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ATOMIC MODELLING AND SPECTROSCOPIC DIAGNOSTICS

M. G. von Hellermann and H. P. Summers

JET Joint Undertaking, Abingdon, Oxon., OX14 3EA, U.K.

Atomic reaction models provide the link by which quantitative diagnostic
comments on plasma behaviour and parameters may be made from spectral
observations of emission by ions in the plasma. The paper reviews progress
in this area with emphasis on impurity species in magnetic confinement fu-
sion plasmas. A systematic approach bascd on generalised collisional-radia-
tive theory is adopted and items discussed include spectroscopy of edge and
divertor environments, beam emission and charge exchange spectroscopy.
Case studies are based on experience at the JET Joint European Torus Ex-

periment.

I. OVERVIEW

In general, atomic modelling forms one part of an analysis system in spec-
troscopic diagnostic application. Analysis systems, though differing in detail,
have points of similarity whatever the plasma or particular spectroscopic in-
strumentation under study. If the atomic modelling aspect is approached

with care, it can be organised in a manner of fairly universal usefulness and



usability. We outline issues which a general atomic modelling system must
address and how we have handled this at the Joint European Torus Exper-
iment (JET). The paper then becomes more specific to fusion plasmas and
examines the links to fusion ptasma models and zones of interest. The latter
include the plasma edge, divertors, beam penctrated plasma and the near
equilibrium core plasma. The special aspects of the atomic modelling re-
quired to support these areas in JET are described. Finally, we give case
studies to demonstrate the ‘philosophy’ of our approach.

The analysis viewpoint is shown schematically in fig.1. An implicit as-
sumption is that the separability of the different parts can take place. For
the atomic modelling / plasma modelling distinction, the separation is based

on timescales.

A. Populations and timescales

Consider the various states of an ion and it’s population densities in a
plasma. The lifetimes of different types of state vary enormously. We can
for example identify resonant states, such as occur in dielectronic recombi-
nation, of very short (Auger) lifetimes; bound cxcited states, which can freely
cascade, of short (radiative) lifetimes; ground and metastables states of ions
with relatively long (ionisation, recombination or forbidden decay) lifetimes.
It is convenient to treat ground and metastable states under the single classi-
fication ‘metastables’. The relaxation times of the various populations in a

plasma therefore satisfy an inequality of the form



Taulaiom'sing state<Texcited state < metastable state

More precisely, consider the states of the z-times ionised ion X+ of an ele-
ment X. Then with considerable simplification 7,~10-12 sec, 7,,~10"7/z* scc
and 1,,~108% 3/ N, sec with N, the electron density. In any plasma, the dis-
tances particles move in their lifetime compared with plasma scale lengths or
their lifetimes compared with the timescales of gross plasma change divide
the populations naturally into ‘quasi-static populations’, which relax rapidly
compared with plasma timescales and therefore satisfy a local equilibrium,
and ‘dynamical populations’, which relax on comparable or slower timescales
than the plasma and require solution of coupled, time dependent transport
cquations. The latter of course constitute a plasma model. For laboratory
fusion plasma and many astrophysical plasmas, resonant states and excited
states belong to the first category and metastables to the second. It follows
that only the metastable states have large populations in the fusion plasma.
Atomic modelling can, as an isolated task, (a) provide solutions for excited
populations as functions evaluated at local conditions in equilibrium which
multiply instantancous metastable populations; (b) provide effective rates
cvaluated at local conditions connecting metastable populations within and
between ionisation stages which are the source terms of the plasma model

equations.

B. Collisional-radiative equations



As 1s well known, collisional-radiative theory gives the necessary con-
nections. The formal relationships have been written down on a number of
occasions . The complexity of the ‘collisional radiative’ rates is because they
include indirect (sometimes called stepwise and redistributive ) processes. In
most work at low density, such processes with the exception of simple radia-
tive cascade are ignored, giving the so-called ‘coronal approximation’. Also
metastable states are ignored, each ionisation stage being assumed to have
only a single ‘ground’ state. Unfortunately, at the higher density and lower
temperature environments of current interest, these simplifications are incor-
rect and the full collisional-radiative picture must be used. The collisional
radiative picture is very general with various primary collision processes in-
fluencing the populations, such as electron impact excitation, charge ex-
change recombination from neutral hydrogen in beams and so on. Once the
primary processes are identified, the associated densities, such as N,, Ny arc
usually factored out leaving the more familiar collisional-radiative coeffi-
cients.

