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such as C6+, to high-Z elements4 and a renewed interest in both
the thermal and fast hydrogenic fuel ions themselves.5–7 The change
from carbon based to tungsten plasma facing components on JET
and AUG has also resulted in a large increase in the complexity of
the background spectra.8 To extract physical parameters from these
complex spectra,9 a spectral model needs to be fitted that encom-
passes both the active and passive features. Because of the high
variability of spectra, depending on plasma conditions and impurity
content, the spectral fitting usually requires manual intervention,
and often several iterations, to ensure a suitable spectral model is
being fitted. This requires a fitting code that is both numerically effi-
cient, flexible, and ensures analysis is traceable and reproducible.
The CXSFIT10 (Charge eXchange Spectroscopy FITting) spectral fit-
ting code is based on a fitting code originally developed at JET in
the late 1980s and has evolved over the decades to keep up with the
needs of the users. The philosophy behind CXSFIT is to exploit the
use of analytical models where possible, typically under the form
of coupled Gaussian emission lines, rather than full forward mod-
els for efficiency. Full forward models11–13 present a complimentary
approach and forward models have been used to check the valid-
ity of the approximations being used, such as the coupling between
core and edge lines of sight for estimating the temperature of the pas-
sive impurity charge exchange emission.14 Effects due to the energy
dependence of the cross sections and fine structure of the CX lines
are treated as corrections and applied during post-processing. The
derivation of ion densities, which involve the calculation of the beam
attenuation and charge exchange emission rates are done in a second
analysis step that requires less user intervention.

In this paper, we briefly describe the history of the CXSFIT fit-
ting code in Sec. II, present the layout of the code in Sec. III, and
focus on the capabilities of the code in Sec. IV, illustrated with the
fitting recipe used for main ion CXS analysis on JET. Section V

describes some of the numerical optimization used within the code.
Section VI describes potential plans for the future development of
the code.

II. HISTORY OF CXSFIT
The current CXSFIT code is the result of decades of enhanc-

ing the capabilities by multiple users. The first incarnation of the
CXSFIT code was written by von Hellerman et al. for the first rou-
tine analysis of CXS spectra from JET in the 1980s and 1990s and
was called KS4FIT.3 It was written in Fortran with a TSO interface,
using NAG15 optimization routines. A major rewrite of the code was
undertaken by A. Whiteford et al. around 2007,10 developing a new
IDL interface but keeping part of the original Fortran fitting library,
resulting in the flexible and modular code currently in use. From this
time onward, the code repository has been hosted by ADAS16 and
updates to the code are tracked with a subversion control system for
traceability. The 2010s saw the installation of the Be/W wall on JET,
prompting the implementation of new parameter coupling schemes
to enable fitting of beam emission for main ion CXS and more flex-
ible ways of dealing with background subtraction. The parameter
coupling was also expanded to other multiplets, and adaptations
were made for time-dependent parameter coupling schemes and
initial estimates. The minimization is now based on MINPACK,17

adapted to enable parameter boundaries. CXSFIT is currently in use
on JET, AUG, and ST-40 and formerly on Tore Supra and TEXTOR.
Apart for fitting charge exchange spectra; the code has also been used
to fit other spectra in the visible range, e.g., to derive the helium con-
centration and isotopic ratio from Penning gauge spectra.18 CXSFIT
has maintained backward compatibility with fit recipes created by
older versions.

FIG. 1. Flowchart showing the modular layout of the CXSFIT code. The letters refer to the various steps that one needs to take from raw data to analyzed output, as described
in Sec. IV.
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III. STRUCTURE OF THE CODE
One of the main reasons the current CXSFIT code has been

portable to various machines and has been able to undergo contin-
uous development over the past decades is because of the modular
structure of the code. Figure 1 shows an overview of the layout of
the code. All the machine or diagnostic dependent routines are sep-
arated from the main shared part of the code. The purpose of the
machine dependent routines is to cast the data into a common data
structure for analysis. Information about the spectral model that
needs to be fitted is stored in a separate data structure. Each time a fit
is carried out a copy is taken and saved in the fit history, which can
be saved when storing results. The various data structures approxi-
mately map to the tabs on the interface, as shown in Fig. 2. The main
part and interface of the code is written in IDL, whereas the part
of the code that carries out the numerical optimization is written in
Fortran and contains parts of the original KS4FIT code. The latter
separation paves the way for future real-time capabilities.

IV. CXSFIT FUNCTIONALITY, ILLUSTRATED
WITH THE JET MAIN ION CXS FITTING SEQUENCE
A. Read in spectra

The spectra are read in using diagnostic-dependent modules
and cast into a generic data structure along with track dependent
information about the instrument function, wavelength calibration,

and geometry. For the JET main ion CXS diagnostic using PI iso-
plane 320 spectrometers,19 we represent the instrument function
with the sum of two shifted Gaussian lines to account for the asym-
metry. It is important to pass on the correct errors in the intensity,
consisting of Poisson noise on the gathered photon electrons and
instrument noise.

