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A novel charge-exchange recombination spectroscopy (CXRS) diagnostic method is presented, which uses a
simple thermal gas puff for its donor neutral source, instead of the typical high-energy neutral beam. This
diagnostic, named gas puff CXRS (GP-CXRS), is used to measure ion density, velocity, and temperature in
the tokamak edge/pedestal region with excellent signal-background ratios, and has a number of advantages
to conventional beam-based CXRS systems. Here we develop the physics basis for GP-CXRS, including
the neutral transport, the charge-exchange process at low energies, and effects of energy-dependent rate
coefficients on the measurements. The GP-CXRS hardware setup is described on two separate tokamaks,
Alcator C-Mod and ASDEX Upgrade. Measured spectra and profiles are also presented. Profile comparisons
of GP-CXRS and a beam based CXRS system show good agreement. Emphasis is given throughout to
describing guiding principles for users interested in applying the GP-CXRS diagnostic technique.

normally accessible to high energy neutral beams, such

Charge eXchange Recombination Spectroscopy
(CXRS, also known as CHERS, CERS, or CXS) is a
well-known, mature plasma diagnostic technique used
to derive information about ion species in a plasma,
such as ion density, ion temperature, and ion bulk
velocity!'2. The basic idea behind CXRS is to inject
neutral atoms (D°) into the plasma, which will then
undergo charge-exchange (CX) reactions with plasma
ions (AZ+):

AZ++DO —>A(Z_1)+*+D1+ (1)

The newly formed excited atoms (A(Z~11)*) radiatively
decay, emitting photons which are then collected by op-
tics. Injecting neutrals into the plasma allows localiza-
tion of the CX reactions to the intersection of the op-
tics line-of-sight and the injected neutrals path. Most
CXRS diagnostic systems utilize a high energy (50-
100keV range) neutral beam to localize CX reactions.
Here we present a novel, alternative CXRS system which
uses a simple thermal gas puff to inject neutrals into the
plasma.

This alternate system, which we will refer to as GP-
CXRS (gas puff CXRS), offers many advantages over
a conventional CXRS system which uses high energy
neutral beams. First, the apparatus to inject room-
temperature gas is simple, inexpensive, and easy to main-
tain, whereas high energy neutral beams are large devices
which are expensive both in terms of initial cost and
maintenance. Second, gas delivery tubes can be placed
almost anywhere around the plasma containment ves-
sel, allowing ion measurements at plasma locations not
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as the inboard (high-field side or HFS) of a tokamak.
This opens up studies of previously inaccessible physics,
such as variations in impurity ion density and velocity
on a flux-surface®>. Third, the emission region is nar-
rower, since the gas puff produces a neutral cloud that
is smaller in width than a typical high energy neutral
beam. This helps avoid smearing effects on the profile
measurements®. Fourth, compared to some high-energy
beam-based CXRS systems, the signal-background ratio
is much larger in the GP-CXRS system (typically 10x
or more, dependent on beam current and size) in the
edge/pedestal region, due mainly to the increased neu-
tral density. This can be especially beneficial in the steep
gradient regions of the pedestal®.

The main disadvantage of the GP-CXRS system com-
pared to a high-energy beam CXRS system is the rapid
decay of signal further into the core of the plasma, due
to the decreased penetration depth of the slow neutrals
produced by the gas puff. In tokamaks, the GP-CXRS
system is therefore effectively limited to making mea-
surements in the edge region (r/a > 0.85). However,
this covers the pedestal region, which is critical to the
overall performance of tokamak plasmas through profile
stiffness” and turbulence reduction by sheared E x B
flow®. CXRS diagnostics are one of the principle diag-
nostics for measuring the radial electric fiedl (E,) used
in calculating the ' x B flow. Extending the predictive
capabilities and physics understanding of the pedestal
region is an active area of research?.

Several machines have used results from GP-CXRS
systems in published physics papers, among them Alcator
C-Mod?, ASDEX Upgrade?*, and MAST!?, though none
have described the diagnostic technique in detail. The
focus of this paper will be to provide the physics basis
for the GP-CXRS system, including related diagnostic is-
sues, to guide users interested in applying the technique.



The GP-CXRS system installed on the Alcator C-Mod
tokamak!! will be used as the primary example to dis-
cuss implementation details. The outline of the paper is
as follows: Section II discusses the transport of the gas
puff neutrals into the plasma. Section III reviews charge-
exchange at low energy, and shows how to calculate the
effective thermal-thermal CX rate coefficient. In Section
IV we calculate the effect of energy-dependent rate coeffi-
cients on the plasma parameters derived from GP-CXRS
parameters. Section V discusses details for estimating
the signal from a given flow rate of gas puff particles. In
Section VI, we describe the implementation of GP-CXRS
on Alcator C-Mod. In Section VII we present GP-CXRS
spectra and derived plasma profiles, and discuss special
topics in the analysis of GP-CXRS spectra. In Section
VIII the GP-CXRS system on ASDEX Upgrade is re-
viewed, and profiles are presented. Finally, in Section IX
we benchmark the GP-CXRS profiles against those from
a high energy beam CXRS system.

Il.  TRANSPORT OF NEUTRALS PRODUCED BY A
GAS PUFF

The transport into the plasma of neutrals produced
from a gas puff is different from that of neutrals pro-
duced by a high-energy beam, mainly due to differences
in the energy distribution. The gas puff neutrals have
a thermal distribution of energies, which approaches the
plasma temperature (E ~ T;). This is in contrast to high-
energy beam neutrals, which have fairly discrete energies
that are typically much larger than the plasma tempera-
ture (E > T;). In this section we will develop a picture
of the transport of the gas puff neutrals, and show simu-
lation results of the shape and particle density of the gas
puff neutral cloud, which is important for GP-CXRS. In
the following discussion, we will assume the gas species
used is molecular deuterium (Dz), although in practice
other gas types can be used with varying benefits (see
Section VIIB on spectral contamination by molecular
lines).

A simple picture of the production of a neutral from a
gas puff and its subsequent transport into the plasma is
as follows: a room temperature Dy gas molecule travels
into the edge of the plasma, where it quickly undergoes
Franck-Condon dissociation into two separate deuterium
(D) neutral atoms, each with kinetic energy of ~3 eV.
These neutrals dissociate isotropically, so generally one
neutral will continue further into the plasma, and the
other will return towards the wall. The neutrals continu-
ing into the plasma will penetrate until being ionized by
electron-impact, or charge-exchanging with a background
plasma deuterium ion:

DO+ e~ — Dt 4 2~
DO+ pi+ — pit+ 4 po

electron impact ionization
deuterium charge-exchange
)

Even in the scrape-off layer (SOL), a region of low tem-
perature and density, these Franck-Condon neutrals have

a mean-free path on the order of the distance to the
separatrix'?, clearly an undesirable situation given that
we need a significant population of neutrals penetrat-
ing beyond the pedestal region. However, the charge-
exchange process produces additional generations of neu-
trals which can then penetrate further into the plasma'®.
These neutrals produced by charge-exchange retain the
energy of the background plasma ions from which they
came, so that with sufficient charge-exchange reactions,
the neutral population takes on an energy distribution
approaching that of the background plasma ion distribu-
tion.