The emissivity and line of sight integrated emission of any spectrum line in
terms of the metastable populations follows immediately. For simplicity sup-
pose the z-times ionised atom X+ has only a ground state g and a metastable
state /m, and that the next ionisation stage z + 1 has a single ground state g’.
Also suppose electron cxcitation, free electron capture and charge exchange
recombination from neutral hydrogen are the dominant processes. The line
of sight emission in the transion { —j in the ion of charge z may be written

as
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where the N denote population densities. The first part in each integral is the
so called ‘effective emission coefficient” and the last density product integral
is the associated ‘emission measure’.

In this case the effective coefficients connecting the ground and mectastable
states are usually written as ’collisional radiative ionisation coefficients’
Scr(z,g =z + 1,g") and Scr(z,m — z + 1,g'); ‘collisional radiative recombina-
tion coefficients” ucr(z + 1,2 — z,2) and «cr(z + 1,2 — z,m); ‘collisional radia-
tive cross coupling coefficients’ ger(z,m — z,g). The theoretical calculation of

all these effective coefficients is the atomic modelling task.

II. PLASMA MODELS AND EMISSION

A. Plasma models
[t is not intended to discuss plasma models in detail here. Evidently these
are legion and specific. There are however four models of general interest.
The coronal ionisation equlibrium model applies well to highly ionised spe-

cies in the low density solar atmosphere and fairly well to very highly ionised



heavier species in the core of fusion plasmas. Electron impact is assumed to
be the cause of transitions, only the ground state of each ionisation stage is
assumed significantly populated and ionisation timescales arc short compared
with plasma timescales. lonisation equilibrium has time to be established lo-

cally so
{Ivé'z ’ 1)/1V¢(g’2)}equil. - Qe[/(z,g —z+ l’g)/aeff(z +1.g—-28) (2)

Only the first integral in equation (1) contributes and it is reorganised in the

solar case as
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The first part of the integrand with the equilibrium assumption (2) is called

the g(7,) function for the line and the second part is rewritten as
NZdl = {N2dljdT }dT, (4)

with the partin {} brackets called the differential emission measure. Note the
g(T,) function depends also on density and here includes the electron to hy-
drogen density ratio. The constancy of the relative cosmological element
abundance is assumed. In fusion application the assumptions and inclusions
in the g(7,) function are modified and the emission measure redefined ap-
propriately. Solar astrophysicists measure many lines of different elements

in different ionisation stages and using calculated g(7.)’s seek to invert the



integral to obtain the differential emission measure. The different lines probe
different temperature regions of the atmosphere. The more completely they
do this the better the integral integral inversion can be done (see fig.2) 2. By
contrast, in the fusion case, the electron temperature and electron density
spatial variations are often known from independent measurement. The cal-
culated emission is used to seck the impurity abundance. A further interest-
ing development may occur in fusion plasmas at very low temperatures when
a substantial neutral hydrogen presence alters the local ionisation balance
through an extra charge transfer contribution to the recombination coeffi-
cients. Considering only this eftect, the total equilibrium radiated power for
beryllium is shown in fig.3. At 10eV/, the dominant ionisation stage is Be*2.
However the temperature is too low to excite it’s spectrum. Be™!, though very
much lower in fractional abundance, is the primary radiator. Charge ex-
change influences strongly this small fraction and therefore has an inordinate
effect on the radiated power.

