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Samenvatting	
	
Het	 FOM‐instituut	DIFFER	 is	 een	 onderzoekslijn	 begonnen	waarbij	 de	wisselwerking	
van	 een	 intense	 plasmabundel	met	 een	materiaaloppervlak	 onderzocht	 kan	worden.	
Deze	 wisselwerking	 wordt	 ook	 wel	 plasma‐surface‐interaction	 (PSI)	 genoemd.	 Een	
belangrijke	 experimentele	 faciliteit	 hierbij	 is	 de	 lineaire	 hoge	 flux	 plasmagenerator	
Magnum‐PSI.	In	Magnum‐PSI	worden	de	omstandigheden	zoals	deze	worden	verwacht	
aan	 de	 wand	 van	 de	 ITER	 fusiereactor	 zo	 goed	 mogelijk	 nagebootst	
(elektronendichtheid	ne	~	1020	 –	 1021	m‐3	 en	 elektronentemperatuur	Te	~	1	 –	 5	 eV).	
Hierbij	 is	 het	 belangrijk	 dat	 de	 deeltjes	 die	 van	 het	 wandoppervlak	 komen	 deel	 uit	
blijven	 maken	 van	 de	 wisselwerking;	 een	 zogenaamd	 sterk	 gekoppeld	 systeem.	 Om	
deze	 conditie	 te	 bereiken	 zal	 Magnum‐PSI	 gebruik	 maken	 van	 een	 10	 cm	 diameter	
plasma	bundel.	Deze	bundel	bestaat	uit	een	hoge	deeltjesflux	van	1023	‐	1025	ionen	m‐2	
s‐1,	gevangen	in	een	axiaal	magneetveld	van	2.5	T.	Deeltjes	die	van	het	wandoppervlak	
komen,	worden	geïoniseerd.	Eenmaal	geïoniseerd	worden	ze	gevangen	door	het	sterke	
magneetveld	blijven	ze	deel	uit	maken	van	het	PSI‐systeem.	
		
Dit	proefschrift	beschrijft	de	basis	van	het	ontwerp	van	de	nieuwe	machine	en	laat	de	
uitstekende	werking	zien.	Het	ontwerp	zorgt	ervoor	dat	het	ITER‐relevante	regime	van	
PSI	 bereikt	 kan	 worden	 met	 ruim	 toegang	 voor	 verscheidene	 diagnostieken.	
Belangrijke	 kenmerken	 van	 het	 experiment	 zijn	 een	 lage	 neutrale	 gasdichtheid	 in	 de	
buurt	 van	het	 target	 en	 een	voldoende	 sterk	magneetveld.	De	bron	produceert	naast	
plasma	ook	neutraal	gas,	maar	de	neutrale	deeltjes	moeten	worden	weggevangen	zodat	
bij	het	te	onderzoeken	oppervlak	(target)	de	plasmaflux	dominant	is.	Het	magneetveld	
moet	voldoende	sterk	zijn	om	de	geïoniseerde	deeltjes	van	de	bron	naar	het	target	te	
transporteren	 en	 moet	 ervoor	 zorgen	 dat	 deeltjes	 die	 van	 het	 target	 komen	 en	
geïoniseerd	worden	deel	uit	blijven	maken	van	het	PSI‐systeem.	
	
De	 eisen	 voor	 een	 continu	 magneetveld	 hebben	 geleid	 tot	 het	 ontwerp	 van	 een	
supergeleidende	 magneet	 met	 een	 boring	 van	 1.3	 m	 in	 diameter	 en	 16	 radiale	
kijkpoorten.	 Dit	 ontwerp	 is	 het	 resultaat	 van	 een	 optimalisatie	 van	 de	 volgende	
parameters:	 magnetische	 veldsterkte	 en	 homogeniteit,	 toegang	 voor	 diagnostieken,	
diameter	 van	 de	 warme	 boring,	 ramp‐snelheid,	 veiligheid	 en	 kosten.	 De	 meest	
economische	koelmethode	bleek	een	zogenaamd	re‐condensing	systeem	te	zijn,	waarbij	
de	 spoelen	 ondergedompeld	 zijn	 in	 vloeibaar	 helium	 terwijl	 het	 verdampte	 helium	
wordt	 opgevangen	 in	 een	 ballon.	 Cryokoelers	 maken	 het	 opgevangen	 heliumgas	
vervolgens	 weer	 vloeibaar.	 IJzeren	 wanden	 zorgen	 dat	 het	 gebied	 buiten	 de	
experimentele	ruimte	wordt	afgeschermd	van	het	strooiveld	van	deze	grote	magneet.	
De	afmetingen	en	posities	van	deze	muren	zijn	berekend	met	behulp	van	een	eindige‐
elementen	softwarepakket.	
	
Bij	 hoge	plasmafluxen	 stoot	 de	 plasmabron	 grote	 hoeveelheden	neutraal	 gas	 uit.	Het	
vacuümsysteem	 moet	 ervoor	 zorgen	 dat	 de	 neutrale	 druk	 in	 de	 buurt	 van	 het	 te	
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onderzoeken	materiaal	 laag	genoeg	blijft	en	deze	eis	heeft	geleid	tot	het	ontwerp	van	
een	differentieel	gepompt	vacuümsysteem	met	in	totaal	3	kamers.	Bij	een	differentieel	
gepompt	systeem	zijn	de	kamers	van	elkaar	gescheiden	met	zogenaamde	skimmers	en	
wordt	 elke	 kamer	 afzonderlijk	 gepompt.	 In	 een	 vergelijking	 tussen	 rootspompen,	
boosterpompen,	 cryopompen	 en	 turbopompen	kwamen	 rootspompen	 als	 beste	 optie	
uit	 de	 bus	 om	 deze	 grote	 hoeveelheden	 gas	 te	 verpompen.	 Ze	 zijn	 de	 meest	
betrouwbare,	economische	en	gebruiksvriendelijke	keuze.	Na	installatie	is	gebleken	dat	
de	gemeten	pompsnelheden	goed	overeen	komen	met	de	berekende	waarden	en	dat	
deze	pompkeuze	de	vereiste	prestaties	levert.	
	
Omdat	 de	 gasstroming	 in	 Magnum‐PSI	 zich	 in	 het	 overgangsgebied	 bevindt	 tussen	
continue	 en	 vrije	 moleculaire	 stroming,	 kan	 deze	 alleen	 uitgerekend	 worden	 door	
zowel	 inter‐moleculaire	botsingen	als	botsingen	met	de	wand	mee	 te	nemen.	Dit	kan	
bijvoorbeeld	met	 het	 programma	 DS2V,	 dat	 gebruik	maakt	 van	 de	 Directe	 Simulatie	
Monte	Carlo	(DSMC)	methode.	Een	vacuümsysteem	dat	differentieel	wordt	gepompt	in	
twee	door	skimmers	van	elkaar	gescheiden	kamers	is	al	gemodelleerd	en	toegepast	in	
de	 lineaire	 machines	 Pilot‐PSI	 en	 PLEXIS.	 Deze	 simulaties	 en	 experimenten	 hebben	
aangetoond	 dat	 de	 optimale	 positie	 van	 de	 skimmer	 afhangt	 van	 de	 positie	 van	 de	
schok,	en	daarmee	van	de	massa,	 temperatuur	en	hoeveelheid	van	het	gebruikte	gas.	
Daarom	maakt	Magnum‐PSI	gebruik	van	een	beweegbare	plasmabron,	zodat	de	afstand	
tussen	 de	 bron	 en	 de	 skimmer	 gevarieerd	 kan	 worden.	 Met	 behulp	 van	 DSMC‐
simulaties	is	de	vorm	van	de	skimmer	zodanig	ontworpen	dat	de	skimmer	de	neutralen	
zo	effectief	mogelijk	 stopt,	 zonder	een	grote	 invloed	op	de	 structuur	van	de	 schok	 te	
hebben.		
	
Tijdens	de	periode	van	inbedrijfstelling	 is	de	niet‐gemagnetiseerde	expansie	van	5	Pa	
m3	 s‐1	 (3	 slm)	 argon	 met	 lage	 achtergronddruk	 bestudeerd	 in	 het	 differentieel	
gepompte	vacuümsysteem	van	Magnum‐PSI.	Het	gedrag	van	de	neutrale	gascomponent	
is	 daarbij	 bekeken	 met	 behulp	 van	 Rayleigh‐verstrooiing	 en	 DSMC‐simulaties.	 De	
elektronen	 zijn	 gemeten	 met	 behulp	 van	 Thomson‐verstrooiing	 en	 double	 Langmuir	
probe‐metingen.	 Hierbij	 is	 gevonden	 dat	 de	 elektronen	 en	 de	 neutralen	 niet	 geheel	
gekoppeld	 zijn	 in	 het	 schokfront.	 Er	 zijn	 duidelijke	 aanwijzingen	 dat	 heet	
achtergrondgas	 de	 schokstructuur	 binnendringt.	 Deze	 invasie	 zorgt	 ervoor	 dat	 de	
gemiddelde	temperatuur	en	dichtheid	al	voor	het	schokfront	toenemen.	Dit	blijkt	ook	
uit	 de	 ionisatiegraad,	 gemeten	 voor	 en	 na	 de	 eerste	 skimmer.	 Dit	 werk	 heeft	
bijgedragen	 aan	 de	 validatie	 van	 het	 ontwerp	 en	 aan	 een	 beter	 begrip	 van	 de	
gasstroming.	
	
Vanwege	 een	 flinke	 vertraging	 in	 de	 levertijd	 van	 de	 supergeleidende	 magneet	 is	
Magnum‐PSI	van	start	gegaan	als	een	gepulste	machine.	Het	magneetveld	wordt	daarbij	
opgewekt	 door	 conventionele	 elektromagneten.	Hierbij	 is	 een	 van	de	 vacuümkamers	
tijdelijk	verwijderd	om	ruimte	te	creëren	voor	deze	kleinere	spoelen.	Hierdoor	 is	een	
differentieel	gepompt	vacuümsysteem	met	twee	kamers	ontstaan,	met	als	resultaat	een	
wat	hogere	neutrale	druk	in	de	buurt	van	het	target.	Tijdens	een	puls	van	6	seconden	
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leveren	de	magneetspoelen	in	de	buurt	van	de	plasmabron	een	magneetveld	van	1.9	T.	
Lagere	veldinstellingen	met	een	corresponderend	langere	pulsduur	zijn	beschikbaar.	In	
de	 buurt	 van	 het	 target	 waaiert	 het	 magneetveld	 uit.	 Daardoor	 expandeert	 de	
plasmabundel	een	factor	2.3	in	diameter	voordat	hij	het	target	bereikt.		
	