To give quantitative results of the neutral penetration,
fluid approximations could be used, as is often done in
neutral transport problems. Neutrals are treated as ei-
ther diffusive'* , which leads to a neutral penetration
depth of § ~ (NionAez)? ~ -, or free-

”e(<‘7v>ion'<‘7'“>cw)2
streaming!®, leading to a neutral penetration depth of
O ~ Nion, ~ JW The diffusive nature makes sense
when charge-exchange reactions dominate over ioniza-
tion, as the CX reactions act as a randomizing event,
leading to a random walk problem with a step size of
Aez- The free-streaming would be more appropriate if

the ionization rate were much larger than the CX rate.

Unfortunately these fluid approximations are too sim-
ple for most cases involving neutral transport in the
edge/pedestal region. To properly give a more detailed,
quantitative treatment of the production and transport
of the gas puff neutrals requires the use of numerical, ki-
netic neutral transport codes. The reasons requiring a
kinetic treatment over the simpler fluid treatments are
(1) the gradient scale lengths in the pedestal region are
often smaller than the neutral mean-free path, violating
the fluid approximation and (2) the CX and ionization
rate coefficients, (ov), are of the same order for a signif-
icant temperature range'®, as seen in Fig. 1. This range
of temperatures basically covers the range of tempera-
tures seen in the pedestal region in most current tokamak
devices.

Several kinetic codes exist to simulate neutral trans-
port, the most popular being full 3D Monte Carlo codes
such as DEGAS2'® and EIRENE', which are often cou-
pled to 2D fluid codes such as UEDGE, OSM, and B2,
to provide full simulation of neutral transport in a back-
ground plasma. These codes can offer a complete picture
of the gas puff neutral transport at the expense of long
code execution times, in order to have good statistics. A
simpler code that treats the neutral transport problem
analytically is KN1D2?°, though it uses a simplified 1D
slab geometry.

To study the shape and particle density of the gas
puff neutral cloud, OSM-EIRENE simulations were un-
dertaken for a number of different plasma conditions,
ranging from L-mode plasmas with low T, and n. to H-
mode and I-mode plasmas with large gradients in the
pedestal region. The results are shown in Fig. 2 for
simulations with gas injected from the outer-wall, with
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FIG. 1. Electron-impact ionization and deuterium-deuterium
charge-exchange rate coefficients. Taken from ADAS adfll
files'”

Fig. 2(a) showing the neutral density along the center-
line of the gas puff, npo(R), where R is the major radius,
and Fig.2(b) showing the 1/e point of the neutral den-
sity, np(R,n), from the gas puff center-line value, in the
transverse direction 7. As seen, despite the wide range of
plasma parameters, the resulting gas puff shape is very
similar for all simulations, and can be described by the
following diverging Gaussian beam-like formula:

N \2
nD(R7 77) = nDO(R)ei(W) (3)
where W(R) describes the diverging width of the Gaus-

sian beam:

W(R) = wy (1 + memmtan(Oo)) (3b)
0

where Ry, fr is the major radius where the gas exits the
delivery tube and enters the vacuum chamber, wq rep-
resents what the beam width would be (not actually is)
at Ry, sy if the gas puff was a pure truncated cone, and
0o is the divergence half-angle of the gas puff (see Fig.
2(b) for a picture of these parameters). Note that this
doesn’t necessarily describe the gas puff cloud outside of
the separatrix, as the simulation grid was sparse outside
of the separatrix. For a gas puff at the outer-midplane,
with Rpysr — Rseparatriz ~ 2 ¢cm, and assuming a cosine
distribution of gas molecules entering the plasma, the pa-
rameters were fit to be wg ~ 1.1 cm, and 6y ~ 23°. Note
also from Fig.2 that while a single angle 6y parameter de-
scribes all of the simulations, the npo(R) profile varied
over several orders of magnitude. No simple scaling was
found for the npo(R) profile shape with n. or T¢, nor was

the npo(R) profile shape adequately explained by sim-
|R—Rpuss]

czAion
e:vp(fw"‘ji"v> J nedR), showing the importance of treat-
ing the neutral transport problem kinetically.

ple neutral penetration models, like sech?( ) or
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FIG. 2. OSM-EIRENE simulation results over a wide range of
input n. and Te profiles: H-modes (blue), I-modes (red), and
L-modes (green). Bold lines show the high and low npo from
each group. In (a) is shown the center-line D° density from
the puff, npo(R) and in (b) the 1/e point in the transverse
direction of np from the center line value npo, showing the
puff shape stays the same over a wide range of parameters.

These simulations also resolve the velocity distribution
of the neutrals, allowing calculation of the neutral tem-
perature, Tp = %<E> Tp is consistently lower than the
background plasma temperature, as shown in Fig. 3.
This is expected, as the charge-exchanged neutrals can
travel to regions of temperature different from that of
their local birth location?'. Other numerical simulations
have shown this as well?2. This difference will introduce
an error in the CX rate coefficient if not accounted for,
as will be shown in Section III.

While relying solely on simulations to deduce the gas
puff densities requires further validation studies, these
simulation results show two important features of the
transport of the gas puff neutrals: (1) the neutral cloud
resulting from the gas puff has a small-angle spread and
(2) the neutral temperature, Tp, is consistently lower,
but approaches the background plasma temperature 7.
From multiple simulations, the ratio of Tp /T, inside the
separatrix and towards the core is usually in a range of
0.3 < Tp/T. < 0.8. This range of Tp /T, holds true for
simulations using parameters from either Alcator C-Mod,
or ASDEX Upgrade.

Il. CHARGE EXCHANGE OF IMPURITIES WITH
NEUTRALS FROM A GAS PUFF

The charge-exchange process is also affected by the
lower energy and thermal distribution of the gas puff neu-
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FIG. 3. Simulated neutral temperature (Tp, in red) vs in-
put measured electron temperature (7, in blue), showing the
neutral temperature is generally lower than the electron tem-
perature.

trals. This is due to a number of peculiarities of the CX
process which will be reviewed and discussed here in the
context of GP-CXRS. As will be shown, depending on the
impurity species and the transition used, excited states
of the neutral can have a much larger, even dominant,
contribution to the CXRS signal.