The extreme ionising model applies to neutral and near neutral species en-
tering a high temperature plasma from a boundary surface such as a limiter
or divertor target plate. The species ionises rapidly through several ionisation
stages while still near the surface from which it was born. Recombination
at least for the low ionisation stages may be ignored. For sufficiently low
neutral hydrogen densities, electron collisions are the driving reactions. In
these circumstances the metastable states are far from a quasistatic balance.
A time dependent model (or spatial model if a fixed inflowing speed is as-

sumed) for the metastables is essential. A simple solution may be obtained



if a ground state neutral is assumed suddenly placed in a plasma of fixed
electron temperature (7,). The collisional radiative ionisation and cross cou-
pling coefficients required for such a calculation for neutral beryllium are
shown in fig.4a. Be® has a ground state 252 'S and metastable state 252p 3P.
The ratio of the time integrated populations of these is much smaller than the
ratio which would occur in equilibrium at 7, (fig.4b). Neutral beryllium,
born in it’s ground state and flowing into a high tcmperaiure plasma has an
underabundant metastable population (see * for details). The use of calcu-
lated ‘photon efficiencies’ in deducing fluxes is important and well established
46,

The charge exchange spectroscopy (CXS) model activated by neutral beams
(such as fast high energy neutral deuterium or helium heating beams in JET)
provides a marked contrast. The primary reactions leading to emission are
state selective capture into excited states of fully ionised impurities followed

by radiative decay.
Dbeam(ls) + ;;nga Db-zam + Xttzzgma( [) (5)

XFto=Ynn - xto= ey 4 gy

plasma plasma

Usually redistributive collisions intervene to alter the /-distribution of the
populations before the radiative decay. Only the last term in equation 1
contributes to the observed emission. The emission measure is [ NpbmNadl,
Since emission is localised at the beam/plasma/viewing line intersection (

short fdf) with nearly constant conditions, the effective emission may be



taken outside the integral. Extensive collisional radiative data of ¢ for fully
stripped light ions in the visible and UV spectral range are available s¢7.
Beam emission spectroscopy ( BES), in which the neutral beam atoms them-
selves are excited by the background plasma and then radiate, is closely re-
lated °. The primary reactions are collisional excitation of the beam atoms by
electrons, deuterons and fully stripped ions in the plasma. The plasma model
is that of the beam attenuation to the observed volume and is necessary to
resolve the emission measures into separate densities. The effective ionisation
coefficients for the model consist at low density, of the direct losses from the
beam atoms in their ground state. For D° beams it is given by the sum of the
reactions (5) and the direct ionising reactions by plasma electron and ions.
At higher densities, the stepwise processes as given by the full collisional ra-
diative coefficient is required. Fig.5 compares neutral deuterium densities in
the JET heating beams as calculated from the attenuation model and as de-
duced from the observed D, emission at several viewing lines intersecting the
beams. It constitutes a strong test of atomic modelling and plasma modelling.
Other plasma models used in fusion are more specific in geometry and
boundary conditions and use independent (non-spectroscopic) measurements
as part of their input data. Of special interest at this time are 1-D radial
impurity diffusive transport models, 1-D and 2-D scrape-off-layer and di-
vertor fluid models, Monte Carlo neutral and impurity diffusion models. The
main point at issue for this paper is that necessary atomic data is made
available and flows easily into these models in the same way as in the general

examples above.



B. Spectral features

In the diagnostic loop some thought must be given to the assembly of pre-
dicted features and the disassembly of observed features. Theoretically as
we proceed down the diagnostic loop, we advance from feature primitives as-
sociated with a particular excited state (or a bundle of excited states) to fea-
tures in which primitives are related to the metastables to superfeatures in
which features at different times or positions are combined according to lines
of sight and spectrometer characteristics 2. [t is the latter which are compared

with observation.

