely with

respect to wavelength and directly proportional to both Zeff

and the square of electron density [Equation (13)]. Due to

the typical electron densities present in the core and edge

regions of tokamak plasmas (ne	 1014 cm�3), strong

Bremsstrahlung emission is expected in the XUV spectral

region inside the volume limited by the LCFS.
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In previous work,7 precise absolute intensity calibration

of a space-resolved XUV spectrometer was carried out using

scaled Bremsstrahlung emission in a large helical device.

The free-free Bremsstrahlung continuum emission measured

in the XUV was scaled to absolute intensity calibrated

Bremsstrahlung measurements in the visible. From this scal-

ing, an absolute calibration curve was obtained.7 On NSTX,

Bremsstrahlung continuum emission in the visible is meas-

ured only with a single spectral chord, and a flat profile is

assumed in the interpretation of the data. An accurate scaling

of the XUV Bremsstrahlung with respect to the visible for

calibration purposes is not currently possible; therefore, the

kinetic charge-exchange model is employed to estimate the

scaling.

In this work, the charge-exchange 181.1 Å line of C VI

calculated using the kinetic model is used as a reference to

scale the Bremsstrahlung continuum emission in the XUV.

The k¼ 181.1 Å line was chosen due to its strong emission

relative to the Bremsstrahlung continuum, and its relative

isolation from other impurity lines in the XUV, as shown in

Figure 7(b). The scaled Bremsstrahlung emission is then

used to estimate an absolute calibration curve for the

TGIS.

The total Bremsstrahlung continuum radiation includes

both free-free and recombination contributions to the lowest

unfilled n-shell. The emissivity as a function of wavelength

(k) can be written as29

eTotal
Bremm kð Þ¼

X
i

neniZ
2
i

e2

4peo

� �3
8p�106

3m2
ehc3

ffiffiffiffiffiffiffiffi
2me

3ep

r
1ffiffiffiffiffi
Te

p
k

�e�ehc=Tek �gf f þGn
n
n5

Z2
i Ry

Te
eZ2

i Ry=n2Te

�

þ
X1

t¼nþ1

Gt
Z2

i Ry

t2Te

2k
c

eZ2
i Ry=t2Te

#
ph=cm3�s�sr�Å
� �

;

(11)

where the sum is performed for each of the ion charges

and densities (Zi and ni), Te and ne represent the local

electron temperature and density (in units of eV and

cm�3), and k represents the wavelength in Å. The quanti-

ties �gf f and Gn are the gaunt factors for both the free-

FIG. 5. Modeled C5þ CX-spectra integrated along the 9th spectral viewing chord (RTan� 122.0 cm) of CHERS. The spectra are shown with respect to its lowest

transition n-shell, such as Lyman (transitions to n¼ 1), Balmer (to n¼ 2), and Paschen (to n¼ 3), etc., of hydrogen-like carbon. The wavelengths in the spectra

include shifts due to plasma rotation and atomic physics effects.4
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free and recombination contributions, which are function

of the local electron temperature, photon energy, and Zeff.

The gaunt factors are calculated using the “r8gbf” and

“r8gav” ADAS subroutines.17 As shown in Figure 7(a,V),

the recombination contributions to the Bremsstrahlung

become important for wavelengths k< 50 Å. The TGIS

diagnostic is insensitive for wavelengths below 50 Å;

therefore, only the free-free contribution is considered

when calibrating the TGIS.

Without the recombination contributions, the sum over

the ion charges and densities (Zi and ni) in Equation (11) can

be written in terms of Zeff using

n2
eZef f ¼

X
i

neniZ
2
i : (12)

Equation (11) is reduced to

efree�free
Bremm kð Þ¼n2

eZef f
e2

4peo

� �3

�8p�106

3m2
ehc3

ffiffiffiffiffiffiffiffi
2me

3ep

r
�gf fffiffiffiffiffi
Te

p
k

e�ehc=Tek :

(13)

The TGIS diagnostic consists on an entrance slit, and

imaging slit (grating), and a CsI coated micro-channel plate

(MCP)35 as a 2-D detector to resolve radial and spectral si-

multaneous measurements.1

In this work, the ratio between the 181.1 Å line and the

Bremsstrahlung continuum emission at the same wavelength

region is obtained from the measured TGIS spectra [Figure

7(b)]. This ratio is then used as a reference to scale the mod-

eled Bremsstrahlung calculated using Equation (13) with

respect to the absolute 181.1 Å line intensity obtained from

the kinetic model. The confidence of the absolute intensity

value of the 181.1 Å line is based on the agreement between

CHERS measurements and absolute intensity values calcu-

lated using the kinetic model for the k¼ 5292.0 Å line

[Figure 4(d)].