Charge-exchange is a resonant process, and as a result
the donor electron will preferentially populate excited
states of the receiver ion that conserve the electron’s or-
bital energy and radius®3. The prefered, resonant excited
state of the impurity ion is:

Z/
Mpes = n” (ZD> (4)

where n” and ZP are the principal quantum number
and nuclear charge of the donor species (the D neu-
tral atom), and n’ and Z’ are the principal quantum
number and charge of the receiver species (the impu-
rity A?+). This equation is valid for a large range of
interacting energies?32%. At low collision velocities, the
resonant character is pronounced, leading to large partial
CX cross-sections o, (n’) only at or near the excited state
ni... As the interaction energy increases to intermediate
energy levels typical of neutral beams, different mecha-
nisms start contributing to the resonant reactions, lead-
ing to a broadened n'-distribution of the partial CX cross-
sections, as shown in Fig. 4. Additionally, in the low
collision energy regime the total CX cross-section scales

e

like 0 ca ot lowE O< (nD)4, while the intermediate collision
energy regime scales oppositely?°, O tot,int B X ﬁ
These three charge-exchange attributes at low col-
lision energy (preferential excited state nl., of re-
ceiver, narrow n/-distribution of partial CX cross-section,
and increasing total CX cross-section with n”) lead

16 B> + D% (nP=1,2,3) -> B*(n’) + D**
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FIG. 4. Partial cross-sections for electron-capture into the
n’ excited state of B5" with D°. Solid lines (__) are for
collision energies of 0.25 keV /amu, dotted lines(- - -) are for
50 keV /amu. The nP = 3 cross-sections at low energy are not
available?®, and so were scaled from the n” = 2 cross-sections.

to the excited neutrals playing a much more signifi-
cant photon generating role in GP-CXRS than in high-
energy beam CXRS. Figure 4 illustrates this point
and shows all three CX attributes, for a low energy
(0.25keV /amu, solid lines) and an intermediate energy
(50keV/amu, dotted lines), using as an example the
Bt + D%(nP =1,2,3) — B**(n’) + D' reaction. For
the diagnostically relevant n’ = 7 reaction (used for the
Alcator C-Mod GP-CXRS system), the D(n” = 2) cross-
section is over 4 orders of magnitude larger than the
D(nP = 3) cross-section, and over 6 orders of magnitude
larger than the D(n” = 1). Despite the small fraction

of excited neutrals (typically %ﬁjg ~ 1%), they will
often make the dominant contribution to the GP-CXRS
signal. It should be noted that A?* + D(n” = 2) being
the dominant reaction is a general result for most com-
mon applications of GP-CXRS. This is due to a combi-
nation of the facts that pedestal CXRS systems typically
use low-Z impurities (Z < 10) with low ionization ener-
gies, which guarantee a large population of fully-ionized
impurities in the pedestal, and atomic transitions that
emit photons in the visible region (400nm-700nm), as
the optics are simpler.

Of course, the above are simply guidelines; for quanti-
tative results, such as for accurate ion density measure-
ments or GP-CXRS signal estimation, the effective CX
rate coefficients must be calculated. In its general form,
the rate coefficient for CX into a particular level n' is
calculated integrating over the distributions of the inter-
acting ion and the neutral:

Jdvpdvz o (n',[vp —vz|)lvp = vz|fp(vD) f2(v2)

o
<ch(n )'U> - fdeDdVZ fD(VD)fZ(VZ)( )
5



For neutral beam systems, the beam velocity distribu-
tions are mono-energetic, i.e. discrete delta-functions,
fp(vp) = npd(Vp — Wpeam), and Eq. (5) reduces to a
1D integral if the impurity ion species is Maxwellian. For
GP-CXRS, the thermal distribution of the neutrals re-
quires averaging over both species velocity distributions.
If we assume both the impurity ions and the neutrals have
Maxwellian velocity distributions, while allowing them to
have different temperatures, Eq. (5) reduces to:

1
(Ocav) = 4/ —8
™My T

3
2
eff

E

/ dE 0. (E)Ee Tefs (6)
0

where

m, Reduced mass, -2£MD

7m[g]

T.s; Effective temperature, % 7]

E  Center-of-mass energy, %mr\v 7z —vpl|?

Here bulk-velocity has been neglected in both species,
since it was found that large differences between the bulk
velocity of the neutrals and that of the impurity ions
of > 60 km/s were needed to make a 10% difference in
(0czv). The thermal-thermal averaged rate coefficient in
Eq. (6), which uses different temperatures (Tz # Tp),
has the same form of the thermal-thermal rate coeffi-
cient using equal temperatures®’, (Tz = Tp), except
that the equal temperature is replaced by the effective
temperature, T,rr. Using this thermal-thermal rate co-
efficient, the effective CX rate coefficient, gers(n’ — n'),
is then formed by taking into account the branching ratio
of the specific atomic transition, n’ — n”, cascades from
states above n/, and I-mixing of the states'. The effective
thermal-thermal CX rate coefficient can be calculated us-
ing a combination of the ADAS314 and ADAS308 codes,
creating a lookup table of g.s; values depending on the
plasma parameters of ne, Tc, and Z.r¢. While these
codes only treat same temperature receiver and donor,
the effective temperature Tess (see Eq. (6)) can be used
for the temperature in the lookup tables of g.r¢ for the
case of unequal temperatures.

As shown from neutral transport simulations in Sec-
tion II, the neutral temperature can be different from the
background plasma temperature. In principle, measure-
ments of the temperature of the gas puff neutrals can be
made spectroscopically?®. However, if the neutral tem-
perature is unknown or uncertain, the relative error in the
CX rate coeflicient can be calculated by using a value in
the middle of the expected range, i.e Tp = 0.57. Since
the CX cross-section of interest for GP-CXRS systems
are relatively flat at low energies, a simple analytical up-
per bound on the relative error can be found. Taking
Ocz t0 be constant reduces Eq. (6) to (0.v) & 0epin,
producing a relative error, €:g):

’\/Teff|TD=0.5TZ - \/Teff‘

V0ers (7)

mp + 0.5myz

T
mp +mgz - 7

€(ov)

1-—

This upper-bound on the relative error (Eq.(7)) is shown
in green on Figure 5, along with relative errors using
the actual CX cross-section in the integral of Eq.(6). Of
course, neutral simulations can be used to determine the
neutral temperature, Tp, and reduce this error €4, con-
siderably, but this upper bound error shows that, in the
expected Tp /Ty range, the maximum relative error of
(o) assuming Tp = 0.5T is less than 20%.
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FIG. 5. Error made in the thermal-thermal CX rate coeffi-
cient when assuming a scaled neutral temperature of Tp =
0.5T7. Typical range of Tp /T from simulation is 0.3 to 0.8

An example of the ADAS calculated thermal-
thermal effective CX rate coefficient, g.ff, appropri-
ate for use with GP-CXRS is shown in Fig. 6,
for the B5* + D(n? =1,2) —» B**(n/ =7)+ D't —
B**(n” = 6) + D't + hv reaction. Also shown is gess
multiplied by the excited state fraction, which shows
the relative amount of CXRS signal photons each neu-
tral fraction is producing. Excited state fractions were
determined by the ADAS photon emissivity coeflicients
(PEC)'7:

—) Ay e ®

where Ao is the Einstein coefficient for the n? =2 — 1
transition, and PECLXY are the ADAS photon emissiv-
ity coefficients (PEC). Here and elsewhere in this paper,
the recombination PEC is neglected, as it is negligible at
temperatures above a few eV. The charge-exchange PEC
is also neglected, as the deuterium-deuterium charge-
exchange process will dominantly produce products that
are the same as reactants, giving no net change in excited
state populations. As seen in Fig. 6(b), for densities
larger than n, ~ 109[m=3], the D(n” = 2) excited state
fraction will make the dominant contribution to the total
emitted CXRS light.
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FIG. 6. (a) BV (7 — 6) effective CX rate coefficient, q:;:LZ

and (b) q:‘;jc:l’Q multiplied by the neutral density excited state
fraction, fi = np(n” =i)/np(n® = 1). This represents the
amount of light each excited neutral species contributes to the
total CX signal.

