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1.1 Key ADAS data formats

adf04: A specific ion file is sufficient for the calculation of the excited populations of an
ion. It is complete in itself, with energy levels and rate coefficients spanning a set of states
beginning with the ground level.

adf11: A set of element master files is sufficient for the calculation of the ionisation state
of an element, that is the fractional abundances of the ions of the element and their
radiated power.

adf15: A photon emissivity coefficient file contains the predicted emissivity coefficients of
a set of spectrum lines of an ion, spanned by an adf04 dataset, as a function of plasma
parameters Te and Ne . Combined with the ionisation state above, it allows prediction of
absolute spectral line emissivities.

adf40: A feature photon emissivity file is the photon emissivity coefficient per pixel in a
pixellated spectral range as a function of plasma parameters Te and Ne, due to all the
spectrum lines of an ion spanned by an adf04 dataset. It is a construct for the efficient
handling of a complex ion which may have hundreds of thousands of spectral lines.



1.2 Feature photon emissivity coefficients, P& 6.

Feature PEC (ph cm®s-1)
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FPEE for W20 in the spectral range of the XUV (‘'SOXMOS’ - KT4) spectrometer at the JET facility versus

electron temperature at the fixed electron density of 10*12 cm=3. (a) View from the low temperature side. (b)
View from the high temperature side showing the broadening into an envelope feature (see ADAS810).



1.3 Configuration string representations

Configuration string: ['= nlllqlnﬂgz e nml;?zm

Cowan form: 152 252 2p6 352 3p63d10 452 4p6 4d10 413 552 5p6
alphabetic

standard form: 152 252 2p6 352 3p6 3da 452 4p6 4da 4fd 552 5p6

10Za,11=b,12=c, 13=d , 14 =e . Stj‘jf‘dard
coding
Eissner form: 52152256352456560652756860963A52B56C
2152256352456560652756860963A52B56C
f 1=1s,2=2s,3=2p,4=3s,5=3p,6=3d,7=4s, 8 =4p, Eissner
9=4d,A=4f, B=5s,C=5p, D =5d, E =5f, F =5¢ . coding

Leading 5 omitted

Use read adf00.pro to obtain the ground configurations of ions. Use xxcftr.pro to convert between
standard and Eissner configuration forms.



1.4 The adf04 data format

There are five types of adf04 dataset: The level description field is free for the use of the
1 — coll. strength v X adf04 dataset creator. With the move to heavier
2 —currently not in use species and the very large automatic production of
3 — Maxwellian. aver. coll. strength v Te fundamental data for the ADAS/ADAS-EU projects,
4 — non-Maxwellian ups/downsilon v <energy> the descriptor is used for the configuration string.
5 — coll. strength v final state energy.
ion nuclear -
descript
e|6m<t charge charge es;g{:;mn
/ / _—— (2547)L((stat. wt.-1)/2)
c+1 196664.TJ}§1_,24998=§TGT3P]
[ 1l 252 2P1 (2)1( 2.5) <~ 0.0 {1}1.000 {2}1.500
) 2 281 2p2 (4)1( 5.5) 42993.5 {2}12.000
indexed 3 281 2P2 (2)2( 4.5) 74888.8 ~ {1}0.500 {2}1.500
jevel 65 2P.2 351 . ) (2)0( 0.5) 306228.0 {X} _7-_-_‘%7“—_?—&"" level i
list 66 2p2 3P1 (2)1( 2.5) 317787.7 (X} energy (cm™) - orbital
adfos L 67 2p2 3D1 (2)2( 4.5) 329762.3  {X} —  enemy
-1 24,94 3.14 2.13 0.74 0.58 0.48 0.36 0.30 0.26/
type 2.0—3 2.00+03 4.00+03 B8.00+03 2.00+04 4.00+04 8.00+04 2.00405 4.00405 ~——u_
[ 7 1 0.00+00 1.00+00 1.06+00 1.20+00 1.40+00 1.48+00 1.47+00 1.36+00 1.28+00 ~Te(K)
electron 8 1 0.00+00 1.90-02 2.40-02 2.64-02 3.06-02 3.50-02 3.49-02 2.47-02 1.66-02
‘mPF'F‘ 9 7 4.95+07 1.13+02 1.16+02 1.25+02 1.50+02 1.85+02 2.29+02 3.12+02 3.72+02« ——— Upsilon
transition 12 7 1.99+08 7.54+00 7.62+00 7.82+00 8.53+00 9.83+00 1.23+01 1.79+01 2.39+01
list . . .
I 67 59 6.24+06 1.20-01 1.20-01 1.23-01 1.50-01 1.85-01 2.85-01 5.33-01 8.12-01
L 67 66 3.21+07 1.30+01 1.42+01 1.73+01 2.77+01 4.51+01 7.38+01 1.34+02 1.95+02
other [ R 1 +2 \ 1.53-13 1.10-13 8.46-14 6.58-14 5.08-14 3.71-14 2.48-14 1.89-14
reactions R 67 +2 \ 1.00-30 1.00-30 1.00-30 1.00-30 1.00-30 1.00-30 1.00-30 1.00-30
recom. H 1 +1 6.34-13 8.04-13 9.10-13 9.87-13 1.03-12 8.27-13 3.83-13 1.75-13 — other
X, H 3 +1 .35-18 3.05-18 1.60-17 3.31-14 1.25-12 1.65-11 1.84-10 6.49-10 coeffts.
ionis s 1 +1 .29-09 9.07-09 8.96-09 1.11-08 1.50-08 1.88-08 2.30-08 2.55-08
B : :
11 A-value