The modeled Bremsstrahlung emission requires knowl-

edge of Zeff [Equation (13)], which depends on the sum of all

impurity densities in the plasma. The main impurity present

on NSTX is carbon, and its density, temperature, and rotation

velocity values are measured using the CHERS diagnostic.

The electron temperatures and densities are obtained from

MPTS. Therefore, as a first approximation, a partial Zeff that

only includes deuterium and carbon is calculated using the

CHERS and MPTS measurements. The partial Zeff is used to

estimate an absolute intensity calibration curve for the TGIS

to determine impurity densities.

Using the obtained impurity densities, a total Zeff is cal-

culated and used to model the scaled Bremsstrahlung emis-

sion to recalibrate the TGIS to obtain a new set of impurity

densities. It was found that the total Zeff differs from the par-

tial one by <2.5% [see Figure 8(b)]. It is therefore concluded

FIG. 6. TGIS absolute intensity calibration curve estimated from scaled

Bremsstrahlung continuum emission. The TGIS XUV sensitivity ranges

from �50 to 700 Å. The shaded area (k< 50 Å) represents the “blind” region

of the detector.

FIG. 7. Modeled irradiance and synthetic TGIS spectra for the radial location RTan¼ 122.0. (a) The modeled XUV charge-exchange spectra for the main impu-

rity ion C5þ (I), as well as other observed impurities [Cl14þ (II), Cu18þ (III), and Fe15þ (IV)]. The total spectra consist of the addition of both the charge-

exchange and modeled Bremsstrahlung continuum emission as shown in (V). The modeled Bremsstrahlung includes free-free, as well as total (free-free þ
recombination) contributions. The shaded wavelength window (k< 50 Å) represents the insensitive (“blind”) region of the TGIS detector. It is noticed that for

wavelengths k> 50 Å, both the free-free and the total (free-free þ recombination) Bremsstrahlung agree with each other. It is therefore concluded that the

free-free contribution to the modeled Bremsstrahlung [Equation (13)] is sufficient to estimate the absolute intensity calibration curve of the TGIS diagnostic.7

(b) Comparison between the synthetic and measured TGIS spectra. The synthetic spectra are calculated by convolving the modeled irradiance with the inverse

of the absolute calibration curve (Figure 6), and by varying the Cl15þ, Cu19þ, and Fe16þ impurity ion densities to fit the measured TGIS spectra.
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that a partial Zeff dominated by deuterium and carbon is suffi-

cient when modeling Bremsstrahlung emission for calibra-

tion purposes. This assumption may be better applied when

high electron densities and low impurity content are present

in the plasma core such as during elming H-mode plasma

regimes.

The scaled Bremsstrahlung continuum emission detected

by the TGIS is calculated by numerically integrating the emis-

sivities [Equation (13)] along the line-of-sight of the spectral

viewing chord through the plasma volume enclosed by the

LCFS (Figure 3) using Gauss-Legendre quadrature.10 The im-

purity emission from charge-exchange detected by the TGIS

is obtained from integration along the line-of-sight of the NB1

active region as in the case of CHERS (Figure 3).

In order to calibrate the TGIS with respect to the scaled

Bremsstrahlung continuum emission, several spectral

“windows” of absent charge-exchange emission are chosen

such as: 74.2! 89.0, 123.5! 123.7, 147.0! 160.0,

216.2! 216.8,…, 657.5! 658.0 Å [see Figure 7(b)]. The

calculation is performed for different radial locations of the

TGIS, several absolute intensity calibration curves are

obtained from these radial locations, and the final calibration

function of the instrument is calculated by averaging all of

the curves. The estimated uncertainties on the final calibra-

tion are obtained from the standard deviation. A source of

uncertainty when measuring spectra from different radial

locations comes from the angular sensitivity of the CsI

coated 2-D detector.35 These variations are intrinsically

included in the calculated uncertainties. Figure 6 shows the

final TGIS absolute intensity calibration curve obtained from

the scaled Bremsstrahlung continuum emission.

The calibration curve shows a pronounced spike

between 0! 50 Å. This “blind” region represents a loss of

sensitivity of the CsI coated MCP detector for such low

wavelengths.35 In this wavelength region, the recombination

contributions to the Bremsstrahlung continuum emission

become important [Figure 7(a,V)].

The total modeled spectra are calculated by adding the

scaled Bremsstrahlung continuum emission, and the beam

charge-exchange spectra for different impurity ions predicted

by the kinetic model at different TGIS radial locations. A

synthetic spectrum is produced by convolving the modeled

spectra with the inverse of the absolute intensity calibration

curve, and an instrumental line width is artificially added.