B. Wavelength reference
Except for the edge CXS diagnostic on JET,20 spectrometers on

JET do not have an inter-pulse wavelength calibration. This means
that the wavelength axis could drift. CXSFIT has the option to shift
the wavelength axis to match a reference line within the spectrum
that, during part of the discharge, could be assumed to be non-
rotating. For main ion CXS, we use the recombining plasma at the
end of the discharge to match the Dα position on every track to the
natural wavelength of the line. For C VI/Ne X CXS, the Be I line at
527.063 nm is used.

C. Optionally: Background subtraction
Main ion CXS on JET heavily relies on background subtraction,

whereas for impurity CXS a combined fit to both active and pas-
sive features is the most common analysis method used. Background
subtraction on JET is complicated as the lines of sight cross a total
of up to 8 neutral beams, some only peripherally. For experiments
relying on main ion CXS, we either use a notch in one of the beams

FIG. 2. Main CXSFIT interface, showing a fit of a JET main ion CXS spectrum for a DT pulse (Ti = 1743 eV, Ω = 24 krad/s) with beam emission on the right. The drop down
menu shows how to select spectral line features to add to the fitting recipe. The slider bars allow scrolling through the lines of sight and time frames, whereas the tabs on top
allow displaying contour plots of the resulting fit parameters.
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or beam blips. CXSFIT has built-in options to select background
frames and either average or interpolate the background during the
beam on time, taking into account all the beam wave forms to find
suitable background frames. When other signals need to be taken
into account, there is the option to run external scripts to alter the
automatic selection made by CXSFIT. This is mainly used to auto-
matically detect and avoid ELMs that disturb the background. Main
ion CXS has proven to be mainly successful for stationary plasmas,
such as L-mode discharges. For plasmas that have fast changes, in
either the core or the edge, trace neon seeding has proven to be most
successful on JET since the installation of the W/Be wall. The back-
ground subtraction module also allows us to add frames together
when photon statistics are poor.

D. Construct a spectral model
Selecting an accurate spectral model to fit to the data is the most

crucial part of analysis. CXSFIT has an internal library of line and
multiplets one can choose from. Table I presents the line features
currently implemented in CXSFIT, and Fig. 2 shows an example of
how to select them using the CXSFIT interface. A flat or linearly
sloping background can be added. Lines can easily be suppressed if
needed.

E. Parameter coupling
An essential part of fitting complicated spectra with many

potential fit parameters is to use physics-based constraints to mini-
mize the amount of free parameters. CXSFIT allows us to have linear
couplings between fit parameters of a line or multiplet. These cou-
plings can either be static or time- and track-dependent. In the latter
case, they need to be read in using an external script. For main ion
CXS, the wavelengths and widths of the CX lines of hydrogenic iso-
topes are coupled statically, whereas their intensities are, for most
experiments, coupled to the isotopic ratios measured by Penning
gauge spectroscopy in the sub-divertor.18 The different energy com-
ponents in the beam emission spectra have their Stark splitting and
Doppler shift parameters coupled.

TABLE I. Line features currently implemented in CXSFIT. I, σ, and λ: Intensity, width,
and wavelength of a Gaussian line. B and E: Magnetic and electric field. θ: Angle
between line of sight and a field vector. ΔλDoppler and ΔλStark : Doppler shift and
Stark splitting. π3/σ0, σ1/σ0, π2/π3, and π4/π3: line ratios within the MSE mutliplet.
α: skewness factor.

Feature Source Free parameters

Single Gaussian I, σ, λ
Multiplet ADAS603 I, σ, λ, B, cos(θ)

(Xpaschen)
h-like multiplet ADAS603 I, σ, λ, B, cos(θ)
Skewed Gaussian I, σ, λ, α

I, σ, λ, ΔλStark, π3/σ0
MSE multiplet σ1/σ0, π2/π3, π4/π3,

ΔλDoppler
h-like Stark multiplet Tabulateda I, σ, λ, E, cos(θ)
Li 2s-2p multiplet Tabulatedb I, σ, λ, B, cos(θ)
aBased on a numerical Hamiltonian diagonalization.
bBased on adding quantum defects to the Hamiltonian.

F. Parameter initial estimates
Just as the parameter couplings, the initial estimates can be

static or read in via external scripts. The latter is particularly use-
ful for the Doppler shift and Stark splitting of the beam emission
spectra, which can be pre-calculated to fairly high accuracy based
on the known beam voltage and magnetic equilibrium. There is also
the option to use initial estimates from a previous frame or from
neighboring tracks.

G. Fit, inspect, and refit
The visualization in CXSFIT allows us to easily inspect all the

results of the fit; both the fit to the spectra (as in Fig. 2) are displayed
as well as profiles, time traces, and contour plots of all fit parameters.
Fits that have failed or where fit parameters have reached a bound-
ary are marked and can be refitted separately with adjusted initial
estimates.

H. Traceability and reproducibility of the analysis
Fitting CX spectra usually involves several steps. For example,

certain tracks may need to be refitted with different initial estimates.
CXSFIT will store the fit recipe every time a fit or a change in back-
ground subtraction is carried out in the fit history, which is a data
structure that can be displayed and can also be compressed and
saved. This history can then be replayed on the same or on a differ-
ent discharge. On JET, the SVN subversion label of CXSFIT is also
stored together with the analysis results.