In	eerste	experimenten	zijn	gemagnetiseerde	bundels	waterstof	en	deuterium	van	5	Pa	
m3	s‐1	(3	slm)	gegenereerd.	Hierbij	is,	op	25	mm	afstand	van	een	wolfraam	target,	een	
elektronendichtheid	tot	3.6×1020	m‐3	gemeten	in	een	25	mm	(FWHM)	diameter	bundel	
met	 een	 elektronentemperatuur	 tot	 3.7	 eV.	 Deze	 waarden	 komen	 overeen	 met	 een	
ionenfluxdichtheid	 boven	 1024	m‐2	 s‐1	 en	 een	warmtebelasting	 hoger	 dan	 4	MW	m‐2.	
Door	middel	van	drukmetingen	en	calorimetrie	hebben	we	aangetoond	dat	de	plasma‐
wand‐wisselwerking	 gedomineerd	 wordt	 door	 de	 inkomende	 ionen	 en	 niet	 door	 de	
neutrale	deeltjes	uit	de	bron.	Het	differentieel	gepompte	vacuümsysteem	heeft	geleid	
tot	 een	 zeer	 hoge	 ionisatie‐efficiëntie	 van	 de	 plasmabron.	 Deze	 eerste	 resultaten	
hebben	 het	 ontwerp	 van	 Magnum‐PSI	 gevalideerd	 en	 laten	 zien	 dat	 ITER‐relevante	
condities	zijn	bereikt.	
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Summary	
	
The	 Dutch	 Institute	 for	 Fundamental	 Energy	 Research	 (DIFFER)	 has	 built	 the	 new	
experimental	research	facility	Magnum‐PSI.	In	Magnum‐PSI,	Plasma	Surface	Interaction	
(PSI)	 research	 for	 the	 nuclear	 fusion	 reactor	 ITER	 and	 reactors	 beyond	 ITER	will	 be	
carried	out.	As	such,	it	is	essential	that	the	experiment	can	access	the	high‐density,	low‐
temperature	regime	relevant	for	the	ITER	divertor	strike	zones	(electron	density	ne	~	
1020	–	1021	m‐3	and	electron	temperature	Te	~	1	–	5	eV).	Magnum‐PSI	is	a	linear	plasma	
generator	 in	 which	 the	 interaction	 between	 a	 large	 (up	 to	 10	 cm)	 diameter	 plasma	
beam	with	a	target	material	can	be	investigated.	It	will	have	a	steady	state	high	flux	of	
1023	‐	1025	ions	m‐2	s‐1	at	a	plasma	temperature	in	the	eV	range	confined	by	a	magnetic	
field	of	2.5	T.	 In	 this	way,	molecules	 and	dust	particles	 that	 come	off	 the	 surface	 are	
confined	and	remain	part	of	the	plasma‐surface	interaction	system.	
	
The	work	described	in	this	thesis	forms	the	basis	for	the	design	of	the	new	machine	and	
shows	its	excellent	performance.	The	design	makes	sure	that	the	ITER	relevant	regime	
of	 PSI	 can	 be	 accessed	while	 having	 sufficient	 diagnostic	 access	 to	 the	machine.	 Key	
elements	are	a	low	neutral	gas	density	in	the	target	region	and	a	continuous	magnetic	
field	 of	 sufficient	magnitude.	 The	 neutral	 gas	 contribution	 to	 the	 surface	 interaction	
region	coming	directly	from	the	source	should	be	much	lower	than	the	plasma	flux,	and	
the	 magnetic	 field	 should	 be	 strong	 enough	 to	 guide	 the	 ionized	 particles	 from	 the	
source	 to	 the	 target	 and	 to	 confine	particles	of	 a	 certain	 size	which	are	 ionized	after	
coming	off	the	surface.		
	
The	demands	for	a	steady	state	magnetic	field	without	limiting	the	diagnostic	access	to	
the	machine	have	 led	 to	 the	design	of	 a	 superconducting	magnet	with	a	1.3	m	warm	
bore	and	16	radial	access	ports.	This	design	is	the	result	of	a	conceptual	design	study	to	
optimize	 the	 following	 parameters:	 field	 strength	 and	 homogeneity,	 diagnostic	
transparency,	 inner	diameter,	ramp‐up	and	down	times,	safety	and	costs	 (capital	and	
running	 costs).	 The	 most	 cost	 effective	 cooling	 solution	 turned	 out	 to	 be	 a	 re‐
condensing	 system,	 where	 the	 coils	 are	 submerged	 in	 liquid	 helium	 while	 the	
evaporated	helium	 is	 stored	 in	 a	gas	balloon	 to	be	 re‐condensed	by	 cryocoolers.	The	
stray	field	of	this	large	magnet	is	shielded	by	iron	walls	surrounding	the	experimental	
area.	The	dimensions	and	positions	of	 these	walls	have	been	determined	with	a	non‐
linear	finite	element	solver.		
	
The	vacuum	system	must	be	capable	of	reaching	the	required	neutral	pressure	 in	the	
target	region	while	the	plasma	source	puts	in	large	quantities	of	gas	to	reach	the	high	
fluxes.	This	demand	has	 led	 to	 the	design	of	 a	3	 stage	differentially	pumped	vacuum	
system,	where	the	vacuum	vessel	consists	of	separate	chambers	divided	by	skimmers	
and	pumped	with	their	own	pumping	stations.	 In	a	comparative	study	between	roots	
pumps,	vapor	boosters,	cryopumps	and	turbo	pumps,	the	roots	pumps	were	identified	
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as	being	the	most	reliable,	economic	and	user	friendly	pump	solution	for	these	high	gas	
loads.	 The	 pumps	 have	 been	 commissioned	 and	 the	 measured	 pump	 speeds	 are	
comparable	 to	 the	 calculated	 values.	 It	was	 shown	 that	 the	 chosen	 pump	 solution	 is	
capable	of	reaching	its	requirements.	
	
Since	 the	 flow	 in	 Magnum‐PSI	 is	 mostly	 in	 the	 rarified	 regime,	 a	 direct	 simulation	
Monte	 Carlo	 (DSMC)	 method	 was	 used	 to	 model	 the	 flows.	 Two	 stage	 differential	
pumping	was	modeled	and	applied	in	the	linear	plasma	devices	Pilot‐PSI	and	PLEXIS.	
Both	 simulations	 and	 experiments	 showed	 that	 the	 optimum	 skimmer	 position	
depends	on	the	position	of	the	shock	and	therefore	shifts	for	different	gas	parameters.	
In	Magnum‐PSI,	a	moveable	plasma	source	is	implemented	which	makes	it	possible	to	
change	 the	distance	 between	 source	 and	 skimmer	 for	 different	 operating	 conditions.	
Using	DSMC	simulations,	 the	 shape	of	 the	 skimmer	has	been	designed	 in	 such	a	way	
that	 it	 effectively	 stops	 neutrals	 from	 flowing	 to	 the	 next	 chamber,	 while	 having	 a	
minimum	impact	on	the	shock	structure.		
	
During	 the	 commissioning	phase	of	Magnum‐PSI,	 the	non‐magnetized	expansion	of	5	
Pa	m3	s‐1	(3	slm)	argon	in	the	differentially	pumped	vacuum	vessel	at	low	background	
pressures	 was	 studied.	 The	 behavior	 of	 the	 neutral	 component	 was	 studied	 with	
Rayleigh	 scattering	 measurements	 and	 DSMC	 simulations.	 Thomson	 scattering	 and	
double	Langmuir	probe	measurements	were	performed	on	the	ionized	fraction.	It	was	
found	that	the	electrons	and	neutral	particles	are	not	completely	coupled	in	the	shock	
front.	The	neutral	 fraction	shows	clear	signs	of	 invasion	 from	hotter	background	gas,	
causing	the	average	temperature	and	density	to	increase	before	the	shock.	This	is	also	
evident	from	the	ionization	ratio,	which	has	been	determined	in	front	of	and	behind	the	
first	 skimmer.	 This	 study	 has	 validated	 the	design	 of	 the	machine	 and	has	 helped	 to	
understand	the	behavior	of	the	gas	flow.	
	
Due	to	a	significant	delay	in	the	delivery	of	the	superconducting	magnet,	Magnum‐PSI	
has	 started	 operation	 as	 a	 pulsed	 machine	 using	 conventional	 electromagnets.	 To	
accommodate	 the	smaller	diameter	coils,	one	of	 the	vacuum	chambers	 is	 temporarily	
removed	leading	to	a	two	stage	differentially	pumped	vacuum	system.	This	results	in	a	
somewhat	higher	neutral	 pressure	 in	 the	 target	 region.	The	 coils	 provide	 a	magnetic	
field	 in	 the	 source	 region	 of	 1.9	 T	 for	 6	 seconds.	 Lower	 field	 settings	 with	
correspondingly	longer	pulse	lengths	are	available.	Due	to	the	expanding	magnetic	field	
in	 the	 target	 region,	 the	 plasma	 beam	 expands	 a	 factor	 of	 2.3	 in	 diameter	 before	 it	
reaches	 the	 target.	 First	 experiments	 have	 been	 carried	 out	 on	 5	 Pa	 m3	 s‐1	 (3	 slm)	
magnetized	 hydrogen	 and	 deuterium	 plasma	 beams.	 Thomson	 scattering	 25	 mm	 in	
front	 of	 the	 target	 has	 yielded	 electron	 densities	 up	 to	 3.6×1020	 m‐3	 and	 electron	
temperatures	up	to	3.7	eV	in	a	25	mm	(FWHM)	diameter	beam.	Exposure	of	a	tungsten	
target	has	led	to	average	heat	and	particle	fluxes	well	in	excess	of	4	MW	m‐2	and	1024		
m‐2	s‐1	respectively.	Using	pressure	and	calorimetric	measurements,	it	was	shown	that	
the	plasma	surface	interaction	is	mainly	determined	by	the	incoming	ion	flux	and	not	
by	neutrals	coming	directly	from	the	source.	The	application	of	a	differentially	pumped	
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vacuum	 vessel	 has	 led	 to	 an	 unprecedented	 high	 ionization	 efficiency	 of	 the	 plasma	
source.	 These	 first	 results	 validated	 the	 design	 of	Magnum‐PSI	 and	 have	 shown	 that	
ITER	relevant	conditions	have	been	achieved.	
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CHAPTER	1	
	