There are ~ 3500 adf04 datasets in the ADAS database in iso-electronic and iso-nuclear collections. These
include preferred collections, fully expanded with supplementary reaction data. The adfO4 collection is
expanding rapidly with the heavy species production (see module 7).



1.5 W* adf04 datasets of different resolution

Portions of the level lists
at the top of four adf04
datasets for the same
ion, W*9, are shown.

ADAS works with adf04
datasets of different
resolution:

ca — config. resolution
s — term resolution

ic — level resolution

span

conﬁgs

span

conﬁgs

span
318
terms

span
855
levels

I
I
I
I

(2S+1)L

. config.
unspecified g
welght
+ 9 74 10 1443732.5 //
1 60963A52B54C (D)O( 104.0) 0.0
2 60963A52B53C51D (O)O( 1398.5) 425681.8
3 60963A52B53C51E (0 1959.5) 819375.2
+ 8 74 101443732.5
1 60963A52B54C (0)0¢( 104.0) 0.0
27 60652755860963A52B54C51E (0)0( 88198.5) 4302227.3
+ 9 74 10 1443732.5
1 60963A52B54C (2)4( B.5) 0.0
318 60963A52B53C51E (2)1( 2.5) 1066425.0
+ 9 74 10 1443732.5
1 60963A52B54C (4)4( 5.5) 0.0
855 6096iA52B53C51E (2)1( 1.5) 1110586.3
Eissner level term
form weight weight

/adf04/arf40#74/ca#w9.dat

/adf04/arf40#74/cl#w9.dat

/adf04/arf40#74/1s#w9.dat

/adf04/arf40#74/ic#w9.dat

The first dataset is a small ca case with 3 configurations. These three configuration have 318 terms given in
the third dataset (which is Is) and 855 levels given in the fourth dataset (which is ic). The fourth dataset yields
a population solution of much higher precision. The second dataset is a large ca case with 27 configurations.
In ic it would span >10000 levels and overwhelm computers.

It has large coverage but at low resolution.



1.6 Assembling the high precision ic adf04 dataset

] ) offline-adas
The schematic shows the inter- adas7#1

offline-adas
adas8#1, adas7#2,
adas7#3

connected production codes and
pathways which are used to form
adf04 datasets for light and medium adf48
weight ions of elements at the
highest precision.

:

ADAS211

‘#" are non-interactive offline-

adas codes executed in

ADAS807
mapper and

The ADAS codes containing

assembler
~dfoa R-lines

offline-adas
adas7#1

adf09
Is,ic

ADAS212

distributed processing by adfos

script. Available in ADAS, s Rlines

they require setting up for a t’g’f

specific site and multi-node fu”yf;,rmed

computing environments. The S lines

methodologies and operation

of these codes is described in

module 7 L B o € By

Codes in black letter capitals are part of interactive ADAS . Their use is included in the tutorial materials and
example sheets presented at the full ADAS training course and are available from the ADAS and ADAS-EU
websites. ADAS staff will be available after the ADAS-EU workshop to give further guidance.



