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The	Tungsten	Project	
•  Aim:	To	calculate	detailed	par1al	recombina1on	rate	
coefficients	for	the	en1re	tungsten	isonuclear	sequence,	
required	for	ADAS	collisional-radia1ve	modelling	of	
finite	density	magne1c	fusion	plasma.	

•  We	aim	to	cover	the	en1re	isonuclear	sequence	in	
configura1on	average	within	a	year,	followed	by	
intermediate	coupling	calcula1ons	aSerwards.	

•  Publish	data	in	an	open	forum	(OPEN-ADAS)	in	ADAS	
standard	formats	adf09	(dielectronic	recombina1on)	
and	adf48	(radia1ve	recombina1on).	Accompanied	by	
input	data	files	(adf27	and	adf28).	





Previous	efforts	
•  Pu\erich	(2008)	calculated	Recombina1on	rate	
coefficients	for	the	isonuclear	sequence	of	Tungsten,	
using	the	average	ion	model.	

•  Quick	to	calculate,	but	neglects	mixing	and	has	poor	
resolu1on.	Also	provides	totals	only.	

•  Foster	(2008)	u1lises	a	mix	of	the	Burgess	General	
Formula,	and	Burgess-Bethe	General	Program	(BBGP).	

•  Using	ionisa1on	rate	coefficients	of	Loch	(2008),	we	can	
compare	the	ionisa1on	balances	of	Pu\erich	and	Foster.	



Foster	
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Previous	efforts	
•  Agreement	between	Pü\erich	and	Foster	from	Bare	to	
Ne-like,	where	Radia1ve	Recombina1on	is	dominant.	

•  Dielectronic	Recombina1on	steadily	becomes	more	
important	as	residual	charge	decreases.	

•  Discrepancy	between	Pü\erich	and	Foster	isn’t	limited	
to	ionisa1on	stage	popula1on,	there	is	also	a	large	
discrepancy	between	peak	abundance	temperatures.	



Previous	efforts	
•  Individual	ions	have	also	been	considered,	mainly	for	
closed	sub-shell	ions.	

•  Ne-like	(Behar	1999,	Safronova	2009),	Na-like	
(Safronova	2009),	and	Ar-like	(Peleg	1998),	all	calculated	
using	HULLAC.	

•  Lower	charge	ions	also	considered	include	Pd	and	Er-like	
(Safronova	2011,	Safronova	2012),	and	others	presented	
in	this	mee1ng.	



AUTOSTRUCTURE	
•  General	atomic	structure/collision	package	(Badnell	
1986,	1997,	2011)	based	on	SUPERSTRUCTURE	(Eissner	
1974).	

•  Calculates	energy	levels,	radia1ve	and	autoionisa1on	
rates,	photoionisa1on	cross	sec1ons	and	more.	

	
•  Interac1on	between	DR/RR	negligible	(Pindzola	1992)	-	
Independent	Processes/Isolated	Resonances	Distorted	
Wave	(IPIRDW)	approach	to	DR	(Badnell	2003).	For	the	
full	coupled	case,	ask	Connor	Ballance!	



AUTOSTRUCTURE	
•  Kappa-averaged	rela1vis1c	wavefunc1ons.		
	
•  Level	Resolved	-	Intermediate	Coupling	(IC),	Term	
Resolved	(LS),	and	configura1on	resolved	-	Configura1on	
Average	(CA).	Terms/Levels	can	be	further	‘bundled’.	

•  Simple,	user	friendly	input.	
	
•  Cross	sec1ons	have	been	compared	to	experimental	
results	such	as	the	TSR	storage	ring	in	Heidelberg.	W20+	
IC	DR	rates	come	within	20%	for	Te<2eV.	

•  Comparisons	with	W18+	yield	closer	agreement.		





Badnell	(2011)	–	W20+	 Spruck	(2014)	–	W18+	



DR	Rate	Coefficients	
•  Dominant	core	excita1ons	determined	by	running	cases	
in	CA,	and	checking	each	excita1ons’	contribu1on	to	the	
total	DR	rate	coefficient.	

•  Contribu1ons	calculated	up	to	N=25	sequen1ally,	and	
then	logarithmically	up	to	N=999.	L	calculated	such	that	
total	DR	rate	coefficients	converged	to	<1%.	