Introduction	
	
	

1.1	 Nuclear	fusion	
	
One	 of	 the	 candidates	 in	 our	 increasingly	 urgent	 quest	 for	 sustainable	 energy	 is	
controlled	nuclear	fusion.	In	a	nuclear	fusion	process,	two	small	nuclei	are	combined	to	
form	a	larger	nucleus	and	the	difference	in	binding	energy	is	released	as	kinetic	energy.	
This	 is	 the	 process	 that	 powers	 the	 sun	 and	 could	 be	 used	 on	 earth	 to	 generate	
electricity	 from	 abundantly	 available	 fuels,	 without	 the	 emission	 of	 carbon	 dioxide	
greenhouse	 gas.	 In	 a	 future	 fusion	 reactor,	 the	 most	 feasible	 fusion	 reaction	 is	 the	
fusion	of	the	hydrogen	isotopes	deuterium	(D)	and	tritium	(T)	to	form	helium	(He)	and	
a	neutron:	 2D	+	 3T	→	4He	 (3.5	MeV)	+	n	 (14.1	MeV),	where	 the	excess	energy	can	be	
used	for	electricity	generation.	The	reason	why	there	are	no	energy‐producing	 fusion	
reactors	yet	is	that	the	minimum	temperature	at	which	the	D‐T	mixture	starts	to	"burn"	
is	about	150	million	degrees	C,	i.e.	10	times	hotter	than	the	interior	of	the	sun.	At	this	
temperature	all	 the	 light	elements	are	 completely	 ionized,	 creating	a	globally	neutral	
gas	 of	 ions	 and	 electrons	 called	 a	 plasma.	 In	 order	 to	 sustain	 this	 high	 temperature,	
strong	magnetic	 fields	are	used	 to	keep	 the	plasma	suspended	 in	a	vacuum	tank	and	
insulated	from	the	environment.	

	
In	 such	 a	 magnetically	 confined	 plasma,	 the	 fusion	 reactions	 take	 place	 inside	 the	
extremely	 hot	 plasma	 core.	 In	 this	 core,	 the	 magnetic	 field	 lines	 follow	 closed	
trajectories,	without	ever	encountering	any	solid	material.	The	electrically	charged	ions	
and	 electrons	 follow	 these	 closed	 magnetic	 field	 lines	 and	 are	 well	 confined.	 The	
presence	of	the	magnetic	field	reduces	the	heat	loss	by	some	14	orders	of	magnitude!	
Still,	the	heat	produced	inside	the	plasma	has	to	be	conducted	out,	to	the	cooled	vessel	
wall.	Due	 to	 collisions	with	 other	 plasma	particles	 and	 a	 number	 of	 other	 processes,	
particles	will	diffuse	across	 the	magnetic	 field,	 finally	ending	up	outside	 the	confined	
volume.	There,	 in	a	 thin	 layer	 surrounding	 the	hot	plasma,	open	 field	 lines	guide	 the	
heat	 and	particles	 from	 the	plasma	 towards	an	area	 called	 the	divertor.	This	 layer	 is	
thin	 indeed,	 typically	 about	1‐5	mm,	because	 the	 transport	 along	 the	 field	 lines	 is	 so	
much	faster	than	across	it.	Hence,	all	power	and	particles	need	to	be	carried	out	of	the	
plasma	through	this	thin	"scrape‐off	layer",	in	which	as	a	consequence	the	flux	densities	
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are	extremely	high.	In	the	divertor,	the	charged	particles	are	neutralized	and	pumped	
away	to	avoid	contamination	of	the	plasma	core.	
	
Due	to	the	basic	configuration	of	a	magnetically	confined	plasma,	the	heat	and	particles	
flux	densities	to	the	strike	zones	of	the	divertor	are	necessarily	very	high.	This	causes	
serious	issues	with	the	durability	of	the	wall	elements	–	erosion,	melting,	evaporation	–	
as	well	as	with	the	need	to	maintain	a	very	clean	and	pure	plasma.	Since	these	extreme	
conditions	of	 plasma‐wall	 interaction	 only	 occur	 in	 experimental	 fusion	 reactors,	 the	
possibilities	 to	 systematically	 study	 these	 issues	 in	 controlled	 conditions	 in	 a	
laboratory	 are	 very	 limited.	 This	 thesis	 deals	 with	 the	 design	 and	 realization	 of	 the	
linear	plasma	generator	Magnum‐PSI,	the	first	laboratory	experiment	in	which	plasma‐
wall	interactions	can	be	studied	in	conditions	that	are	fully	representative	of	those	in	a	
fusion	reactor.	

	
For	 magnetically	 confined	 plasmas	 holds	 that	 the	 bigger	 they	 are,	 the	 better	 they	
perform.	Therefore,	the	development	of	fusion	power	proceeds	via	stepwise	increase	of	
the	 size	 of	 the	 experiments.	 ITER	 is	 the	 next	 step	 designed	 to	 produce	 500	 MW	 of	
output	 power	 for	 50	 MW	 of	 input	 power.	 It	 has	 a	 plasma	 chamber	 volume	 7	 times	
larger	 than	 the	 Joint	 European	 Torus	 (JET),	 the	 largest	 running	 fusion	 device	 in	 the	
world	and	current	record	for	released	fusion	power	(16	MW).	A	design	drawing	of	the	
ITER	reactor	is	given	in	Figure	1.1.	The	mission	of	ITER	is	to	demonstrate	the	scientific	
and	 technical	 feasibility	 of	 fusion	 power	 by	 creating	 a	 man‐made	 "burning"	 (i.e.	
sustaining	 its	 burn	 temperature	 by	 the	 power	 generated	 by	 the	 fusion	 reactions)	
plasma	for	the	first	time	in	history.		

	

1.2	 Plasma	surface	interaction	in	ITER	
	

Whereas	 ITER,	 in	 terms	of	plasma	 temperature	 and	density,	 is	 very	 similar	 to	 JET,	 it	
represents	a	huge	extrapolation	 in	 terms	of	plasma‐wall	 interaction,	because	 the	 flux	
densities	are	an	order	of	magnitude	higher	while	the	pulse	length	exceeds	that	of	 JET	
by	eventually	up	to	two	orders	of	magnitude.	The	stored	energy	in	the	plasma	of	ITER	
(Wplasma	~	350	MJ)	is	more	than	a	factor	30	above	of	what	is	currently	achievable	in	JET	
(Wplasma	 ~	 10	 MJ),	 and	 the	 combination	 of	 long‐pulse,	 large	 size,	 and	 high	 density	
operation	in	ITER	will	give	a	3‐orders‐of‐magnitude	increase	in	the	ion	fluence	to	the	
divertor.	In	other	words,	3	ITER	shots	(~	500	seconds	per	shot)	equal	approximately	9	
years	of	normal	JET	operation	in	terms	of	ion	fluence	to	the	divertor.	On	top	of	that,	the	
divertor	 strike	 zones	will	 experience	 elevated	 heat	 and	 particle	 fluxes	 as	 a	 result	 of	
turbulent	 instabilities	 in	 the	 plasma	 edge,	 commonly	 called	 Edge	 Localized	 Modes	
(ELMs).	During	such	an	ELM,	 the	heat	and	particles	 fluxes	 to	 the	divertor	can	exceed	
the	damage	threshold	of	the	wall	material	for	a	short	time	(~	ms).	No	existing	toroidal	
confinement	device	can	reach	the	intense	transient	heat	loads	predicted	for	ITER	by	a	
large	margin	[1].	
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Figure	1.1:	Design	of	the	experimental	fusion	reactor	ITER.	The	cut‐away	allows	for	a	view	inside	
the	 torus	 shaped	 plasma	 chamber.	 This	 vacuum	 chamber	will	 be	 the	 biggest	 fusion	 furnace	 ever	
built	with	an	internal	diameter	of	6	m.	It	will	measure	a	little	over	19	m	across	by	11	m	high,	and	
weigh	 more	 than	 5000	 tons.	 The	 primary	 mechanism	 of	 confinement	 of	 the	 plasma	 particles	 is	
provided	by	a	 toroidal	 field,	which	 is	maintained	by	magnetic	 field	coils	 surrounding	 the	vacuum	
vessel.	The	poloidal	field	keeps	the	plasma	away	from	the	walls	and	maintains	the	plasma’s	shape	
and	stability.	The	poloidal	field	is	 induced	by	the	current	driven	in	the	plasma	(one	of	the	plasma	
heating	 mechanisms),	 and	 by	 coils	 that	 are	 positioned	 around	 the	 perimeter	 of	 the	 vessel.	 The	
divertor	 area	 is	 indicated	 with	 a	 red	 circle.	 Figure	 courtesy	 of	 ITER	 organization	
(http://www.iter.org/).		
	
The	associated	issues	with	plasma‐surface	interaction	in	ITER	are:	
	

- High	heat	load:	this	can	cause	evaporation	of	the	material	and	eventually	leads	
to	melting	at	higher	temperatures.	Since	the	amount	of	cooling	is	limited	by	the	
finite	 heat	 conduction	 of	 the	 material,	 one	 has	 to	 be	 very	 careful	 and	 it	 is	
therefore	better	to	stay	away	from	the	melt	limit	by	a	large	margin.	
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- High	 particle	 flux:	 if	 the	 energy	 of	 an	 incoming	 particle	 exceeds	 a	 certain	
threshold,	 it	 can	directly	knock	atoms	out	of	 the	 surface	 (physical	 sputtering).	
This	 has	 to	 be	 avoided	 by	 lowering	 the	 energy	 of	 the	 incoming	 particles.	
However,	 this	 does	 not	 prevent	 erosion	 of	 the	 material	 resulting	 from	 the	
formation	 of	 chemical	 bonds	 between	 the	 particles	 and	 the	 wall	 (chemical	
erosion)	or	blister	formation.	