IV. ENERGY DEPENDENT RATE-COEFFICIENT
EFFECTS

Energy dependent rate coefficients can also have an in-

fluence on the apparent temperature and flow of the im-
purity ions. For CXRS with a high-energy neutral beam,
such energy dependent cross-section effects have been in-
vestigated extensively?? 3!, Here, we treat this problem
for GP-CXRS, where the situation is qualitatively differ-
ent in the sense that the velocity of the donor particles
is of the same order as that of the impurity ions.
To quantitatively evaluate measurement errors associ-
ated with energy dependent rate coefficients, we need the
general expression for the emitted number of photons per
unit of time, volume, and wavelength induced by charge
exchange (CX) reactions between the donor particles D
and the receiver particles AZ* (the impurity ions). We
indicate this quantity, the spectral emissivity, with &*,
such that

M\ = |://dVD “dviz - fo(vp) - fz(vz)-

vz =Vl Ocwerf(lvz —vpl)| - dvjz. (9)

Here, vp (vz) and fp (fz) are the velocity and velocity
distribution function of the donor (receiver) particles, L
and || indicate the velocity components w.r.t. the line
of sight, and 0¢y sy is the effective emission charge ex-
change cross section for the transition of interest, in our
case n = 7 — 6 of B**. The integral is five dimensional
and performed over vp and v, z. For non-relativistic
velocities of the impurity ions, the emitted wavelength A
and dA are linked to vz and dv)z by

A A
A=A = ?0 vz, dA= ?OdUHZ, (10)

with Ag the rest wavelength of the transition and c the
speed of light.

Before solving Egs. (9) and (10) for realistic cases, we
first consider a simplified situation for illustration. We
assume that the neutrals in the gas puff are cold and have
zero drift, thus vp = 0. We further assume Maxwellian
impurity ions with an arbitrary drift uz = (vz) (here,
brackets indicate an average over the velocity distribution
function). Egs. (9) and (10) then simplify to

e o /dVLZ Yy (viz —uiz) vzl Oerers ([Vzl])

. exp A=) (11)

2
2( [Tz @)
myz C
where fM is a two-dimensional Maxwellian with tem-
perature Tz and mass myz, and we have defined \; as

)\1:)\0'(1+UHZ/C). (12)

The variable |vz| is expressed as a function of v, z and

A
c 2
|Vz| = \/Viz"‘ <)\0()\_)\0)> s (13)

Ideally, if the rate coefficient |vz| - ocperr ([Vz]|) in
Eq. (11) was constant, the A—dependence would only
appear in the exponential term of Eq. (11). In this
case, fitting a Gaussian to the measured spectrum allows
to extract the accurate temperature and fluid velocity
along the line of sight. However, as will be shown below,
the rate coefficient increases with |vz| over most of the
energy range of interest here. This means that faster
impurity ions are more likely to emit a CX photon and
the observed spectrum broadens. Ignoring this effect
results in an overestimation of the impurity temperature.
The special case with 0.y crf (|Vz]) = const. and with
no drifts, uz = 0, can easily be treated analytically and
fitting the obtained spectrum with a Gaussian would
then result in an overestimation of the temperature
by = 50%. Besides a line broadening, our simplified
treatment also shows that a rate coefficient increasing
with |vz| leads to an overestimation of the line shift.
To see this, let us assume a drifting Maxwellian for




the impurity ions with a drift velocity along the line
of sight, away from the observer, such that the central
wavelength shows a red shift. The particles moving away
at a velocity higher than the drift velocity then have,
on average, a larger |vz| and emit more CX photons
than the other half of the particles which have a velocity
along the line of sight smaller than the drift. This leads
to an increase of the apparent line shift.

After these simplified cases, we now quantitatively
treat more realistic situations to estimate errors in
the measured values of Tz and ujz caused by energy
dependent rate coefficients. In particular, we relax
the condition of static neutrals. Assuming Maxwellian
velocity distributions for the impurity ions and donor
particles and using effective emission cross-sections from
ADAS'", we solve Egs. (9) and (10) with a Monte-Carlo
scheme. We then fit the calculated spectra assuming a
simple Gaussian shape to extract the apparent tempera-
tures and flows and compare these with the true values.
For the effective emission cross-sections, we consider
Boron charge exchange with D(n? = 2) neutrals with
a subsequent transition from n = 7 — 6 of B**. These
cross-sections include direct CX into the n = 7 level,
as well as CX into higher n-levels with subsequent
cascades into the n = 7 level, the branching ratio for
the n = 7 — 6 transition, [-mixing, and collisional
excitations. In Fig. 7, we plot the rate coefficient
Veol * Oczeff (Veot) @s a function of vey = |vz — vpl,
which now also depends on the velocity of the neutrals.
The data in Fig. 7 is plotted up to v., value that
is ~ 3 (vn,p + Vn,B), with the thermal velocities
evaluated at 7; = 1000 eV. Cross-sections are plotted
for an electron density n. of 5 x 10'® m~2 (green),
5 x 10 m~3 (blue), and 5 x 102° m~2 (red). For each
value of n., the ion temperature has been varied in
the range 100 — 1000 eV. Increasing ion temperature
increases the cross-section, but this is a small effect. Fig.
7 shows that the rate coefficients increase approximately
linearly with wv., over most of the energy range of
interest here.

In a first step, we now evaluate errors in the apparent
impurity temperature and flow for different values of
Tz, Tp, and u)z, while setting up = 0, u;z = 0, and
ne = 5 x 10 m™3. Fig. 8 shows the relative error in
Tz for ujz = 0 (solid blue) and ujz = 50 km/s (dashed
red), plotted as a function of Tp/Tz. Curves of the
same color correspond to different values of Tz in the
range 100 eV to 1000 eV. At zero flow, the different
Ty curves lie on top of each other. As expected from
the analytic solution discussed above, the error in T is
approximately 50% for Tp/T7 = 0. This error quickly
reduces for finite Tp, reaching values < 15% for typical
values of 0.3 < Tp/Tz < 0.8 (see Section II). Finite
parallel flows reduce the error in T, more importantly
for lower values of T.