The impurity densities are determined by fitting the synthetic

line intensities to the measured TGIS spectra.

Figure 7(a) shows the predicted XUV charge-exchange

spectra for the C5þ, Cl14þ, Cu18þ, and Fe15þ impurity ions,

as well as their sum with the Bremsstrahlung continuum for

both the free-free and the total (free-free þ recombination)

at the TGIS radial location RTan¼ 122.0. The shaded area

represents the insensitive (“blind”) region of the TGIS detec-

tor (k< 50 Å). Figure 7(b) shows the synthetic spectra fitted

to the actual TGIS measurements.

Figure 7(a,V) shows the modeled Bremsstrahlung con-

tinuum spectra. Notice that the recombination contributions

to Bremsstrahlung become important for wavelengths

k< 50 Å; therefore, the free-free contribution of the

Bremsstrahlung emission becomes the main factor to con-

sider for TGIS calibration purposes.7

Figure 8(a) shows quantified Cl15þ and Cu19þ impurity

densities compared to main impurity ion (carbon) and elec-

tron densities. Figure 8(b) shows the partial and total Zeff ra-

dial profiles and their %-difference. It was found that the

spectrum was dominated by charge-exchange emission,

other ions were also modeled, but only the main contributors

were included in the final spectra.

The fitted spectra shown in Figure 7(b) are limited by

the quality of the atomic data available for each specific im-

purity, especially when it comes to charge-exchange cross-

sections. This becomes more evident specially when closely

examining the synthetic spectra for Fe15þ, where the two

lines do not fit the measurements [Figure 7(b)].

In this work, the charge-exchange cross-sections for Cl,

Cu, and Fe were approximated using a semi-classical

approximation from Hutchinson.29 Even though this semi-

classical approach yields cross-sections that agree within a

factor of two with various full calculations,29 the charge-

FIG. 8. Quantified impurity densities and Zeff radial profiles derived from the TGIS diagnostic on NSTX. (a) The impurity ion densities estimated by fitting

synthetic emission to TGIS spectra. The electron and carbon densities are also shown as points of comparison. The main impurity ion (C5þ) is obtained from

the CHERS diagnostic, while electron densities are obtained from MPTS. (b) The partial and total Zeff radial profiles. The partial Zeff includes only the contribu-

tions of carbon and deuterium (obtained from CHERS and MPTS), while the total Zeff is calculated using all the quantified impurities. The %-difference

between the two is also shown in the figure. It is noticed that the contributions from the measured impurity densities to the total Zeff is below 2.5%, thus justify-

ing the use of the partial Zeff for Bremsstrahlung-based initial calibration of the TGIS diagnostic. It is also noticed that although the impurity densities decrease

with respect to tangency radius, the Zeff increases. This is explained by the slight decrease in electron density shown in (a) [see also Figure 4(b)].

123301-9 Mu~noz Burgos et al. Phys. Plasmas 22, 123301 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

198.125.231.54 On: Thu, 10 Dec 2015 17:40:24



exchange population distribution split statistically into nlj-
levels may represent a main source of discrepancies in the

fitted spectra. This is difficult to assess due to the complex

dependence of charge-exchange cross-sections with respect

to angular momentum.36 There have been efforts made to

determine charge-exchange cross-sections from X-ray spec-

tra, but it requires an accurate and efficient calibration of X-

ray spectrometers.37

VII. CONCLUSIONS

Quantification of plasma impurities from charge-

exchange emission spectroscopy can be accomplished using

advanced kinetic collisional radiative modeling. Quantitative

measurements of impurity profiles will play a key role on

NSTX-U, especially when high-Z metallic tiles are intro-

duced on the lower divertor.3 A great deal of emission from

metallic impurities occurs in the XUV/VUV region, and

eventually, these kinds of measurements will become impor-

tant to support high-Z transport studies during high plasma

rotation regimes.

Absolute intensity calibration of XUV spectrometers

can also be accomplished using Bremsstrahlung continuum

emission that has been scaled with respect to emission pre-

dictions from advanced kinetic collisional radiative models,

although additional emission due to charge-exchange with

halo neutrals may also need to be considered.32–34 Using this

method, an absolute intensity calibration curve was esti-

mated for the TGIS on NSTX. This represents a calibration/

recalibration alternative for XUV/VUV spectrometers that

may suffer loss of sensitivity due to neutron bombardment,

and that absolute calibration using synchrotron sources may

be unpractical.
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