- High	 neutron	 flux:	 this	 can	 lead	 to	 embrittlement	 and/or	 swelling	 of	 the	
material.	 Combined	with	 a	high	heat	 load	and	high	particle	 flux,	 it	 can	 lead	 to	
unforeseen	synergistic	effects.	

- Tritium	 retention:	 if	 tritium	 is	 lost	 due	 to	 diffusion	 into	 the	material	 or	 in	 co	
deposits,	not	only,	is	fuel	lost,	but	it	also	adds	to	the	limited	amount	of	allowed	
tritium	inventory	in	the	machine	[2].	

- Plasma	compatibility:	materials	must	either	be	 low‐Z	(i.e.	 low	atomic	number)	
or	have	a	very	low	erosion	rate,	otherwise	the	atoms	that	enter	the	plasma	will	
radiate	 too	 much	 power	 and	 extinguish	 the	 fusion	 reaction.	 This	 limits	 the	
material	 choice	 to	 carbon,	beryllium,	and	 refractory	metals,	 of	which	 tungsten	
(because	of	its	very	high	melting	temperature	and	neutron	compatibility)	is	the	
only	one	considered	for	ITER.	

- Dust	 formation:	 the	 amount	 of	 tritium	 containing	 dust	 should	 be	 limited	 for	
safety	reasons.		
	

To	 control	 these	 issues,	 a	 thorough	understanding	of	 the	plasma‐surface	 interactions	
(PSI)	is	essential.	To	complicate	matters	further,	the	plasma	in	the	divertor	is	strongly	
coupled	 to	 the	 surface.	 The	 mean‐free‐path	 for	 ions,	 molecules	 and	 dust	 particles	
eroded	 from	 the	 surfaces	 is	 small	 with	 respect	 to	 the	 plasma	 size.	 Therefore,	 most	
species	will	undergo	many	collisions,	 i.e.	the	strongly	coupled	regime	where	recycling	
occurs	is	entered.	This	makes	the	plasma	physics	of	this	multi‐component	system	very	
complex	and	can	lead	to	synergistic	effects.	As	a	result,	the	predictions	about	divertor	
target	plate	lifetime	and	the	tritium	retention	for	ITER,	which	are	based	on	knowledge	
obtained	on	existing	devices,	suffer	from	large	uncertainties.	

	
To	cope	with	these	uncertainties,	the	ITER	divertor	is	composed	of	54	divertor	cassette	
assemblies	which	can	be	exchanged	[3].	Each	cassette	weighs	around	9	tons	and	holds	
three	plasma‐facing	components	(PFCs):	the	inner	and	outer	targets,	and	the	dome	(see	
Figure	1.2).	The	 initial	materials	choice	 is	 tungsten	(W),	except	 for	 the	high	heat	 flux	
strike	zones	(vertical	bottom	part	of	the	targets),	which	will	be	made	from	carbon	fiber	
composites	(CFC)	during	the	first	operational	phase.	This	material	has	the	advantage	of	
high	 thermal	 conductivity.	 Furthermore,	 it	 does	not	melt	 but	 ablates.	Due	 to	 the	 low	
atomic	 number	 of	 carbon,	material	 that	 ends	 up	 in	 the	main	 plasma	 is	 quickly	 fully	
ionized	and	therefore	does	not	 lead	to	problematic	power	loss	through	line	radiation.	
However,	since	carbon	is	known	to	lead	to	elevated	tritium	build‐up	[4],	it	is	planned	to	
exchange	 the	CFC	 for	 tungsten	before	 the	nuclear	phase	begins.	This	 second	divertor	
set	will	be	fully	made	of	tungsten	which	has	the	advantage	of	a	lower	erosion	rate	and	
thus	 a	 longer	 lifetime,	 but	 is	 less	 forgiving	 when	 the	 power	 handling	 limit	 is	
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accidentally	exceeded.	Melting	of	tungsten	will	almost	certainly	 lead	to	further	power	
handling	degradation	under	subsequent	exposure	and	will	thus	have	to	be	avoided	[5].	
It	is	good	to	note	here	that	the	ITER	team	is	currently	evaluating	the	option	to	start‐up	
on	a	full‐W	divertor	[6],	with	the	potential	benefit	of	a	substantial	cost	reduction.	
	
	

	
	
Figure	1.2:	 One	 of	 the	 54	 remotely‐removable	 ITER	 divertor	 cassettes	 in	 3	 different	 side	 views.	
Each	cassette	weighs	roughly	9	tons	and	holds	three	plasma‐facing	components:	the	inner	(a)	and	
outer	(b)	targets,	and	the	dome	(c).	All	PFCs	are	made	from	W,	except	the	high	heat	flux	strike	zones	
located	 on	 the	 bottom	 part	 of	 the	 targets	which	 are	made	 from	 CFC	 during	 the	 first	 operational	
phase	of	ITER.	Figure	courtesy	of	ITER	organization	(http://www.iter.org/).	
	

1.3	 Role	of	Magnum‐PSI	
	
In	order	to	address	the	complex	physics	of	the	ITER	divertor	in	a	systematic	way,	with	
controlled	plasma	parameters,	flexible	target	geometry	and	good	diagnostic	access,	the	
Dutch	Institute	For	Fundamental	Energy	Research	(FOM	Institute	DIFFER)	decided	to	
develop	a	new	experiment	with	the	relevant	PSI	parameters.	This	apparatus,	Magnum‐
PSI	 (MAgnetized	 plasma	 Generator	 and	 NUMerical	 modeling	 for	 Plasma	 Surface	
Interaction)	 consists	 of	 a	 linear	 plasma	 generator	 equipped	 with	 a	 superconducting	
magnet	to	allow	for	continuous	exposure,	as	well	as	a	PSI	research	facility	which	allows	
the	 issues	discussed	above	 to	be	addressed,	 in	 a	well‐accessible,	 steady	 state	 flexible	
laboratory	experiment.	It	uses	in‐situ	real	time	surface	diagnostics	that	can	monitor	the	
surface	processes	with	the	plasma	on.	After	exposure,	the	samples	can	be	transferred	
under	vacuum	to	a	surface	analysis	station	to	be	analyzed.	Furthermore,	the	targets	can	
be	exchanged	relatively	quickly.	Numerical	modeling	is	an	essential	component	in	PSI	
research	and	is	fully	integrated	in	the	scientific	program	of	Magnum‐PSI.	
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For	the	plasma	source,	the	cascaded	arc	[7‐9]	was	chosen	as	the	best	way	to	produce	
the	 high	 hydrogen	 plasma	 flux	 that	 is	 required,	 at	 a	 plasma	 temperature	 in	 the	 eV	
range.	However,	this	type	of	source	co‐injects	a	large	neutral	gas	flow	into	the	vacuum	
vessel	due	to	its	finite	ionization	efficiency.	The	need	for	a	low	neutral	pressure	at	the	
target	has	led	to	the	implementation	of	a	differentially	pumped	vacuum	vessel,	which	is	
divided	 into	 three	 individually	 pumped	 chambers.	 Flow	 restrictions	 (skimmers)	
between	 the	 vacuum	 chambers	 keep	 the	 neutral	 gas	 flow	 to	 the	 target	 low	 enough	
without	hampering	the	plasma	flow.	The	steady	state	high	magnetic	field	is	needed	to	
confine	 the	 plasma	 beam	 in	 the	 first	 place,	 but	 also	 critically	 determines	 the	
magnetization	of	the	plasma	near	the	target,	and	thereby	the	recycling.	A	field	strength	
of	 the	 same	 order	 as	 that	 in	 ITER	 was	 called	 for	 without	 hampering	 the	 diagnostic	
access	to	the	machine.	These	are	the	fundamental	design	issues	that	are	dealt	with	in	
this	thesis.	

	
For	 the	development	of	Magnum‐PSI,	 to	 test	concepts,	develop	the	source	 technology	
and	 to	benchmark	numerical	 calculations,	a	 forerunner	experiment	was	set	up:	Pilot‐
PSI.	 It	 is	 smaller	 in	dimension	and	uses	 five	oil‐cooled	Bitter	coils	 to	generate	pulsed	
magnetic	 fields	 between	 0.4	 and	 1.6	 T.	 With	 this	 setup,	 ITER	 relevant	 plasma	
parameters	were	reached,	with	corresponding	ion	flux	densities	up	to	1025	m−2	s−1	in	a	
full‐width‐half‐maximum	 (FWHM)	 beam	 diameter	 of	 1	 cm	 [10].	 A	 capacitor	 bank	
connected	 in	parallel	 to	 the	 steady	 state	power	 supplies	of	 the	plasma	source	 can	be	
used	to	superimpose	power	transients,	pushing	the	ion	flux	density	beyond	1026	m‐2	s‐1	
for	about	1	ms	[11].	
	