Fig. 9 shows the plot analogous to Fig. 8 for the relative
error in wu z, revealing a similar behavior. While errors
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FIG. 7. Product of v.,; and the effective emission cross-
section for CX reactions between D(n” = 2) and B®" with
subsequent n = 7 — 6 transition. Red solid, blue dashed,
and green dash-dotted curves are obtained with data from
ADAS for an electron density of 5 x 102° m™3, 5 x 10'° m~=3,
and 5 x 10'® m™3, respectively. Different curves of each color
correspond to different values of T; in the range 100 eV to
1000 eV.

also become smaller for larger parallel flows, especially
for low impurity temperatures, this effect is weaker
than for the temperature. Thus, both temperature and
flows tend to be overestimated, in agreement with the
qualitative discussion above.

In a next step, we have varied the electron density n..
The results in Figs. 8 and 9 are found to be relatively
weakly dependent on this quantity. Relative errors
increase (decrease) by about 20% (10%) when n. is
decreased (increased) by an order of magnitude.

We have further looked at the effect of perpendicular
flows, u, z # 0. We find that the relative error in the
apparent )z decreases with increasing perpendicular
flow in a similar way as it does with increasing parallel
flow. Perpendicular flows also reduce the error in Ty,
but to a considerable smaller extent than parallel flows
observed in Fig. 8.

Finally, the effect of a finite drift of the neutrals, up # 0,
can be estimated by applying Galilean transforms to the
results above. Drifts of the neutrals can be expected
in case of main ion flows, such that the main ions
transfer not only their individual velocity, but also their
macroscopic flow to the neutrals via CX reactions. This
could cause large relative errors in u)z in situations
where the drift of the impurities is low, while that of
the neutrals is not. Let us assume for example that
uz = 0 and that the drift of the neutrals (and that of
the main ions) is up = —50 km/s. Transferring to a
frame that moves at —50 km/s w.r.t. the lab frame, the
neutrals and main ions have no drift and the impurities
have ui‘Z = 50 km/s. This is the situation solved in



Fig. 9. For Tp/Tz = 0.5, the measured impurity flow
is then overestimated by ~ 10% or about 5 km/s. Back
in the lab frame, we would thus measure an apparent
impurity flow of u|; ~ 5 km/s, directed opposite to the
movement of the neutrals.

Overall, we find that for experimentally relevant pa-
rameters, cross-section effects associated with GP-CXRS
lead to an overestimation of impurity temperatures and
flows of < 15%. Currently, such errors are neglected in
the analysis. Larger relative errors in the impurity flows
could be expected in cases where the main ions have a
large flow, particularly if it is opposite to that of the im-
purities, and if the main ions transfer that velocity to the
neutrals.
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FIG. 8. Relative errors in the apparent temperature as a
function of Tp/Tz obtained by solving Egs. (9) and (10)
with the cross-section data of Fig. 7 for n. = 5 x 1019, u,z =
0, and ujz = 0 (blue), and ujz = 50 km/s (dashed red).
Different curves for a given color are obtained for different
value of Tz in the range 100 eV to 1000 eV. The arrow
indicates increasing Tz within dashed red curves. The shaded
area highlights the experimentally relevant range of Tp/Tz.

V. ESTIMATES OF EXPECTED GP-CXRS SIGNAL

With the information on neutral penetration and ef-
fective CX rate coefficients given above, and an ap-
proximate impurity concentration in the plasma, esti-
mates can be made to determine the GP-CXRS gen-
erated signal. Then, if the background emission (i.e.
from Bremsstrahlung, CX with naturally occurring neu-
trals, and electron excitation of the hydrogen-like impu-
rity, A=+ is known previously from measurement or
modelling®?33, the amount of injected gas needed for a
particular signal/background ratio can be calculated.

0.6 ,
0.5} : 1
| Typical
N
ol TD/TZ range |
/\ﬁ ;
=
! (=X
g
g

FIG. 9. The same as in Fig. 8 for relative errors in the
apparent parallel flow. Here, blue curves correspond to a
parallel flow of 1z = 5 km/s.

The CXRS radiance is given by the usual equation:

1
Icz(n/ - n//) = in Z / dl qeff’i(nlvn”)nD,inAZJr

' LOS
(14)
where

I, CXRS radiance of the atomic transition
from upper level n’ to lower level n”
[photons/s/m? /ster]

Do Sum over the excited states of the neu-
tral, i=1,2,3,...

/ Losdl  Integral over the optical line-of-sight
(LOS)

Qeffi Effective CX rate coefficient

[photons - m?/s]

np.; Neutral density [m 3]

Nzt Impurity density [m 3]

Simplifying (but accurate) assumptions can be made.
First, if the optics are properly aligned to be tangent to
flux surfaces at the point of emission, gefs,; and n4z+ can
assumed to be constant over the LOS integral. Second,
based on the discussion in Section III, the D(n? = 2)
reaction will dominate. Using the expression for the
D(nP = 2) density (Eq. (8) combined with Eq.(3), the
equation for the n” = 1 neutral density cloud) and plug-
ging into Eq.(14), we arrive at the approximate signal:

PECHX¢

Loy ~ EQeff,Q Npz+ T”enDO(R)\/EW(R)

(15)
A simple and quick procedure for calculating the neutral
density profile, npo(R), for use in estimating the GP-
CXRS signal, is to use KN1D to simulate the npo(R) pro-
file, as the shape was found to match well with the OSM-
EIRENE npg(R) profile. To match the KN1D molecular
pressure input (given in mTorr) to the diagnostically rel-



evant gas flow rate (which will match the absolute values
of npo(R)), an effective area of the gas puff cloud must
be used, since KN1D is a 1D code. This was found to be
empirically Aepp ~ 2.7 - 10~3m?. This corresponds to a
radius of r ~ 2.9 c¢m, which is characteristic of the gas
puff extent. The conversion then from gas flow rate to

KN1D input molecular pressure is?°:

Up,

Prnip 10,1333 kB% oA, (16)
where

Prxnyip KNID  input molecular pressure
[mTorr]

up, Gas flow rate [Dy particles/s]

0.1333  Conversion factor [m=3 - J/mTorr]

kg Boltzmann constant

T Gas temperature (usually room tem-
perature, ~ 293[K])

v Molecular average velocity, , /ﬁfﬂ%

An example of using Eq. (15) to estimate the GP-
CXRS signal is shown in Fig. 10, compared to actual
measured GP-CXRS signal. A constant impurity frac-
tion nps, = 0.01-n,. was assumed over the entire profile,
which is a typical level for these types of plasmas past
the pedestal top. On Alcator C-Mod, the LFS impu-
rity density pedestal location can be significantly shifted
inward with respect to the electron density pedestal lo-
cation, due to the ionization energy of the impurity, and
the possible presence of an inward pinch?*. This constant
impurity fraction case is then only expected to match be-
yond the impurity density pedestal top, which in this case
is R < 0.883 cm. Of course, if the actual impurity den-
sity profile is known from other diagnostics, much better
estimates can be obtained. After doing such an analysis,
a user can adjust the input gas flow rate into KN1D to
arrive at a desired signal level, I.,, for the GP-CXRS
system. This will give a simple, first estimate for the gas
puff flow rate needed to generate a usable signal level.
For more detailed estimates, full 3D modelling of the gas
puff should be used.