C. The atomic data and analysis structure

Evidently collisional-radiative modelling upon which the approach of this
paper is based, requires substantial fundamental atomic rate coefficient data
and procedures for its conversion to the derived coefficients of the type de-
scribed above used in practise. At JET we take a unified approach to this
called "The Atomic Data and Analysis Structure’, ADAS. ADAS is an in-
teractive system composed of a fundamental atomic database, collisional-ra-
diative processing codes, and a derived database. The latter can be accessed
by experiment analysis codes. The fundamental database is in part con-
structed around specific ion files each of which can support directly a popu-
lation calculation. These are created both semi-automatically (for example
using multielectron-multiconfiguration structure and distorted wave collision
codes) and in detailed targetted assessments. Special attention is given to

isoelectronic sequence interpolation and extrapolation through the assembly
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of general z files. These allow automatic creation of an intermediate ion spe-
cific z file where no specific data is available. ADAS has extensive data on
ion/atom collision cross-section data including state selective charge transfer.
These support a large diagnostic effort on charge exchange and beam emis-
sion spectroscopy. Derived data in ADAS includes comprehensive collision-
al-radiative ionisation and recombination data, radiated power ctc., cffective
emission cocfficients (both eclectron driven and charge exchange driven),
photon cfficiencies, finite density beam attenuation coefficients etc. Interac-
tive database interrogation and extraction is supported as well as specific
calculations for database extension, population studies and diagnostic line
ratio investigations, derived database updating and preparation of private

data collections.

III. CASE STUDIES

A. Superfeatures and the observed spectrum disassembly

Central plasma data can be deduced from line of sight measurement of the
Doppler width and shift of the resonance line of helium-like Nickel, especially
the ion temperature and toroidal velocity (see ™ for the detailed study). In the
case of the JET geometry, the line of sight of the high resolution x-ray spec-
trometer covers a range of significantly changing plasma input data (
Ney TeVioroiaw ) Which leads to a spectrum resulting from an integration over

several emission layers. The radial emission profile of the Ni resonance line
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is calculated from the fusion plasma variant of the g(7,) function using meca-
sured electron temperature and density profiles. The modelled ‘superfeature’
is fitted to the observed spectrum and central temperatures and velocities
extracted. A comparison of untreated line-of-sight averaged data and mo-
delled central data with independent CXRS shows the the importance of the
profile superpositions and the final excellent agreement .

Atomic and plasma modelling of charge capture and beam stopping proc-
esses and consistency checks with independent plasma data (Z., N., and
thermal neutron emissivity) require an assessment of all relevant plasma ions.
At the JET tokamak central densities of C, Be and He and radial profiles of
either C or Be are simultaneously monitored together with beam emission
spectroscopy of either DI or Hel. One of the most complex examples of a
combined modelling effort on the prediction of ‘cold” (10eV to 1000 eV)
plasma boundary features and ‘hot” (0.5 keV to 30 keV) charge exchange
core features is the spectral range at 4686 A + 100 A for the combined Hell
and BelV spectrum (fig.6) *'. The wavelength coincidence with the Hell CX
line (n = 4-3 at 4685.25 A) requires a coupled-fit technique for the simul-
taneous extraction of Hell and BelV CX photon fluxes. Modelling of charge
capture cross-sections and experimental data have given a ratio
(n =6-5)/(n =8-6) = 5.3 for the BelV CX emission ¢ The spectrum was ob-
served during a 135 keV 3He neutral beam fuelling JET pulse. The broad
pedestal with a halfwidth of Ad = Jg X Vyum/c = 45A is attributed to the CX
reaction between slowing-down He~? particles and the neutral He® beam. It

is at a clearly enhanced level above bremsstrahlung which is typically some
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10° photons/cm3sec.sr.A. In practise, logarithmic mapping of log(l) versus
energy of the combined core CX and boundary cmission spectrum of Hell
shows most clearly the slowing-down features of injected helium. The charge
exchange effective emission coefficient ¢& of Hell(n =4-3) for a neutral he-
lium beam acting as a donor is used for the calculation of the spectrum pro-
duced by slowing-down alphas 7t The input distribution function is an
anisotropic Fokker-Planck calculation for the slowing-down velocity distrib-
ution function for neutral beam injection 2. The effective emission coefficient
derived by the simulation enables the deduction of fast particle densities.
Further results corrclating observed fast particle densities and the temporal
evolution of thermalised alpha particle population with neutral bcam powers

will be described in a future paper.