In	Figure	1.3	 the	parameter	 space	of	 electron	density	and	 temperature	 for	 the	 linear	
plasma	 generators	 available	 for	 fusion	 research	 are	 compared	 to	 the	 plasma	
parameters	expected	at	the	divertor	strike	zones	for	ITER	[12]	(electron	density	~	1020	
–	1021	m‐3,	electron	 temperature	~	1	–	5	eV	with	a	resulting	particle	and	heat	 flux	of		
~	 1024	 m‐2	 s‐1	 and	 ~	 10	 MW	m‐2	 respectively).	 The	 linear	 machines	 indicated	 with	
"other	machines",	 include	 the	 PISCES‐B	 facility	 at	 the	 University	 of	 California	 in	 San	
Diego	[13],	which	is	capable	of	handling	Beryllium	targets	relevant	for	the	first	wall	of	
ITER,	the	planned	Jule‐PSI	experiment	in	Juelich	[14]	(based	on	PSI‐2,	formerly	at	the	
Humboldt	University	 in	Berlin	 [15]),	 capable	of	handling	neutron	activated	and	 toxic	
targets,	and	NAGDIS‐II	at	Nagoya	University	[16].	The	plasma	parameters	of	Magnum‐
PSI	 make	 it	 an	 excellent	 tool	 for	 PSI	 studies	 in	 the	 ITER	 divertor	 relevant	 regime.	
Magnum‐PSI	is	the	only	linear	device	so	far	to	enter	the	strongly	coupled	limit,	in	which	
atoms,	molecules	and	dust	particles	that	come	off	the	surface	are	confined	and	remain	
part	of	the	plasma‐surface	interaction	system.		
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Figure	1.3:	Rough	representation	of	the	parameter	space	of	electron	density	and	temperature	for	
the	linear	plasma	generators	available	for	fusion	research,	in	comparison	to	the	plasma	parameters	
expected	at	 the	divertor	strike	zones	 for	 ITER.	All	points	are	 for	hydrogen.	The	black	data	points	
were	 measured	 during	 the	 commissioning	 phase	 of	 the	 Magnum‐PSI	 facility.	 The	 data	 points	
represented	with	grey	dots	are	measured	on	Pilot‐PSI	and	taken	from	[17].	The	parameter	space	for	
the	other	machines	is	derived	from	[13,15,16],	with	the	open	squares	valid	for	the	PISCES‐B	facility.	
The	ion	flux	was	calculated	according	to	the	Bohm	criterion	[18]	assuming	the	density	at	the	sheath	
edge	is	half	the	upstream	density.	The	parameter	space	for	the	pulsed	regime	is	a	based	on	[19].	
	
The	main	research	goal	of	Magnum‐PSI	 is	 to	provide	 the	basis	 for	understanding	PSI	
under	 the	 extreme	 plasma	 conditions	 expected	 in	 the	 ITER	 divertor,	 as	 well	 as	 the	
development	 of	materials	 for	 long	 lifetime	PFCs	with	 acceptable	 tritium	 retention	 or	
recovery.	Magnum‐PSI	also	has	some	important	secondary	goals.	It	will	form	a	test‐bed	
for	the	development	of	divertor	diagnostics,	and	the	ITER‐like	conditions	can	be	used	
to	 test	 materials	 such	 as	 first	 mirrors	 and	 diagnostic	 windows.	 Additionally,	 the	
research	 on	 Magnum‐PSI	 is	 expected	 to	 generate	 significant	 spin‐off,	 both	 scientific	
(e.g.	 dust	 formation	 in	 astrophysical	 context)	 and	 industrial	 (e.g.	 physics	 of	 high‐flux	
processing	plasmas,	new	materials	due	to	deposition	of	fine‐grain	dust,	spacecraft	re‐
entry	and	plasma	enhanced	catalysis).	
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Figure	1.4:	 Side	view	of	 the	Magnum‐PSI	experiment.	The	cascaded	arc	plasma	source	 is	 located	
inside	 the	 left	 chamber	 of	 the	 water	 cooled	 differentially	 pumped	 vacuum	 vessel.	 The	 target	 is	
exposed	to	the	plasma	beam	in	the	vacuum	chamber	fitted	with	many	diagnostic	ports	in	the	middle	
of	 the	 picture.	 After	 exposure,	 the	 target	 can	 be	 transferred	 under	 vacuum	 to	 the	white	 surface	
analysis	station	on	the	far	right.	The	total	length	of	the	set‐up	is	18	m.	The	picture	was	taken	before	
installation	of	the	electromagnets.	
	

1.4	 Initial	operation	of	Magnum‐PSI	
	
Construction	of	Magnum‐PSI	was	completed	in	2011.	 In	Figure	1.4,	a	side	view	of	the	
experiment	 can	 be	 seen.	 The	 only	 essential	 component	 missing	 so	 far	 is	 the	
superconducting	magnet.	 After	 the	 failure	 of	 the	magnet’s	 factory	 acceptance	 test,	 it	
was	decided	to	immediately	implement	a	contingency	plan	in	which	a	magnetic	field	is	
generated	 with	 conventional	 electromagnets.	 This	 involved	 serious	 redesign	 and	
construction	work,	but	also	enabled	us	to	start	measurements	using	a	pulsed	(tens	of	
seconds)	magnetic	field.	This	reconstruction	was	finished	within	five	months	and	first	
magnetized	hydrogen	plasma	on	the	target	was	achieved	on	October	4th,	2011.	A	first	
measurement	 campaign	 to	 explore	 the	 operational	 space	 of	 Magnum‐PSI	 has	 been	
carried	out.	Thomson	 scattering,	Optical	Emission	Spectroscopy,	 calorimetry	and	 fast	
cameras	were	 used	 to	 determine	 the	 properties	 of	 hydrogen,	 deuterium,	 helium	 and	
argon	 plasmas	 and	 their	 power	 densities	 and	 particle	 fluxes	 on	 target.	 Thomson	
scattering	directly	 in	 front	of	 the	 target	was	used	 to	 show	that	 the	electron	densities	
are	 in	 the	 range	 of	 1020	 m‐3	 at	 electron	 temperatures	 of	 3‐4	 eV,	 leading	 to	 ion	 flux	
densities	>	1024	m‐2	s‐1	and	power	densities	on	the	target	in	excess	of	10	MW	m‐2.	The	
results	 are	 very	 promising	 and	 have	 enabled	 scientific	 operation	 of	 the	 device	 with	
pulsed	magnetic	field	to	start	in	early	2012.	
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Immediately	after	the	delivery	of	the	superconducting	magnet,	the	fully	commissioned	
Magnum‐PSI	 device	 will	 continue	 operation	 as	 a	 steady	 state	 device,	 expanding	 the	
operational	space	with	high	fluence	capabilities.	
	

1.5	 This	thesis	
	
The	main	research	question	of	this	thesis	is:	can	we	enter	the	ITER	relevant	regime	of	
plasma	surface	interaction	(PSI)	in	terms	of	density,	temperature,	degree	of	ionization,	
magnetic	 field	and	background	pressure	 in	a	 linear	machine	with	 sufficient	 room	 for	
diagnostics.	The	machine	should	be	large	enough	to	allow	for	plasma‐facing	component	
mock‐ups	to	be	tested	and	the	achieved	parameter	space	should	be	broad	enough	to	be	
able	to	adapt	to	new	physics	insights.		
	
The	work	described	 in	 this	 thesis	 forms	 the	basis	 for	 the	design	of	Magnum‐PSI	 and	
shows	its	excellent	performance.	In	Chapter	2	an	analysis	of	the	essential	specifications	
and	the	choice	of	parameters	is	given.	These	choices	make	sure	that	the	experimental	
facility	 reaches	 the	 desired	 ITER	 relevant	 regime	 for	 plasma‐surface	 interaction.	 The	
chosen	 parameters	 are	 translated	 into	 the	 design	 of	 the	 machine:	 plasma	 source,	
vacuum	system,	magnet,	beam	diameter	and	diagnostics.	Chapter	3	 is	devoted	 to	 the	
design	of	 the	magnet	system,	which	 is	a	 tradeoff	between	many	competing	demands.	
The	magnetic	field	strength	should	be	high	enough	to	reach	the	ITER	relevant	regime	of	
PSI,	while	steady	state	operation	enables	high	fluence	experiments.	The	magnet	system	
should	 not	 hamper	 diagnostic	 access	 to	 the	 machine	 and	 running	 costs	 should	 be	
minimized.	 These	 demands	 make	 the	 use	 of	 superconducting	 coils	 obligatory.	 The	
neutral	 gas	 simulations	 which	 have	 led	 to	 the	 design	 of	 the	 Magnum‐PSI	 vacuum	
system	are	described	in	Chapter	4.	This	design	is	mostly	governed	by	the	demands	on	
ITER	relevance,	which	 implies	 the	 removal	of	 the	excess	neutral	 gas	 from	 the	source	
before	 it	 reaches	 the	 target.	 Furthermore,	 the	machine	 should	 have	 the	 capability	 to	
vary	the	neutral	pressure	to	be	able	to	mimic	the	different	operational	regimes	of	the	
ITER	divertor.	The	practical	 implications	of	this	design	on	the	vacuum	system	and	its	
performance	 can	 be	 found	 in	 Appendix	 A.	 The	 dynamics	 of	 a	 differentially	 pumped,	
non‐magnetized	 argon	 expansion	 is	 studied	 in	 Chapter	 5	 with	 simulations	 and	
measurements.	The	first	measurements	with	a	pulsed	magnetized	plasma	beam	using	
conventional	electromagnets	show	the	capability	to	reach	conditions	similar	to	those	at	
the	ITER	divertor	strike	zones	and	are	described	in	Chapter	6.	Chapter	7	finalizes	this	
thesis	with	a	conclusion	and	outlook.	
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1.6	 Publications	by	the	author	related	to	this	thesis	
	
Chapters	4,	5	and	6	are	reproductions	from	publications,	respectively:	
	
 Modeling	and	experiments	on	differential	pumping	in	linear	plasma	generators	

operating	at	high	gas	flows	
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gas	flow	and	dynamics	of	ionized	fraction	
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generator	
H.J.N.	van	Eck,	A.W.	Kleyn,	A.	Lof,	H.J.	van	der	Meiden,	G.J.	van	Rooij,	J.	Scholten	and	P.A.	
Zeijlmans	van	Emmichoven,	Appl.	Phys.	Lett.	101,	224107	(2012).	

	
Other	first	author	publications:	
	
 DSMC	Modeling	of	the	Differentially	Pumped	Magnum‐PSI	Vacuum	System	

H.J.N.	van	Eck,	W.J.	Goedheer,	A.W.	Kleyn,	N.J.	Cardozo,	W.R.	Koppers,	RARIFIED	GAS	
DYNAMICS:	Proceedings	of	the	26th	International	Symposium	on	Rarified	Gas	Dynamics,	AIP	
Conference	Proceedings	1084,	1164	(2008).	