2.1 Exploiting completeness and precision of adf04 datasets

The production of the ca, cl, Is and ic
categories of adf04 dataset has been
automated for any element. This is done in
multi-node distributed computation for all the
ions of an element at the one time, optimised
for precision in total radiated power. It has
been particularly useful for creating the ADAS
baseline for heavy species.

For the above purposes, the schematic
outlines how the categories of adf04
datasets are exploited, processing through
to baseline adfll (see ADAS407 and
ADAS408).

A more sophisticated procedure called bn-
Is projection , also requiring the adf04,
datasets has been used for the light
elements. It is being extended to argon
with completion so-far to silicon.

Current large scale, high precision adf04
and other fundamental data production is
in support of a new bnl-ic projection
procedure for use through to zinc/zinc-like
and selectively thereafter (see section 2 of
module 2).
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levels = =
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ave age “—*-—m‘___} ca — _  —— ca N s | ryca
levels o — —
S N — = e —_ -
g — — —>—
—_ . M, r .
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—_— _— — = 4
intermediate——), #
coupling L /
levels ... o S e
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Yields a series of population calculations of varying resolution and span

Hence Power P =Pijc + (Pcatcajc - Peajc ) + Pry+ryca+ryic ~ Pryca+ryic)

I R |

ca top-up ry top-up




2.2 Projection and condensation

For precision with light/medium weight elements, we

have not dealt carefully enough with the truncation
problem of the true atom with its infinite number of
Rydberg states.

The study of dielectronic recombination of module
1 showed the importance of high Rydberg states
and true population solutions for it with the bundle-
n and bundle-nl models. So these models should
be used to fill in the gap.

The matrix method used in module 1 to obtain the
CR and GCR coefficients can be used again, as
shown in the schematic, and again repeatedly.

Setup the bundle-n collisional-radiative matrix for
the whole system. Use the inverse sub-matrix
propagator for the ry n-shells to project onto the
Y., and ry,. n-shells. Eliminate the direct
couplings and expand statistically over the ca and
ca;. nl-shell substructure and add to the

more exact collisional-radiative matrix for ca + ca,,

Repeat down to the high precision ic collisional-
radiative matrix we need for spectroscopy.

More
complete
ca
model

ca add exp

 —
pro —| Iy
—
—
—
Vea
—
— Yic

ry collisional-radiative matrix propagated onto the ry_, + ry;-manifold,

expanded over the higher resolution ca + caj,

manifold and added

to the direct ca + Cajc collisional-radiative matrix.



2.3 Algebra of projection

Collisional-radiative matrices of progressively greater span (all ic levels, all ca levels, all bn levels)
but lower resolution.

Cz(_lzn) C =(lin) C =Fl’lm)
ol g

L]
(ic) i (én) (lﬁn) (bn)
[ Cij C(“’) cie |’ C_(b_) C(z ) Cébl)
iy n hn n jected
& / C c.5 C.. oo ic

| IH] g”} | i
not bundled bundled over outer ‘ span
quantum numbers bundled to n-shells
C_((:“) C(( ) 5&‘;") _ C(_ca) B C(_ca)(C(Ca))_lc(Ca)

[ ] L] [ ] iy J U]
/ remove direct \ ca

. couplings . ) (g’(‘) _( ) span
ic '
span Cf g Ce‘j T W C__ U_
J expan5|on
complete W is wi/w; if i € i otherwise 0
ic resolution
with indirect

full ca span U}; 1s 1 lf] € jOthCI‘WiSC 0



2.4 Bundle-nS and Bundle-(Jp)nl projection

Bundle-nS model Bundle-(J,)nl model

Complete system Complete system

15¢ continuum 2 continuum st
1
cont. )
o \ Condensation n Jo, Condensation
, levels E— L Ln
spin " s 15t continuum 2" continuum ___j \
systems _ - A L
) — ow 7 1 = — ] b
— T levels ; P ‘ — o ; :
IR M DR RN
A/|\7J . EEEse
Low level + projection model | P levels Low level + projection model / [
1St continuum 2nd oontinuym
The projection/condensation system used by ADAS The projection/condensation system being
for light elements. Projection matrices are archived completed by ADAS for medium-weight elements.
in format adf17. Mapping files are archived in It will also be used selectively for heavy elements

adfl8. (see also code ADAS204).