VI. ALCATOR C-MOD GP-CXRS SYSTEM

The Alcator C-Mod GP-CXRS system was initially
developed by B. Lipschultz and K. Marr in 2005%° to
measure HFS parallel flows®. The system has steadily
expanded since then. At the time of this writing, the
GP-CXRS system consists of two separate gas puff noz-
zles, located at the low-field side (LFS) midplane and the
high-field side (HFS) midplane. Each gas puff location
has its own separate set of in-vessel optical periscopes,
one viewing poloidally (vertical at the midplane) and one
viewing mainly toroidally (at the location of the gas puff,
these views are parallel to the magnetic field). A sum-
mary table of these periscopes is given in Table I and Fig.
11.
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FIG. 10. Simulated CXRS radiance for views at the top of
the pedestal, calculated from Eq. (15), assuming a constant
nz = 0.01 - n., using B>* for the receiving ion. Agreement
with measurement is within 20%
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FIG. 11. Drawing of the in-vessel periscope setup for the
Alcator C-Mod GP-CXRS system. Background periscopes
are not shown.

Location| Angle of |Spot Size | Typical r/a | Typical | Typical
LOS w.r.t | [mm] range # Views | # Views
¢ [deg] CXRS | Da
Active (gas-puff viewing)
LFS -90 2.0 0.87 - 1.01 14 14
LFS 7 2.7 0.76 - 0.99 14 -
HFS 90 4.0 0.89 - 1.01 9 -
HFS -10 4.0 0.89 - 1.01 9 9
Background/DNB
LFS -90 2.0 0.83 - 1.01 18 1
LFS 173 2.7 0.82-1.03 17 -
HFS 90 4.0 0.89 - 1.01 9 -
HFS -10 4.0 0.89 - 1.01 9 -

TABLE I. Optical periscope information.




The gas puff nozzles are not nozzles at all, but simple
gas capillary tubes, of Imm inner-diameter and approx-
imate length of 3 m. The outer-wall capillary is held
in place by a dedicated structure made of Inconel, at a
position of R ~ 0.92 m (the limiter is at Ry, = 0.905
m). The inner-wall capillary is held in place by the wall-
protection tiles, so is positioned at R ~ 0.44 m. These
capillary tubes are fed Dy gas by the C-Mod Neutral
INJection Apparatus (NINJA) system®®. The NINJA
system consists of a gas plenum of volume 1.26-1073 m?,
connected to several capillaries, with each individual cap-
illary controlled by a pneumatic-actuated valve. There
are two separate plenums which allow controlling the LFS
and HFS gas capillaries with independent gas sources,
though they can also be operated from a single plenum,
as the volume is large enough to supply both capillaries.
Typical input gas quantities for a gas puff used with the
GP-CXRS system are ~4 Torr-L, with a valve opening
of 0.1 sec and a plenum pressure of 500 Torr. Because
of trapped volumes and long tube lengths, the gas en-
ters the vacuum chamber over a longer period of time3°.
Estimated peak flow rates are ~1.36 - 102* D%toms / s.
An in-vessel image of the LFS gas puff is shown in Fig.
12, along with the normalized vertical line outs through
the puff from various discharges, showing the gas puff
shape is fairly constant for varying plasma parameters,
in agreement with the OSM-EIRENE simulations (see
Fig. 12).

tbecm
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FIG. 12. In-vessel image of the LFS gas puff. Red lines to
the left of the image are vertical line outs from 40+ shots
(H-modes, I-modes, L-modes), showing the gas puff shape is
similar for varying plasma parameters. The gas puff extent is
about 5cm, in rough agreement with OSM-EIRENE simula-
tions.

Optical periscopes are placed in-vessel, as the C-Mod
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port structure doesn’t easily allow external views fo-
cused on the pedestal region. Optics focus the light onto
400 pm core diameter multimode fibers, which exit the
vessel and are relayed to the spectrometer/CCD setup.
Most periscopes are designed with two doublet achro-
mat lenses, and a front surface mirror to prevent line-
of-sight damage to the lenses. A snout measuring 9 cm
extends from the mirror, and provides protection from
gas films forming during the frequent wall-conditioning
boronizations3”. The exception to this general periscope
design is the HF'S poloidal periscope, which is embedded
in the lower wall-protection tiles of the center stack. Due
to the space constraints, this is a smaller periscope, with
a single doublet achromat lens, and no mirror. The LFS
poloidal and the HFS parallel periscopes have an extra
row of fibers co-linear with the normal GP-CXRS fibers,
but separated by a small distance (at the spot of best
focus, 3mm). These extra fibers are used to measure
neutral emission (usually D,, A = 656.10 nm). The neu-
tral emission measurements are used in the calculation of
impurity density, as will be shown in Section VII. Addi-
tionally, optical periscopes are installed that don’t inter-
sect the gas puff, for use as effective background views,
to remove passive light contribution to the GP-CXRS
signal32.

Two Kaiser spectrometers with a Volume Phase Holo-
graphic (VPH) grating are used to spectrally resolve the
CXRS light3®. These gratings have the benefit of large
throughput, allowing 54 views (3 columns, 18 rows) to
be imaged with a single spectrometer/CCD setup, but
at the cost of fixed wavelength grating. Three of these
views are sacrificed to image a neon lamp, for spectral
calibration during an experiment. A high-cavity, 3 nm
bandpass interference filter is used at the entrance of the
spectrometer to allow 3 columns of fibers. Because of
the fixed gratings, the C-Mod GP-CXRS system moni-
tors exclusively the BV(n/ = 7 — 6)(A = 494.467) nm
transition. The CCD used is a Princeton Instruments
Photonmax, which has high quantum efficiency (> 90%)
and low readout noise (3 e-rms). A mechanical chopper
is used to cover the CCD during frame transfer, since
otherwise light from all other views in a column would
add to each view, effectively smearing the spectra®®. In-
tegration times are typically 5 ms. Because the 54 views
imaged on the CCD camera can have large differences in
light levels (whether its a background, beam, or gas puff
view), its desired to attenuate certain high light level
views to prevent saturation, without having to reduce
the signal levels globally, through the gain of the CCD,
or the F-stop of the spectrometer input lens. For sat-
urating views, short 1 m attenuator fibers with smaller
core diameters (100, 200, or 300 ym) than the relay fiber
are connected before the spectrometer fiber patch panel.
These give an attenuation factor of f o~ D2, /D71,
where D represents the fiber core diameter.

The neutral emission is not spectrally resolved, but
rather its radiance is measured using Hamamatsu S8746-
01 photodiodes. These photodiode packages have a built-



in pre-amp, with a specific gain setting (1 GQ2), allow-
ing for excellent low-noise light collection. Additional
parallel feedback resistance can be added to the circuit
to reduce the gain setting, and increase the response
time (tpise = 0.35 - 27 - RyCy). Individual Ho(A =
656.3nm, AX = 3nm) interference filters were used on
each photodiode to measure D, (A = 656.1 nm), with an
optical collimator before the filter to prevent wavelength
shifts of the filter central wavelength.