	
 Pre‐design	of	magnum‐PSI:	A	new	plasma‐wall	interaction	experiment	

H.J.N.	van	Eck,	W.R.	Koppers,	G.J.	van	Rooij,		W.J.	Goedheer,	B.	de	Groot,	P.	Smeets,	J.	
Scholten,	M.	van	de	Pol,	S.	Brons,	R.	Koch,	B.	Schweer,	U.	Samm,	V.	Philipps,	R.A.H.	Engeln,	
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 Pre‐design	of	the	superconducting	magnet	system	for	Magnum‐psi	
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 A	3	T	magnet	system	for	MAGNUM‐PSI	
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J.Scholten,	D.C.	Schram,	P.H.M.	Smeets,	G.	van	der	Star,	S.N.	Tugarinov	and	P.A.	Zeijlmans	
van	Emmichoven,	to	appear	in	Rev.	Sci.	Instrum.	83	(2012).	
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CHAPTER	2	
	

Overview	of	the	Magnum‐PSI	experiment	
	
	
Abstract	
	
The	 linear	plasma	generator	Magnum‐PSI	 is	designed	 to	address	part	of	 the	 complex	
plasma‐surface	 interaction	 physics	 of	 the	 ITER	 divertor	 in	 a	 systematic	 way,	 with	
controlled	 plasma	 parameters,	 flexible	 target	 geometry	 and	 good	 diagnostic	 access.	
This	is	reflected	in	the	choice	of	parameters	and	their	technical	implementation.	In	the	
spacious	 vacuum	 vessel	 of	Magnum‐PSI,	 the	 output	 of	 a	 cascaded	 arc	 plasma	 source	
will	 be	 confined	 by	 the	 magnetic	 field	 of	 a	 superconducting	 magnet	 to	 an	 intense	
plasma	beam	directed	at	 a	 target.	Together	with	 the	16	 radial	 access	view‐ports,	 the	
large	 bore	of	 the	magnet	 provides	 excellent	 access	 to	 the	 experiment	 for	 diagnostics	
and	maintenance.	The	steady	state	high	flux	of	up	to	1025	ions	m‐2	s‐1,	magnetic	field	of	
2.5	T,	large	beam	diameter	up	to	10	cm	with	a	corresponding	energy	flux	density	of	10	
MW	 m‐2,	 will	 achieve	 relevant	 plasma	 parameters	 typically	 more	 than	 an	 order	 of	
magnitude	beyond	what	is	presently	available	in	linear	plasma	devices.		
	
The	 target	manipulator	 is	capable	of	handling	 inclined	 large	 targets	with	a	maximum	
surface	area	of	0.12×0.6	m2	and	maximum	weight	of	100	kg.	This	allows	the	testing	of	
fusion	 relevant	 materials	 (e.g.	 W,	 C,	 mixed	materials)	 and	 plasma‐facing	 component	
mock‐ups.	 Thomson	 scattering	 and	 optical	 emission	 spectroscopy	 are	 installed	 to	
monitor	 the	 plasma	 properties.	 Planned	 surface	 diagnostics	 include	 laser	 induced	
ablation	 and	 desorption,	 laser	 induced	 breakdown	 spectroscopy	 and	 long	 distance	
microscopy.	 Thermal	 desorption	 and	 X‐ray	 photoelectron	 spectroscopy	 provide	 for	
further	surface	analysis.	Magnum‐PSI	is	expected	to	close	knowledge	gaps	for	plasma‐
surface	interaction	in	 future	fusion	reactors	related	to	the	high	fluence	regime,	which	
cannot	be	closed	on	toroidal	confinement	devices	prior	to	ITER.	
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2.1	 Introduction	
	
Magnum‐PSI,	 is	 a	 unique	 experimental	 facility	 in	 the	 spectrum	of	 experiments	which	
are	available	to	study	the	interaction	of	a	magnetized	plasma	with	different	surfaces	[1‐
8].	The	steady	state	high	flux	of	up	to	1025	ions	m‐2	s‐1	at	a	plasma	temperature	in	the	eV	
range,	 magnetic	 field	 of	 2.5	 T,	 and	 large	 beam	 diameter	 will	 bring	 the	 relevant	
parameters	more	 than	 an	 order	 of	magnitude	 beyond	what	 is	 presently	 available	 in	
linear	 plasma	 devices	 and	 into	 the	 realm	 of	 the	 ITER	 divertor.	 It	 is	 the	 only	 linear	
device	so	far	to	enter	the	strongly	coupled	regime,	in	which	atoms,	molecules	and	dust	
particles	 which	 come	 off	 the	 surface	 are	 confined	 and	 remain	 part	 of	 the	 plasma‐
surface	 interaction	 (PSI)	 system.	 Dedicated	 diagnostics	 are	 installed	 on	 the	
experimental	 device	 to	 allow	 for	 detailed	 studies	 of	 the	 fundamental	 physics	 and	
chemistry	 of	 PSI,	 such	 as	 erosion	 and	 deposition,	 hydrogen	 recycling,	 dust	 and	 layer	
formation,	 plasma	 sheath	 physics	 and	 heat	 loads	 (steady	 state	 or	 transient).	 The	
research	facility	is	supported	by	a	numerical	modeling	and	theory	group	which	is	fully	
integrated	 in	 the	 scientific	 program	 of	 Magnum‐PSI.	 This	 project	 is	 part	 of	 the	 TEC	
collaboration	 (Institut	 für	 Plasmaphysik,	 Forschungszentrum	 Juelich	 GmbH,	 Juelich,	
Germany,	 Laboratory	 for	 Plasma	 Physics,	 Ecole	 Royale	 Militaire	 (LPP‐ERM/KMS),	
Brussels,	Belgium	and	the	Belgian	Nuclear	Research	Center	(SCK∙CEN),	Mol,	Belgium)	
and	within	the	framework	of	Euratom.	
	
Other	PSI	experiments	within	the	TEC	collaboration	are	VISION‐I	[9],	a	compact	plasma	
device	capable	of	investigating	tritium	plasmas	and	moderately	activated	wall	material,	
JULE‐PSI	[10],	capable	of	exposing	neutron	activated	and	toxic	wall	materials	to	reactor	
relevant	particle	fluences	and	ion	energies	including	post‐mortem	analysis	of	neutron	
activated	 samples	 and	 the	 electron	beam	 facility	 JUDITH	 [11]	 for	 testing	of	 activated	
and	 toxic	 samples.	 The	design	 values	 for	 these	machines	 together	with	Magnum‐PSI,	
the	 forerunner	experiment	Pilot‐PSI	and	 the	 ITER	divertor	strike	zones	are	shown	 in	
Table	2.1.	The	particle	fluxes	given	in	Table	2.1	are	for	normal	incidence	of	the	plasma	
beam	on	the	target.		

	
The	 choice	 of	 system	 parameters	 for	 the	 Magnum‐PSI	 experiment	 is	 focused	 on	
reaching	 the	 ITER	 relevant	 regime	 of	 PSI.	 The	 design	 philosophy	 was	 to	 strive	 for	
maximum	 flexibility	 to	 be	 able	 to	 adapt	 to	 new	 physics	 insights.	 This	 has	 led	 to	 a	
modular	design,	where	each	component	can	be	modified	without	having	a	large	impact	
on	the	rest	of	the	machine.	We	have	created	as	much	physical	space	as	possible,	while	
keeping	the	parameter	space	as	broad	as	possible.	This	philosophy	was	carried	through	
in	the	choice	of	technical	solutions	that	allow	easy	modification.	More	specifically:	the	
spacious	vacuum	vessel	leaves	room	for	conditioning	and	heating	of	the	plasma	beam.	
The	 large	diameter	magnet	creates	space	 for	diagnostics,	while	 the	variable	magnetic	
field	strength	is	strong	enough	not	to	restrict	the	operational	space.	The	water	cooled,	
movable	target	holder	can	accommodate	targets	of	different	sizes	and	composition,	and	
allows	 the	 targets	 to	 be	 biased	 to	 vary	 the	 energy	 of	 the	 incoming	 particles.	 The	
variable	pumping	speed	has	a	maximum	that	is	high	enough	to	reach	the	ITER	relevant	
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pressure	 regime	 under	 high	 fluxes	 and	 has	 the	 possibility	 to	 be	 further	 increased	 if	
needed.	The	plasma	source	is	mounted	in	a	movable	tube,	to	allow	for	source	exchange	
and	variation	of	its	position	with	respect	to	the	target	and	magnetic	field.	This	chapter	
focuses	 on	 the	 choice	 of	 parameters	 (Section	 2.2)	 and	 the	 technical	 implementation	
(Section	 2.3).	 The	 achieved	 parameters	 are	 discussed	 in	 later	 chapters.	 The	 chapter	
ends	with	the	conclusions	in	Section	2.4.		
	
Table	 2.1:	 Plasma	 parameters	 in	 front	 of	 the	 target	 of	 the	 TEC	 devices	 compared	 to	 the	 ITER	
divertor	 strike	 zones:	 ne	 ‐	 electron	 density,	 Te	 ‐	 electron	 temperature,	 Γi	 ‐	 ion	 flux	 density,	 pn	 ‐	
neutral	pressure,	d	‐	plasma	diameter,	B	‐	magnetic	field,	Pfd	‐	energy	flux	density,	Pfd	tr.	‐	transient	
energy	flux	density	(during	ms	pulse).	

	 Jule‐PSI	 Vision	I	 Pilot‐PSI	
Magnum‐

PSI	
ITER	

divertor	
ne	[m‐3]	 1017	–	1019	 1016	–	1017 1019	–	1021	 1019	–	1021	 1019	–	1021	
Te	[eV]	 1	–	20	 5	–	20	 0.1	–	10	 0.1	–	10	 0.1	–	50	
Γi	[m‐2	s‐1]	 1021	–	1023	 1020	–	1021 1023	–	1025	 1023	–	1025	 1024	–	1025	
pn	[Pa]	 0.01	 0.05	–	0.5	 2	–	10	 0.1	–	10	 1	–	10	
d	[mm]	 60	–	150	 250	 15	 100	 - 	
B	[T]	 0.1	 0.2	 1.6	 2.5	 ~	5	
Pfd	[MW	m‐2]	 1	 0.1	 10	 >	10	 >	10	
Pfd	tr.	[GW	m‐2]	 ‐	 ‐	 2	 2	 2	–	4	
pulse	length	[s]	 CW	 CW	 8	 CW	 500	
	
	

2.2	 Choice	of	parameters	
	

2.2.1		 Plasma	flux	and	duration	

	
To	simulate	the	fusion	reactor	divertor	plasma	conditions,	high	density	plasmas	(ne	~	
1021	m−3)	 at	 simultaneously	 low	 electron	 temperatures	 (Te	 =	 1	 −	 10	 eV)	 are	 needed.	
Those	 plasma	 parameters	 translate	 into	 an	 ion	 flux	 of	 Γi	 ~	 1025	 m−2	 s−1	 for	
perpendicular	field	line	angle	to	the	surface	and	Γi	~	1024	m−2	s−1	for	an	ITER‐relevant	
grazing	field	line	angle	to	the	target	(α	=	2.5	‐	3.0°	[12]).	