3.1 lonisation state — the problem of heavy species

A heavy element such as tungsten with 74
lonisation stages overwhelms computer

resources in 2-d impurity transport modelling.

Typically elements with only up to about 15
ionisation stages can be handled.

Intermediate ions such as W*2° emit so
many spectrum lines that they form a
quasi-continuum. Almost none will ever be
identified. A few ionisation stages (nearly
closed shells or one or two electrons
outside closed shells) emit simpler spectra
with a modest number of strong lines.

The fractional ionisation potential change
plot is helpful. The ionisation stages at and
adjacent to the peak are the key stages for
spectroscopy. They are the targets for the
highest quality atomic modelling. Other
ionisation stages might as well be grouped
together, since they have narrow emission
shells.

fractional ion. pot. change
1

1.5

o
|

o
o

0.0

TUNGSTEN

z0= 74

20

40 60
ion charge

The broken bar at the top of the figure shows a possible grouping of ionisation stages, which also separates the
individual spectroscopic stages. The process is called partitioning and the natural partition is shown for tungsten.

80



3.2 The new terminology and notation of superstages

Root partition for GCR modelling metastables

Root partition layer #00: Number of partitions =13
Connection vector =1[4,2,2,1,2,1,1]
Label successive metastables as: 0001 0203 0405060708091011 12

O(25%2p2 3p)
| 2s22p2 1oy || |{c 25220 2p)|| |[ 222 Ts) | ctas? Ts)
31524 2 ‘c‘5(1s1 2) | |C|6[ Is)
[ 252202 Ts) || |[c 25202 %p)|| [|c2(2s! 20" ) cHas'as! 3s)
O 2s12p3 s
Root partition for CR modelling —
I stages

Form child partition #01 defined by
/p00/00 01 02 03/ p01/04 05/ p02/ 06 07/ p03/ 08/ p04/ 09 10/ p05/ 11/ p06/ 12/

Root partition layer #01 Number of partitions = 7
Connection vector =[1,1,1,1,1,1,1]

+2 C+3 C+4 C+5 C+6

0 ct C

Form child partition #02 defined by
/p00/ 00/ p01/ 01 02 03/ p02/ 04 05/ p03/ 06 /

/ superstages
Partition layer #02 Number of partitions =4

Connection vector =[1,1,1,1]

0 ctl ct2 ct3 ctt ct cté




3.3 Algebra of superstage compression

IR e dNH0210) $01](io—1—i0) A7 1#01](io—1

NEO21G) — ZN[ (1) — — Nf’Sc[rr 1lio=1=ip) Arl#O1]Cio—1)

i=ig _N((1,[#01](1'0—>fo—1)N[#01](f0)
23 (,’.

Partition j of layer #02 composed of partitions i, to i, of layer #01. ~N.,S [#011G1—i1+1) pfI#O11Gir)
e~ er

+N()(1’Eﬁ01](il+l_>i')N[#0]](il+1)

Impose equilibrium ratios on , L
partitions i, to i, of layer #01. Sum time-dependent ionisation balance

\ equations for partitions i to i, of layer #01.

N#OLGo) | — (a[#m](ml—wo)/s [#01] (ro—>fo+1))N[#01](fo+l) | Matrix algebra ( see module 2 lecture notes)
01 (o4 1) “ E;Ol] 5 ) s o HO1](p+1 2 O] .qu) makes the handling simpler and universal.
N (ip+ » — (a,m_ (lo+2—ip+ /S 1(ig+1—=ip+2) )N (ig+2 »

Impurity transport modelling needs ionisation
potentials, charge( z) and squared charge
(z?). For superstages these become
collisional-radiative quantities, which vary with
T. and N, written as: ECD |, Z€D and ¥CD .