	
•  N-electron	configura1ons	consist	of	the	ground	plus	
single	electron	excita1ons,	first	excited	configura1on	
plus	single	electron	excita1ons,	plus	any	mixing	
configura1ons.	Addi1onal	N+1-electron	configura1ons	
allow	for	Rydberg	radia1on.	



DR	Rate	Coefficients	

Ion	 Core	Excita1ons	(ni	–>	nf)	 Ion	 Core	Excita1ons	(ni	–>	nf)	
	

W73+	(H-like)	 1	–	2,	1	–	3	 W64+	(Ne-like)	 2	–	3,	2	–	4	

W72+	(He-like)	 1	–	2,	1	–	3	 W63+	(Na-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W71+	(Li-like)	 1	–	2,	2	–	2,	2	–	3,	2	–	4	 W62+	(Mg-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W70+	(Be-like)	 1	–	2,	2	–	2,	2	–	3,	2	–	4	 W61+	(Al-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W69+	(B-like)	 2	–	2,	2	–	3	 W60+	(Si-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W68+	(C-like)	 2	–	2,	2	–	3	 W59+	(P-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W67+	(N-like)	 2	–	2,	2	–	3	 W58+	(S-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W66+	(O-like)	 2	–	2,	2	–	3	 W57+	(Cl-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	

W65+	(F-like)	 2	–	2,	2	–	3	 W56+	(Ar-like)	 2	–	3,	3	–	3,	3	–	4,	3	–	5	
Redacted.	



RR	Rate	Coefficients	
•  Contribu1ons	calculated	up	to	N=25	sequen1ally,	then	

up	to	N=999	logarithmically.	L	calculated	up	to	L=10	
rela1vis1cally,	then	up	to	L=150	as	a	non-rela1vis1c	top	
up.	

•  Mul1pole	contribu1ons	up	to	E40	and	M39.		

•  Configura1ons	included	are	just	a	subset	of	the	DR	ones.	











Comparisons	
•  Detailed	DR	rate	coefficient	calcula1ons	(tabulated)	
exist	for	Ne	(Behar	1999,	Safronova	2009)	and	Ar-like	
(Peleg	1998)	tungsten,	all	calculated	using	HULLAC.	

•  Behar	rates	and	ours	agree	to	<	20%	for	Te	>	2E+07K.	
Agreement	significantly	worse	for	Safronova	rates.	~50%	
for	Te	>	2E+08K,	but	this	is	improved	by	~10%	if	we	
remove	2-4	core	excita1on.	

•  Best	agreement	between	our	rates	and	Peleg.	<	10%	for	
Te	>		3E+06K.	









Comparisons	
•  Pu\erich	and	Foster	only	provides	totals	for	their	
recombina1on	rates.		

•  Pu\erich	and	Foster	rate	totals	in	good	agreement	for	
half-filled	shells.	This	quickly	deteriorates	for	closed	
subshell	ions.	

•  Best	agreement	<1%	for	C-like.	Worst	agreement	in	He-
like,	>100%	in	places!	



















Comparisons	
•  To	compare	our	ionisa1on	balance	with	Pu\erich,	we	
use	the	Pu\erich	recombina1on	data,	but	replace	the	
relevant	ions	with	our	data.	

•  Calculated	ionisa1on	balance	appears	to	be	in	good	
agreement	with	that	of	Pu\erich,	provided	we	do	not	
include	the	Ju\ner	correc1on	to	the	Maxwell	
distribu1on.	







Current	Progress	
•  Officially,	ions	from	bare-like	to	Ar-like	have	been	
calculated	for	all	relevant	core	excita1ons	in	LS,	IC,	and	
CA.	

•  Unofficially,	ions	from	K-like	to	Kr-like	have	also	been	
calculated,	but	in	CA	only.	Preparing	to	calculate	these	
in	intermediate	coupling.	







Conclusions	
•  We	have	presented	“The	Tungsten	Project”,	and	our	aim	
of	calcula1ng	par1al	DR	rate	coefficients	for	the	
isonuclear	sequence	of	tungsten.	

•  We	have	covered	W74+	to	W56+	in	intermediate	
coupling	and	configura1on	average.		

•  We	have	also	gone	further,	and	covered	W55+	to	W38+	
in	configura1on	average.	We	plan	to	cover	the	rest	of	
the	isonuclear	sequence	within	the	year.	

•  First	publica1on	due	shortly!	