B. Consistency of impurity deduction and neutral beam stopping

The calculation of neutral beam stopping processes in a fusion plasma
shows that the stopping cross-sections have a non linear Z dependence (fig.7)
This implies that for a consistent treatment of a charge exchange analysis all
plasma ion constituents need to be known. The difference in beam atten-
uation for a pure hydrogen or a pure impurity plasma is substantial (fig. 7b).
For the deduction of impurity densities from measured CXRS photon fluxes
a local neutral beam strength is required. This can be either calculated from
external data such as electron density and Z,; or alternatively deduced from
beam emission spectroscopy (fig. 5). An accurate beam stopping calculation

however needs as input the densities of impurity ions. The iterative problem
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can be solved in principle from any initial assumption of impurity levels,
provided the photon fluxes of the main constituents (C, Be, He) arc available.
The intersection of S, = n.n,(0)qsxdl/dl,, with the inverse attenuation factor
{-' =exp [n>,Q.c.dr determines a unique solution. The various quantities
are Qz(E) the stopping cross-section, g the cffective emission cocfficient,
¢z = nz[n, the impurity concentration, d//d! the measured CX photon flux,
and 7,(0) the vacuum neutral beam density. For clarity the summation over

the energy species has been omitted.

C. Consistency of CXRS analysis for the JET PTE pulses

A relevant test case for the self consistency of charge exchange spectroscopy
analysis has been the preliminary tritium experimental (PTE) campaign of
JET 3. One of the key diagnostic issues was the data consistency required
for the prediction code TRANSP in the break-up of neutron production into
it’s thermal - thermal, beam - beam and beam- plasma fractions. A further
point of interest was the levelling off of the neutron production and its abrupt
termination some 300 msec later simultaneously with a massive carbon in-
flow. Following along the line of thoughts developed in this paper, a time and
space resolved measurement of all plasma ions is crucial for both the calcu-
lation of beam deposition profiles and for the best possible assessment of
deuteron densities deduced from electrons and impurities. An overview of the
temporal evolution of central ion temperature, the main light impurities
C, Be and He, the total neutron rate, and a CIII plasma boundary signal is

given in fig. 8 and table 1. The impurity densities and beam stopping were
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calculated in the procedure mentioned above. Assuming charge neutrality
we can reconstruct from electron and impurity densities, a deuteron density
profile, and together with C+¢ ion temperature profile, a thermal-thermal
neutron emission profile. A ratio of deuterium to tritium of 7:1 was used in
the example of pulse #26148. fig. 9a shows a comparison of thermo nuclear
neutron emssivitiy as deduced from CXRS measurements and the total em-
issivity as measured by tomographic reconstruction of a neutron profile
monitor (see N.Jarvis, this conference). fig. 9b shows for a PTE reference shot
(#26087) the comparison of the total thermal-thermal neutron rate deduced
from the CXRS data directly and the TRANSP code predictions. Upper and
lower values reflect the error bars in ion temperature and deuteron density
errors due to errors in impurity densities.

The problem of carbon inflow terminating the high neutron yield pulses is
still a matter of ongoing discussions at JET. In particular the mechanism
causing finally a global crash following the peak neutron emission requires
further investigation. It is however interesting to note that a precursor oc-
curring approximately 300 msec prior to this event can be clearly seen from
both beam emission spectroscopy and charge exchange spectroscopy signals.
In view of the different cross-sections for beam stopping a carbon inflow
should have, in principle, some effect on the neutral beam penetration, and
there should be correlation between the reduction of emitted D, light (fig.10)
from the beam and carbon inflow (fig. 11). The radial carbon inflow is de-

fined as
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After a break-in of the neutral beam power at 13.1 sec, as illustrated in fig.
10,11 , an enhanced radial inflow starts at the boundary of the confined
plasma (r/a= 0.8) and some 100 mscc later in the plasma centre (r/fa = 0.2).
A turn-over is observed in the D« emission at R =3.4m followed later by a

similar collapse at R =3.0 m (plasma centre at R = 3.Im,a = 1.0m ).