AEHO1IG =) (a[#Ol](il—m—l)/S (#0111 =1 ATEHOTIG)
cr

eq

Gives definition of recombination and ionisation coeff-

icients Connectingj — J+1 andj — j-l for Iayer #02. Some care is required with the formation
l/ energy of the first superstage — analogous
5021 - 1) 01 D (011 to a work function (see the module 2 lecture
a J=] _ E’ tio—io—1) ( (fo)/N (/)) e notes).
g FO2UG=g+l) o gIHOLGI—i+1) (AHO1]G) /N 21() Transport code have been modified to work
cr cr eq

with superstages.



3.4 ADAS adf11 dataset classes

ADF11 Subclass Character CR GCR Superstage
ACD effective recombination coefft. X X X
SCD effective ionisation coefft. X X X
CCcD effective CX recom. coefft. (x) (x)
PLT effective excit. power coefft. X X X
PRB effective recom./brems. power coefft. X X X
PRC CX recom. power coefft. (x) (x)
QCD effective metas. coupling coefft. X
XCD effective parent metas. coupling coefft. X
ZCD effective superstage charge X
YCD effective superstage squared charge X
ECD effective ionisation potential X

ADF15 Subclass Character
PEC(exc) excit. photon emiss. coefft. X X X
PEC(rec) recom. photon emiss. coefft. X
FPEC(eXC) feature excit. photon emiss. coefft. X
FPEC(rec) feature recom. photon emiss. coefft.




3.5 adfll datasets of different resolution and partition layers

adfll datasets occur in up to 12
categories and in two basic forms. These
forms are unresolved (CR), the upper
case, and resolved (GCR), the lower two
cases.

The partition specification may be
omitted if it is the root partition of
its form, that is #01 for unresolved
and #00 for resolved.

The connection vector is required for
the resolved form.

The lowest case has two partition
layers, a child partition #01 and the
resolved #00 root partition

The implementation of a superstage
condensation is by the interactive
code ADAS416, using a script from
the user’s ~/adas/scripts416/
directory. The script controls the
adfll categories processed.

adfll utilisation with simple ionisation
stages or superstages is transparent

to the user with superstage index sl

replacing ion charge number z1.

/ABELS-VAN MAANEN 1985

//#01/p00/ 00/p01/ 01/p02/ 02/p03/ 03/p04/ 04/p05/ 05/p06/ 06/p07/ 07/
p08/ 08/p09/ 09/p10/ 10/

10.00000 10.20000 10.40000 10.60000 10.80000 11.00000 11.20000
0.00000 0.10000 0.20000 0.30000 0.40000 0.50000 0.60000
--------------------------------------------------- / Z1= 1 / DATE= 13.

-12.88624 -12.91200 -12.91200 -12.91200 -12.94801 -12.94801 -12.94801 -1

11.40000

0.70000

12.90
3.00158

/CARBON /GCR PROJECT

//#00/p00/ 00/p01/ 01/p02/ 02/p03/ 03/p04/ 04/p05/ 05/p06/ 06/p07/ 07/
p08/ 08/p09/ 09/p10/ 10/plil/ 11/p12/ 12/

10.0

47732

7.69897 8.00000 8.30103 8.69897 9.00000 9.30103 9.69897
-.69877 -.52268 -.30083 -.15470  .00020  .17629  .30123
————————————————————— / WPRT=1 / IGRD= 1 /--—-—-—-/ Z1= 1  / DATE= 04/11/99

-12.06325 -12.04627 -12.02666 -11.99605 -11.96897 -11.93800 -11.88882 -

11.84357

partition
- specification

unresolved root
partition level
#01

connection
I vector

resolved root
partition level
#00

™ partition
specification

/CARBON /ACD /GCR PROJECT

//#01/p00/
p05/
//#00/p00/
p08/

00 01 02 03/p01/ 04 05/p02/ 06 07/p03/ 08/p04/ 09 10/
11/p06/ 12/
00/p01/ 01/p02/ 02/p03/ 03/p04/ 04/p05/ 05/p06/ 06/p07/ 07/

08/p09/ 09/p10/ 10/pll/ 11/pl2/ 12/

7.69897 8.00000 8.30103 8.69897 9.00000 9.30103 9.69897

-.69877 -0.52268 -0.30083 -0.15470 0.00020 0.17629 0.30123

e /ISPP=1 /ISPB= 1 /oo / S1= 1
-11.75014 -11.74011 -11.72844 -11.70936 -11.69162 -11.67042 -11.63412 -

10.