	
For	 a	 number	 of	 research	 topics	 (e.g.	 erosion	 rates,	 dust	 formation	 and	 possible	
saturation	 of	 the	 target	 with	 hydrogen	 isotopes)	 the	 pulse	 duration	 is	 an	 essential	
parameter	 to	 reach	 a	 comparable	 ion	 fluence	 as	 in	 the	 ITER	 divertor.	Most	 of	 these	
processes	call	for	steady	state	experiments	and	for	this	reason	Magnum‐PSI	is	designed	
for	continuous	operation.		
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2.2.2		 Plasma	temperature	

	
The	temperature	of	the	plasma	in	front	of	the	target	is	an	important	parameter	due	to	
its	influence	on:	
	

- The	 flux	 to	 the	 target,	which	 through	 the	Bohm	criterion	 is	determined	by	 the	
values	of	ne	and	Te	in	front	of	the	surface	[13].	

- The	ionization	degree	of	the	incoming	plasma	and	the	ionization	of	species	that	
come	off	the	surface.	

- The	sheath	potential	and	therefore	the	impact	energy	on	the	surface.	
- The	charging	of	dust	particles	and	thus	their	confinement	and	growth	rate.	
- The	 Larmor	 radius	 and	mean‐free‐path	 (mfp)	 of	 the	 various	 species	 and	 thus	

their	confinement	(Hall	factor).	
	
To	cover	the	strong	variation	of	temperature	which	can	occur	in	a	divertor,	and	more	
generally,	to	study	the	effect	of	the	temperature	on	the	PSI	processes,	the	experiment	
should	have	the	possibility	to	vary	and	control	the	temperature	between	0.1	and	10	eV.	
This	is	achieved	by	additional	plasma	heating	and	gas	puff	to	cool	the	plasma.	For	the	
base	heating	of	the	plasma	beam	Ohmic	heating	is	used,	i.e.	drawing	a	current	through	
the	 plasma	 beam	 by	 biasing	 the	 target.	 Additionally,	 heating	 by	 means	 of	
electromagnetic	wave	power	in	the	radio	frequency	(RF)	range	is	planned.	
	

2.2.3		 Neutral	density	

	
The	 plasma	 in	Magnum‐PSI	 is	 generated	with	 a	wall	 stabilized	 dc	 cascaded	 arc	 (see	
Section	 2.3.3).	 The	 projected	 ion	 flux	 requires	 a	 certain	 gas	 flow,	 dependent	 on	 the	
ionization	degree	of	 the	plasma	source.	This	gas	 flow	can	be	up	to	66.7	Pa	m3	s‐1	 (40	
standard	 liters	 per	 minute	 (slm))	 of	 neutral	 gas	 at	 full	 performance	 for	 a	 10	 cm	
diameter	beam	with	an	estimated	10%	efficiency	of	 the	source.	However,	 the	neutral	
pressure	near	the	target	should	be	almost	entirely	due	to	neutrals	 from	the	recycling	
flux	and	not	from	neutrals	coming	directly	from	the	source.	In	order	to	achieve	this,	the	
vacuum	system	should	minimize	the	 influx	of	neutrals	 into	 the	 target	chamber,	while	
leaving	 the	 plasma	 beam	 undisturbed.	 The	 vacuum	 system	 is	 designed	 to	 keep	 the	
neutral	 pressure	 in	 the	 target	 region	 below	 1	 Pa	while	 the	 source	 puts	 in	 40	 slm	 of	
neutral	gas.	Furthermore,	with	the	plasma	beam	off,	 the	base	pressure	should	be	 low	
enough	to	conserve	the	surface	for	further	analysis	and	the	partial	oil	pressures	(from	
the	 pumps)	 should	 be	 lower	 than	 10‐6	 Pa.	 This	 pressure	 corresponds	 roughly	 to	 a	
monolayer	formation	time	of	5	minutes,	assuming	a	100%	sticking	probability.		
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2.2.4		 Plasma	beam	diameter	

	
The	size	of	 the	plasma	beam	 is,	 together	with	 the	density,	 temperature	and	magnetic	
field	strength,	an	important	parameter	in	reaching	the	strongly	coupled	regime	of	PSI.		
As	a	first	step,	particles	which	come	off	the	surface,	as	well	as	clusters	or	dust	particles,	
must	 get	 ionized	 or	 charged.	 For	 this	 to	 occur	 within	 the	 limited	 dimensions	 of	 the	
plasma	beam,	 it	 is	 important	 that	 the	 temperature	and	density	are	high	enough	near	
the	 target.	 This	 can	 be	 achieved	 by	 the	 application	 of	 a	 strong	 magnetic	 field	 (see	
Section	 2.2.5).	 Secondly,	 the	 ionized	 or	 charged	 particles	 must	 be	 prevented	 from	
diffusing	out	of	 the	beam.	This	process	 is	also	governed	by	 the	magnetic	 field	since	a	
significant	reduction	of	the	diffusion	rate	can	only	be	achieved	when	the	gyrofrequency	
of	 the	 particles	 is	 higher	 than	 the	 collision	 frequency	 (i.e.	 Hall	 parameter	 >	 unity).	
Finally,	the	diameter	of	the	plasma	beam	must	be	chosen	such	that	its	size	is	larger	than	
the	 typical	 length	 scales	 of	 these	 trapping	 processes	 at	 a	 relevant	 temperature	 and	
magnetic	field	of	several	eV	and	several	Tesla,	respectively.	
	
In	the	case	of	a	carbon	target	and	hydrogen	plasma,	CH4	can	be	considered	as	a	typical	
representative	of	particles	which	come	off	the	surface.	The	dominant	ionization	process	
is	 charge	 exchange	 (which	 is	 practically	 independent	 of	 temperature).	 For	
temperatures	above	3	eV,	electron	impact	ionization	starts	to	contribute.	To	investigate	
what	the	relevant	length	scales	are,	lines	of	constant	ionization	mfp	for	CH4	are	plotted	
in	 the	 n‐T	 parameter	 space	 in	 Figure	 2.1,	 where	 the	 red	 dashed	 curve	 represents	
ionization	 by	 charge	 exchange	 and	 the	 dotted	 curve	 represents	 electron	 impact	
ionization.	Their	combined	curve	is	given	in	full	red.	A	mfp	shorter	than	1	cm	is	found	
above	this	curve.	Also	drawn	is	the	solid	black	curve	for	a	total	mfp	of	1	mm,	obtained	
by	a	shift	in	density	of	the	red	curve.	The	blue	line	represents	the	typical	isobaric	of	the	
ITER	divertor	(n∙T	=	2.4×1020	eV	m‐3)	and	indicates	the	high	performance	limit	of	the	
operational	space	of	Magnum‐PSI,	corresponding	to	particle	and	energy	fluxes	of	1024	
m‐2	 s‐1	 and	 10	MW	m‐2	 respectively.	 The	 requirement	 that	 particles	which	 leave	 the	
surface	 are	 trapped	 implies	 that	 the	 system	dimension	 should	 be	 several	mean‐free‐
paths	at	least.	With	a	10	cm	wide	beam,	and	the	assumption	that	the	minimum	system	
size	 equals	 10	 times	 the	 mfp,	 the	 accessible	 operational	 space	 is	 roughly	 spanned	
between	 the	 full	 red	 and	 blue	 curves,	 i.e.	 this	 beam	 dimension	 allows	 for	 flexible	
operation.	 A	 smaller	 beam	 diameter	 of	 1	 cm	 requires	 operation	 near	 peak	 power	 to	
reach	the	condition	that	CH4	neutrals	are	re‐ionized	when	they	leave	the	surface.	Note	
that,	since	the	ionization	length	depends	on	the	density,	the	system	size	can	be	smaller	
for	higher	density.	
	
Recent	 results	 obtained	 during	 carbon	 erosion	 experiments	 in	 Pilot‐PSI	 indicate	 that	
even	 at	 low	magnetic	 fields	 of	 0.4	T,	 the	 plasma	density	 is	 high	 enough	 to	 reach	 the	
state	where	up	to	95%	of	 the	atoms	eroded	from	the	surface	are	re‐deposited	on	the	
surface	[14].	In	addition,	detailed	analyses	of	the	structure	of	the	re‐deposited	carbon	
layers	 indicate	 that	 carbon	 dust	 with	 a	 diameter	 of	 up	 to	 5	 nm	 can	 be	 formed	 by	
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homogeneous	 growth	 in	 the	 plasma	 beam.	 In	 addition,	 these	 nanoparticles	 can	
agglomerate	 in	 the	 plasma	 beam	 and	 create	 particles	 with	 sizes	 up	 to	 150	 nm.	
Simulations	 done	 with	 the	 3D	 Monte	 Carlo	 impurity	 transport	 code	 ERO	 [15]	 have	
confirmed	 that	 the	 re‐deposition	 fraction	 was	 increasing	 strongly	 with	 the	 plasma	
density	 in	 the	 range	 1020	 ‐	 1021	m‐3.	 Those	 plasma	 conditions	 have	 been	 reached	 in	
Pilot‐PSI	 using	 a	 maximum	 magnetic	 field	 of	 1.6	 T.	 Such	 findings	 confirm	 that	 the	
system	size	can	be	smaller	for	higher	density.	
	