VIl. ANALYSIS OF SPECTRA

Spectra obtained from the Alcator C-Mod GP-CXRS
system is shown in Fig 13. As seen, the signal-to-
background ratio is large, even at this spatial location,
which is near the pedestal top. Deriving Doppler spec-
trometry quantities of radiance, velocity, and temper-
ature from the GP-CXRS signal proceeds as in any
other CXRS system: remove passive light contributions
from the spectra, use a computational non-linear re-
gression analysis to derive the moments of the spectra
(taking care to remove instrument function and Zeeman
effects??), then relate these moments with their physical
quantities?®.
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FIG. 13. Spectra from the GP-CXRS LFS poloidal periscope,
showing signal enhancement over the background passive
emission. Taken from a view in the pedestal top region.

Example profiles are shown in Fig 14 for an EDA H-
mode*'. Two differences that need to be addressed for
the GP-CXRS system are the calculation of density from
the radiance measurement, and spectral contamination
by Dy molecular lines.

A. Density

The density can be calculated using Eq. (14) with
simulated np values, or measured neutral emission. The
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FIG. 14. Profiles from the GP-CXRS system. (a) radiance,
(b) temperature, and (c) poloidal and parallel velocity. p here
is a normalized major radius coordinate, roughly equal to r/a.

simulations are sensitive to input electron density and
temperature profiles, including in the SOL. The SOL
ne and T, profiles are not routinely measured on Alca-
tor C-Mod in RF heated plasmas. Additionally, sim-
ulations don’t resolve the time dependence of the gas
puff. For these reasons, the measured neutral emission
is generally preferred to the neutral simulations. In or-
der to use the measurement, we must relate the excited
neutral density, np(n” = 2) to the measured D, ra-
diance, Ip,. The density np(n? = 2) can be related
to the D, emissivity, €32, with simple algebra and us-
ing the general equations relating emissivity to PEC
coefficients'”: €5, = PECﬁXCnenD(nD = 1) and spon-
taneous emission: €;; = np (nP = J)A;k. The expression
for np(n? = 2) (Eq. 8) was found using these two gen-
eral equations for the Lyman-a transition (n? =2 — 1).
If we solve for np(n” = 1) in Eq. (8), and plug it into
the equation for e30, we arrive at the desired equation
relating excited state neutral density np(n” = 2) to the



D, emissivity, £39:

1 PECHXC

nD(nD =2) = AigliPEC}iXC&ﬂ (17)
where e35 is the D, emissivity in [photons/s/m?], Aa; is
the Einstein A coefficient [s~1] for the n? =2 — 1 tran-
sition, and the PECFXC coefficients are photon emis-
sivity coefficients from ADAS [photons/s - m3]. Turning
again to Eq.(14), as long as gy and n4z+ are constant
over the optical line-of-sight through the gas puff neutral
cloud, they can be removed from the integral, leaving
f LOSdl np,. These assumptions were verified using 3D
OSM-EIRENE simulations. Plugging in Eq. (17), and
noting that the PEC coefficients depend on n. and T,
which likewise will be assumed constant over the intersec-
tion of the optical line-of-sight and the emission region,
gives:

4rl,.,

, . 1 PECEXC
Geff2(n'sm )EW os

Naz+ =

dl €32

Ay, PECEXC [,
eff2(n’,n") PECEXC Ip,

Iey
= f(neaTeyTivTDvZeffan/an/l) I
D

(18)
where Ip_ is the D, line-integrated emissivity (radiance)
in [photons/s/m?/ster], and f is an atomic physics fac-
tor, with the dependencies on background plasma param-
eters shown explicitly. An example of the measured Ip_
signal is shown in 15, with the simulated Ip, from OSM-
EIRENE. The large discrepancy between measurement
and simulation in the SOL (p > 1) could be due to over-
estimation of the molecular Dy contribution to the D,
light, or incorrect inputs into the simulation (i.e. electron
density and temperature in the SOL).

B. Contamination by Molecular Lines

The D5 molecules of the puffed gas cloud are not
immediately dissociated. Therefore, typically in the
region of the last closed flux surface and further into
the region of open magnetic field lines (the SOL),
a whole zoo of molecular lines is observed. This is
undesired as these lines overlap with the BV charge
exchange line. An example is shown in Fig. 16, where
the measured spectrum right before and after the gas
puff is shown for the outermost view (p &~ 1.04) of the
LFS poloidal periscope. For illustration, the position
of tabulated molecular deuterium lines*? is indicated
with green vertical lines. The tabulated lines which
are plotted are only the lines from Ref. 42 which have
an assigned intensity in the I column of that paper.
These tabulated lines agree well with measured emission
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FIG. 15. (a) Measured D, radiance, with the total (active
+ background) in red, and the background in blue. (b) Mea-
sured D, radiance (Ip,) in cyan, resulting from subtracting
the background from the signal in (a). Ip, simulated from
OSM-EIRENE is shown in orange, showing good agreement
with measured signal.

from a Dy spectral lamp. Such a lamp can be used to
determine whether Dy lines exist which can interfere
with a CX line of interest.
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FIG. 16. Pre (blue dashed) and post (red solid) puff spectrum
on the outermost view of the LFS poloidal periscope. The
position of D lines as tabulated in [ 42] are indicated by
vertical green lines.

The parts of the spectra outside the wavelength region
of the Boron lines can be used to detect the presence
of D lines. One can then exclude these spectra in the



analysis. Alternatively, one can try to estimate the Dy
contribution to the spectra in order to extract informa-
tion on the B>t population. In the following, we present
a heuristic technique to achieve this. We then validate
it using He puffs instead of Dy puffs, which avoids the
problem of contaminating lines in the spectra. We note
here that the reason why He puffs are not used on all
shots is that this produces a CX signal which is much
lower and reaches less far into the plasma compared to
Ds puffs. Also, the CXRS system is not set up to measure
the helium density necessary to calculate npgs+ (optical
interference filters at a He emission wavelength would
need to be purchased).

The technique presented here to estimate the Dy con-

tribution to the spectrum around the BV line is based
on two assumptions. First, we assume that far in the
SOL, the spectrum is entirely due to Do emission, i.e.,
we assume that the contribution of the BV line in the
shaded region I in Fig. 16 is negligible with respect to
the contribution from D>. Second, we assume that all Do
lines in the shaded areas I and I of Fig. 16 scale with
the same factor as we move further into the plasma. To
analyze a given spectrum, we then take the active spec-
trum in Fig. 16, scale it such that the amplitude of the
lines in region I1 match those of the spectrum we want
to analyze, and subtract the scaled spectrum over the
spectral range of interest (region I). Region I is used
as it is free from other spectroscopic lines that occasion-
ally appear in other regions. The remaining spectrum is
then fitted as usual, using a three gaussian, Blom-Jupin
function?®, to extract intensity, central wavelength, and
width of the BV line.
Fig. 17 shows an example spectrum and the contribu-
tions of Dy and BV emission obtained with the described
method. In order to see how sensitive the result is on the
scale factor we apply to the D5 spectrum, we vary it by
+10% and include the variation of the final fit parameters
in the error bars of the deduced plasma parameters.
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FIG. 17. Example of a fit to a spectrum where both the BV
and Ds lines contribute.