0.47732

/ DATE= 31:08:05

11.59965

connection
vector

resolved child
partition level
#01

partition
specification




3.6 adf11 superstage coefficient behaviours

Fractional abundance

Superstages
p01 p02 p03 po4 po
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4.1 Population modelling for dielectronic resonance states

2 - T . . . T T T T 1
Zero-density doubly-excited state b-factors - O +e recombination  n=20 I
Zf’ I-v' k'l
bp.nl p . _”A
Zf" p m'—nk r p.nl—yv' nl =
QQ.
S
S
Finite density-corrected state-selective dielectronic
coefficients using the BBGP approximation.
(d,BBGP)
(@IPIRDW) () _ ((IPIRDW) ;) 2150 '(Ne)
V>V S e) =@y sps e = (d.BBGP) 0
Zf( V' —v' .l (Ne = 0)
Double-excited state population equations
(Neqm' l—m T qunf [_,”1) Np.n!—l offline-adas
\ adas7#1
e o lon impact coeffts.
+ Z NeG e + Z NGt
Ikl =l Auger rate coeffts. adfo4 =
=1 I+1 / type 6 .
- population
Z Z Ap nl—py .l + Z Ap nl—py.nl i) nl models
pi=11l=I-1 pi=
(N e%f+1—mf + N, ‘?na+1—>nz) Npai+1 create adf46
- drivers drivers

= N; Z Z qpm!’—q)n!NPz"_ Z Am nl—p.anl Pl ni

pa=11l=l-1 =p+1



4.2 Impurity influx, ionisation pathways and photon efficiences.

The flux of an impurity is related to the number of Observe a set of linearly independent spectrum lines

lonisations from any ionisation stage along a line-of- equal to the number of metastables of stage Z.
sight to the surface which ‘burns’ through as it flows

into the plasma from a surface. This provided there PEE (exc)

is no lateral loss and no return to the surface. T i

M = > 190 7
0 ( ) EP—EF)!—))J_A[—)}ZC,A ZCA(TN(

_ f NS seD 7 IND (¢)de 6= > W

=0 = -
/ \ NP = Z (Tp
A= NN [sep A —

SGDETZ—)Z-I-I) _ Z SGD(Z—>Z+1)
1, = f e,dl
0
ap
o, p /\

o—V
SXB(TP ionisations per photon - another generalised-collisional-radiative quantity.



4.3 Metastable resolved ionisation and SXB

ca resolution distorted wave ionisation cross-sections are the
preferred ADAS general purpose source at this time. The s
resolution is deduced by a fractionation procedure.

adf0o4 pathways_adf07.pro
Is | generates pathways
resol.
Y

pathways files

Y
fractionate_adf07.pro

build metastable fractions
in BCHID £, % expansions

fractionation
spreadsheet

5dfo7 split_adf07.pro 2df07
ca calculate splitting and Is
resol. renomarlise to CADW resol.

Details of fundamental data production are given in module 7.

The reciprocals of SXB coefficients are sometimes
called photon efficiencies. The GCR version is
necessary for valid influx estimation since
metastables are not relaxed.
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SXB has data format adf13. See read adf13.pro.



5.1 Conclusions

Population modelling has been described which can be used at various resolution levels, namely ic, Is
and ca, depending on the availability of requisite adf04 data sets. ADAS fundamental data production for
medium/heavy species is tuned to these resolutions.

The b, and b, very high level population models in ADAS have been designed to solve the truncation
problem such that their influence can be projected on the spans of the adf04 datasets above.

Progressive projection/condensation delivers necessary generalised collisional-radiative (GCR)
spectroscopic data and plasma transport model data as data formats adfll and adf15.

For heavy systems of great complexity, the technique of superstages and feature emisssivity
coefficients (adf40) has been provided in ADAS, which allows attention to remain focussed on key ions,
while still supporting full transport modelling.

Extension of population modelling to dielectronic resonant states, via the bbgp method increases the
precision to effective recombination and high densities.

Inference of impurity influx, including testing of consistent influx from successive ionisation stages, from
line-of-sight spectral observations is supported by ADAS in the full GCR framework, including a
machinery for ionisation pathways through data classes adfl5 and adf07.

More detail is given in the extended lecture-notes for module 2.
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