IV. SUMMARY

The paper has described the basis and practise of the atomic modelling
used for the analysis of spectral data at JET, We have illustrated in several
cxamples the successful confrontation of modelled spectral predictions, with

observed spectra and the subsequent extraction of plasma data.
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Table 1

Results of visible and charge exchange spectroscopy of the preliminary tritium expenment at

JET
JET pulse number

Signal 26147 26148 26095 26087
time(s) 13.12 13.21 13.7 13.4
mjny 0.13 0.13 .01 0.0
Ty = 0)(keV) 17.5+0.6 18.840.8 20.7+1.0 18.6+0.9
Ty = D)(keV) 3.340.1  52+40.1  3.1+0.1  3.9+0.1
<T:>y(keV) 6.240.2 84+03 7.0+04  7.3+03
nyn(r =0, C, Be, He) 0.75+0.05 0.76+0.05 0.83+0.05 0.84+0.06

nf{r=0, C, Be, He)(10"m~%)  2.30+0.15 2.10+0.15 4.30+0.20 3.90+0.18

Z(r=0,C, Be, He) 2.0040.25 2.05+0.25 1.85+0.27 1.80+0.25
< Zor> (vis.Brems.vert.) 1.90+0.30 2.00+0.30 1.83+0.27 1.60+0.24
< Zyr> (vis.Brems.horz.) 2.40i0.3‘5 2.40+0.36 2.1240.33 1.774+0.25
<Z.>(C, Be, He) 2.1540.25 2.00+0.20 1.94+0.25 1.75%0.25
C|Be 2.30+0.40 2.404+0.40 3.001+0.50 2.50+0.40
C(%) 2.70+0.40 3.001+0.35 2.10+0.35 1.90+0.30
Be(%) 1.25+0.25 1.2540.25 0.70+£0.17 0.75+0.20
He(%) 1.75+0.35 0.60+0.25 1.2040.30 1.40+0.40
N (C+5)(10%) 0.90+0.20 1.00+0.20 1.10+0.20 1.35%0.25
np _ p(ther.)(10%sHCX 0.90+0.10 1.1040.15 2.101+0.40 2.304+0.30
np _ p(ther.)(10s YTRANSP 0.75 0.85 1.88 2.50
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Fig.8. Overview of the main impurity data and neutron rate in a PTE reference pulse. The
high neutron yicld is terminated by a inflow of carbon as indicated by the CIII plasma bondary
signal. |

Fig.9. a) Calculated thermal-thermal neutron rate for PTE pulse #26148 with a n,/n, ratio of
0.13 using CXRS data for 7, and »n,. 'The total neutron rate measured by the JET neutron di-
agnostic (see N.Jarvis, this conference). b) Comparison of CXRS derived thermal neutron rate
with TRANSP predictions. Upper and lower values present errors in n,; and 7 deduced by
CXRS.

Fig.10. Beam emission signals of D-alpha for the PTE reference pulse. At the time of the final
neutron crash the neutral beam penetration 1s drastically reduced. A precursor of the crash is
possibly related to an event occuring at a dip in neutral beam power at 13.1 sec.

Fig.11. The precursor event is Hlustrated more clearly by the onset of an enhanced inward flow
of C+% occurring also at 13.1 sec. A hollow carbon profile develops as indicated by the stronger

increase for the outermost radi.



Diagnostic loop

[ constant dataj / ; J

\A L plasma model ]4——[ adjustable Input plasma data]
[ prediction of spectral features ] T
‘ [ modification of Input data J

( parametric description J

N

L observation/ theory confrontation )

Fig.1. The “diagnostic loop” of atomic and plasma modelling, predictions of spectral fea-
tures, paramectric description and finally confrontation with experimental observations. A
crucial item is the extraction of physical parameters from parametnsed spectra which can

be cross-referenced to other diagnostics and thus an overall consistency established.
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