Fig. 18 shows profiles of brightness, ion temperature,
and ion poloidal flow of B®* for two similar shots, where
Dy and He was used for the gas puff, respectively. The
profiles in green are obtained by analyzing data from the
shot with the D5 puff and ignoring the presence of molec-
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ular lines. The blue data points are obtained for the same
data, applying the Dy subtraction technique described
above. We can see that this fit results agree rather well
with the data in red, obtained from the discharge with
the He puff.

This analysis also clearly shows that a radially increas-
ing ion temperature in the SOL, which one could infer
from data with Dy pufls, is not correct.
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FIG. 18. A test of the Dy subtraction method for an I-mode
plasma (shots 1120828025/26). Green profiles are obtained
from an analysis where the Dz lines in the spectrum have
been ignored. The blue profiles are obtained when the D-
subtraction technique is applied. Red profiles are obtained
from a similar shot where He was puffed instead of Ds.

VIIl. HFS GP-CXRS SYSTEM AT ASDEX UPGRADE

At the ASDEX Upgrade (AUG) tokamak, two GP-
CXRS diagnostics viewing the edge of the plasma at the
HFS of the vessel are installed. The HFS systems uti-
lize a deuterium (Ds) gas puff and collect the light that
is emitted after the impurity undergoes a CX reaction
with a thermal D particle. The HFS array consists of
a toroidal? and a poloidal view (see figure 19) and each
view is equipped with two f/4 optical heads. For the
toroidal system, one optical head views the gas puff di-
rectly, while the other views the background plasma par-
allel to the active optical head (~10 cm above the active
view) and thus, collects the corresponding background
spectra. Both optical heads are installed at the LFS and
view through the plasma edge at the outer midplane, in-
tersect either the diagnostic gas puff at the HFS or the
plasma edge at the inner wall for the background view, re-
spectively. Then the views pass through the plasma edge
at the other side (again LFS). Hence, the background op-
tical head collects passive emission from three separate



regions along the LOS, while the active optical head col-
lects additional emission from the HF'S region when the
gas puff is switched on. Similarly, the poloidal system has
one optical head viewing the gas puff directly, while the
second views the background plasma at the same poloidal
location, but at a different toroidal location (sector 3,
see figure 19) to avoid the active CX signal. These are
both installed at the HFS and thus, collect light from the
plasma edge at the inner wall. Due to the installation of
two optical heads for each view, the background signals,
i.e. the passive emission, can be subtracted from the ac-
tive spectra. Each optical head is equipped with six LOS

tor/pol HFS
CXRS
I

|
1
1 I .
-2 -1 0 1 2
x[m]

FIG. 19. Top-down view of AUG HFS GP-CXRS system

allowing a radial profile to be measured. In the focal
plane the spot size of the LOS is 8.8 mm for the toroidal
HFS system and 5 mm for the poloidal HFS diagnostic,
while the channel spacing is 1.25 cm. The radial resolu-
tion can be increased by applying the radial plasma sweep
technique?® and moving the plasma position towards the
inner wall. All optical heads are aligned such that they
view the plasma as tangential to the flux surfaces as pos-
sible. The spectrometer system used is the same as that
used for the toroidal view of the LFS beam-based CXRS
system??. A major advantage of these spectrometers is
their variable wavelength grating, allowing comparisons
of the flows and temperatures of different impurities®*.
Example HFS profiles from the ASDEX Upgrade HFS
GP-CXRS system are shown in figure 20.

IX. COMPARISON TO BEAM-BASED CXRS

In addition to the GP-CXRS system, Alcator C-Mod
also has a traditional LFS CXRS system viewing a high-
energy diagnostic neutral beam (DNB), that produces 50
keV hydrogen neutrals, with a total current of 7 A43:44,
This provides a benchmark for comparing the resulting
profiles derived from both systems. From Fig. 21 we
can see the benefit of the GP-CXRS, especially in the
pedestal region (for this shot, 0.97 < p < 1) over that
of the C-Mod beam based system. The active signal ra-
diance in the pedestal is much higher for the GP-CXRS
system, especially in the pedestal region, where the beam
based system has little signal enhancement. This also
shows that p ~ 0.87 is the furthest in point for which
the GP-CXRS has comparable signal enhancement to the
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FIG. 20. Profiles from the AUG HFS GP-CXRS system, both
poloidal and toroidal views

beam based system. Further in the signal will continue
falling exponentially, limiting the GP-CXRS to measure-
ments for p > 0.85.

For shots with the beam and the gas puff, the two
CXRS systems produce similar nz, Tz, and vy for the
B>t species, show in Fig. 22.

Notice the absence of Tgs+ measurements from the
beam based system starting near the top of the pedestal.
The CXRS signal enhancement with the C-Mod DNB is
often too low to resolve the pedestal temperature and
velocities completely, a major detraction for the Alca-
tor beam based CXRS system. The high signal to back-
ground ratio of GP-CXRS light may not be an advantage
for LFS CXRS measurements on machines with heating
beams, which can have comparable signal to background
ratios. For these situations, the smaller width of the gas
puff may still be beneficial, depending on machine size.
Certainly on these machines GP-CXRS is still attractive
for making CXRS measurements at locations not accessi-
ble by the heating beams, such as the HFS measurements
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FIG. 21. Radiance from GP-CXRS (red) and DNB-CXRS
(blue). The large signal, especially in the pedestal region,
gives GP-CXRS great advantage over the beam based system.

on ASDEX Upgrade.

X. SUMMARY

The GP-CXRS technique developed in this pa-
per allows measurements of ion parameters in the
edge/pedestal region, with the benefits of large signal
to background ratio, simple hardware, flexibility in mea-
surement locations, and narrow emission region. The
physics basis for the technique was reviewed, focusing
on the characteristics of neutral transport and charge-
exchange reactions at low energy. Using OSM-EIRENE
simulations the gas puff neutral cloud was shown to have
a canonical shape, but a large range in neutral density,
varying with background density and temperature pro-
files. These neutral density profiles require a numerical
kinetic neutral transport code to properly describe. For
calculations of ion density, or expected CXRS signal, the
thermal-thermal effective CX rate coefficient (ges¢) must
be calculated, since the gas-puff neutrals have a thermal
distribution. Cross-sectional effects were shown to be a
small correction to the measured temperature and veloc-
ity (< 15%). The hardware for the Alcator C-Mod GP-
CXRS diagnostic and the ASDEX Upgrade GP-CXRS
diagnostic was presented, along with measured spectra
and profiles. Profiles measured with a LFS GP-CXRS
system favor very well in comparison with the beam-
based CXRS system.
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