I. Storing of data and post-processing
Storing the data is part of the machine-dependent code. For

main ion CXS, we also carry out corrections to the main ion tem-
perature caused by the HALO smearing and the energy dependence
of the CX cross sections. For JET, this is treated as a correction,
informed by running FIDASIM13 on a representative plasma for
which the density and temperature profile was scanned. These cor-
rections are typically below 20 eV on JET. For Ne X CX, corrections
to the apparent ion temperature caused by the fine structure and
magnetic field broadening are calculated.

V. NUMERICAL EFFICIENCY
CXSFIT is primarily optimized for fitting Gaussian lines. The

numerical performance allows us to fit large datasets interactively,
inspect results, and refit, if necessary, allowing to develop complex
fitting recipes if needed.9 To illustrate this, main ion CXS spectra for
a typical JET pulse are recorded along 10 tracks at 5 ms/frame for 6 s.
This results in 12 000 spectra. Fitting H/D/T + beam emission, using
a 2-Gaussian instrument function requires the fitting of 60 Gaussian
lines with 11 free parameters. A fit on the JET data center [Intel(R)
Xeon(R) CPU with 2.40 GHz clock speed] takes 46 s, which corre-
sponds to 4 ms/spectrum. This means that the algorithm could, in
principle, be suitable for real-time analysis.

The fast fitting is thanks to the internal optimization.

● Fully analytical fit functions and derivatives to the fit func-
tion are used. This is not trivial when fit parameters are
coupled or when multiplets are fitted that depend on, e.g.,
magnetic fields. Internally in CXSFIT, a distinction is made
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FIG. 3. CXSFIT displaying the quadratic approximation of the wavelengths within the C II multiplet at 657.97 nm as a function of the magnetic field. Symbols: from a call to
ADAS603; colored lines: quadratic approximation used by CXSFIT.

between Gaussian parameters (3), multiplet parameters
(4–9, see Table I), and free fit parameters. Every Gaussian
parameter can be expressed as a quadratic combination of
multiplet parameters and every multiplet parameter can be
linearly coupled to the free parameters in the fit. All the
coupling parameters and the partial derivatives are calcu-
lated before starting the minimization, and the chain rule
is applied for calculating the derivatives of the fit function
with regard to the free parameters. For example, when fitting
Zeeman multiplets, ADAS603 is called to obtain the rela-
tive intensities and positions of the individual Gaussian lines
within the multiplet. ADAS603 is not called directly within
the minimization, but a quadratic fit as function of mag-
netic field (B) is applied centered around the initial estimate
of B. CXSFIT can display this approximation, as shown in
Fig. 3. The position of an individual Gaussian line is thus a
quadratic function of the multiplet parameter B. The mag-
netic field of this multiplet could be a free parameter or
(linearly) coupled to the magnetic field of another line in the
fitting recipe.

● As instrument function, a sum of Gaussians needs to be
used as input. As any instrument function can reasonably
be approximated with a sum of shifted Gaussians of differ-
ent width and intensity, this is not a major constraint. As
the convolution between Gaussians is Gaussian again, this
preserves the analytical framework.

● If the data are mapped to a fixed dispersion grid, recursive
formulas [Eq. (1)] are used to drastically reduce the number
of calls to the exponential function for calculating Gaussian
lines,

g(λ + Δλ) = g(λ)e−
2Δλλ

σ2 e−
Δλ2

σ2
= C1 f (λ)g(λ),

f (λ) = f (λ − Δλ)e
2Δλ2

σ2
= C2 f (λ − Δλ).

(1)

VI. FUTURE DEVELOPMENT
One of the aims of this paper has been to document the rea-

sons for the success and longevity of the CXSFIT code as the same
characteristics will be required for spectroscopic analysis codes on
future devices and diagnostics: traceability and reproducibility of
results, flexibility in constructing fit recipes, a numerical efficiency
that allows us to inspect and refit spectra without lag, and a modular
design so it can be shared across various diagnostics and devices.
Apart from these, there are additional capabilities that may be
required in the future, such as real-time fitting and a more extensive
library of spectral features, such as Voigt functions (for Stark broad-
ening), that would allow expanding the use of the code to other areas
of spectroscopy. A more generic fitting code was already developed
within ADAS, called FFS (Framework for Feature Synthesis).21,22

Some of the recent additions to CXSFIT, such as multiplet fitting,
is, in fact, bringing in some of the capabilities of this code.

One of the beneficiaries of a powerful multi-purpose spec-
troscopy fitting tool would be ITER. A project has started to make
the current implementation of CXSFIT compatible with the data
handling environment on ITER. A further expansion to handle
all spectroscopy fitting needs on ITER, including real-time fitting,
would benefit from a rewrite to increase the transparency of the
source code and make it easier to maintain and add new spectral
features.

An open license is currently being pursued to ensure the code
remains available to all collaborators.
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