	
	
Figure	2.1:	Plot	of	the	n‐T	parameter	space.	Lines	of	constant	ionisation	mfp	for	CH4	(as	a	typical	
example)	 are	 plotted.	 The	 typical	 working	 isobaric	 of	 the	 ITER	 divertor	 (taken	 here	 as	 n∙T	 =	
2.4×1020	eV	m‐3)	 is	plotted	 (blue	curve)	 to	 indicate	 the	high	performance	 limit	of	 the	operational	
space	of	Magnum‐PSI.	The	conclusion	from	this	picture	is	that	with	a	10	cm	wide	beam,	the	effective	
operational	space	is	spanned	between	the	full	red	and	blue	curves,	allowing	for	flexible	operation.		
	

2.2.5		 Magnetic	field	strength	

	
The	magnetic	field	strength	is	a	key	factor	in	capturing	species	generated	at	the	surface	
in	the	plasma	in	order	to	enter	the	strongly	coupled	regime	of	PSI.	The	magnetic	field	
plays	a	double	role	in	this	respect.	Firstly,	a	high	magnetic	field	will	confine	the	plasma	
better,	 ensuring	 a	 high	 ion	 flux	 density	 to	 the	 target	 which	 decreases	 the	 mfp	 for	
ionization	 (see	 Section	 2.2.4).	 Secondly,	 the	magnetic	 field	 decreases	 the	 diffusion	 of	
ionized	particles	out	of	the	plasma,	characterized	by	a	Hall	parameter	>	unity.		
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In	 the	case	of	carbon	as	wall	material,	 the	 formation	of	cluster	or	dust	particles	 is	an	
essential	process.	A	dust	particle,	with	a	typical	size	of	several	nanometers,	will	charge	
up	 (depending	 on	 the	 plasma	 temperature)	 and	 get	 trapped	 in	 the	 plasma‐surface	
system.	To	ensure	trapping	 in	the	magnetic	 field,	 two	criteria	should	be	satisfied:	 the	
Larmor	radius	of	the	ionized	dust	particle	should	be	much	smaller	than	the	system	size,	
and	 its	 Hall	 parameter	 should	 be	 greater	 than	 unity.	 Figure	 2.2	 shows	 the	 Larmor	
radius	and	Hall	parameter	for	dust	particles	of	10	nm	diameter	in	the	relevant	density	
and	temperature	regime	[16].	Lines	of	a	constant	Larmor	radius	of	1	cm	are	given	for	a	
magnetic	field	of	0.3	T	(solid	black	line)	and	for	3.0	T	(solid	red	line).	A	Larmor	radius	
smaller	than	1	cm	is	found	above	these	lines.	The	figure	further	shows	lines	where	the	
Hall	parameter	equals	unity	for	charged	particles	with	a	floating	potential	of	twice	the	
plasma	 temperature	 (dashed	 lines)	 as	 well	 as	 for	 particles	 with	 a	 single	 elementary	
charge	(dotted	lines).	The	temperature	of	the	plasma	must	exceed	the	values	given	by	
the	curves	in	order	to	have	a	Hall	parameter	larger	than	unity.	The	conclusion	from	this	
figure	is	that	for	a	magnetic	field	of	3.0	T	efficient	confinement	is	achieved	in	almost	the	
entire	 parameter	 space	 of	 interest	 (electron	 density	 ~	 1020	 –	 1021	 m‐3	 and	 electron	
temperature	~	1	–	5	eV).		
	

	
	
Figure	 2.2:	 Plot	 of	 the	 n‐T	 parameter	 space.	 The	 lines	 indicate	 the	 temperature	 and	 density	
required	 for	 a	 Larmor	 radius	 of	 1	 cm	 (solid	 lines)	 and	Hall	 parameter	 equals	 unity	 (dashed	 and	
dotted	lines)	for	a	dust	particle	of	10	nm	diameter.	Efficient	confinement	is	achieved	in	almost	the	
entire	parameter	space	of	interest	(electron	density	~	1020	–	1021	m‐3	and	electron	temperature	~	1	
–	5	eV)	for	a	magnetic	field	of	3.0	T.	
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The	 demand	 to	 achieve	 reactor	 like	 steady	 state	 conditions	 with	 high	 ion	 fluence	
imposes	that	the	magnet	needs	to	be	superconducting.	Based	on	the	analysis	above,	a	
magnetic	field	of	3	T	was	initially	chosen.	This	field	is	close	to	that	of	a	fusion	reactor,	
while	 staying	within	 reasonable	 technical	 and	 financial	 limits.	The	choice	 for	a	 lower	
field	of,	for	instance,	2	T	would	not	make	the	magnet	system	significantly	cheaper.	On	
the	 other	 hand,	 a	 field	 of	 4	 T	 can	 only	 be	 reached	 by	 using	 another	 type	 of	
superconducting	 wire	 than	 initially	 foreseen,	 making	 the	 magnet	 significantly	 more	
expensive.	Furthermore,	effective	shielding	of	the	stray	field	generated	by	a	4	T	magnet	
would	 pose	 quite	 a	 challenge.	 The	 amount	 of	 iron	 required	 for	 sufficient	 passive	
shielding	would	be	greatly	increased	and	possibly	even	exceed	the	maximum	floor	load	
capacity.	In	the	case	of	active	shielding,	the	increased	complexity	of	the	magnet	system,	
as	 well	 as	 the	 longer	 length	 superconductor,	 would	 make	 the	 system	 much	 more	
expensive.	 Due	 to	 ongoing	 problems	 with	 the	 fabrication	 of	 the	 superconducting	
magnet,	the	maximum	field	was	decreased	from	3.0	T	to	2.5	T.	
	

2.2.6		 Transient	heat	and	particle	flux	

	
The	elevated	heat	and	particle	fluxes	as	a	result	of	turbulent	instabilities	in	the	plasma	
edge,	commonly	called	Edge	Localized	Modes	(ELMs),	can	lead	to	erosion,	melting	and	
vaporization	 of	 divertor	 PFCs,	 and	 are	 expected	 to	 be	 a	 determining	 factor	 in	 their	
lifetime	[17,18].	The	heat	fluxes	can	be	as	high	as	2	‐	4	GW	m‐2	for	0.5	–	1	ms	during	a	
mitigated	ELM	 in	 ITER	 [19].	 In	order	 to	 simulate	 these	 transient	events	on	Magnum‐
PSI,	a	pulsed	operation	of	the	plasma	source	is	installed,	aiming	at	a	maximum	power	
flux	density	of	2	GW	m‐2	with	a	variable	repetition	rate	up	to	70	Hz.	
	

2.3	 Technical	implementation	
	

2.3.1	 General	overview	

	
In	 Figure	 2.3,	 a	 schematic	 overview	 of	 Magnum‐PSI	 can	 be	 seen.	 The	 three	 vacuum	
chambers	are	enclosed	by	the	superconducting	magnet	(not	shown).	The	first	chamber	
as	seen	from	the	right	is	the	source	chamber.	This	60	cm	diameter	chamber	holds	the	
movable	plasma	source	which	is	mounted	inside	a	water	cooled	tube.	The	movement	of	
the	 plasma	 source	 makes	 it	 possible	 to	 change	 its	 position	 with	 respect	 to	 the	 first	
skimmer.	 The	 magnetized	 plasma	 beam	 flows	 through	 the	 first	 skimmer	 into	 the	
heating	 chamber	 where	 it	 will	 be	 additionally	 heated	 by	 means	 of	 electromagnetic	
wave	power	in	the	radio	frequency	(RF)	range.	In	the	third	chamber	the	target	material	
is	exposed	to	the	plasma	beam.	This	target	chamber	has	a	smaller	diameter	of	50	cm	to	
create	extra	space	for	diagnostics	between	the	vacuum	vessel	and	the	superconducting	
magnet.	 The	 complete	 vacuum	 system,	 including	 pump	 tubes,	 is	 water	 cooled	 and	



OVERVIEW	OF	THE	MAGNUM‐PSI	EXPERIMENT	

21 
 

equipped	with	 temperature	 sensors.	Each	 chamber	 is	pumped	with	 a	 separate	pump	
combination	 consisting	 of	 two	 roots	 pumps	 and	 a	 backing	 pump.	 By	 using	 this	
differential	pumping	scheme,	 the	neutral	pressure	 in	 the	 target	 region	 is	 low	enough	
and	the	plasma	beam	is	transported	from	the	source	to	the	target	with	minimal	losses.		
	
	

	
	
Figure	2.3:	 Schematic	 overview	 of	 the	 differentially	 pumped	Magnum‐PSI	 experiment	 inside	 the	
superconducting	magnet.	Shown	are	(from	right	to	left),	the	source	chamber,	heating	chamber	and	
target	chamber	each	pumped	by	 their	own	pumping	station	(S1,	S2	and	S3).	The	source	chamber	
holds	the	plasma	source	which	is	mounted	inside	a	movable	water	cooled	tube	(a).	The	magnetized	
beam	 flows	 through	 the	 skimmers	 (b	 and	 c)	 from	 the	 source	 to	 the	 target	 (d)	while	most	 of	 the	
neutrals	are	scraped	off	and	pumped	away.	A	water	cooled	beam	dump	(e)	can	be	placed	between	
the	 plasma	 beam	 and	 the	 target	 to	 allow	 for	 beam	 tuning	 without	 exposing	 the	 target	 surface.	
Thomson	 scattering	 yields	 electron	 density	 and	 temperature	 profiles	 near	 the	 source	 (f)	 and	
directly	in	front	of	the	target	(g).	
	
	
In	the	following	sections	the	major	components	of	Magnum‐PSI	will	be	discussed:	the	
superconducting	magnet	system	(2.3.2),	the	plasma	source	(2.3.3),	the	vacuum	system	
(2.3.4),	 the	 target	 exchange	 and	 analysis	 chamber	 (2.3.5),	 the	 cooling	 system	 (2.3.6),	
diagnostics	(2.3.7)	and	finally	control,	data	acquisition	and	communication	(2.3.8).	

	
A	complete	overview	of	the	Magnum‐PSI	setup	is	given	in	Figure	2.4.			
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Figure	 2.4:	 3‐dimensional	 view	 of	 Magnum‐PSI.	 In	 the	 middle	 part	 of	 the	 drawing,	 the	
superconducting	 magnet	 (a)	 can	 be	 seen	 surrounding	 most	 of	 the	 vacuum	 vessel.	 The	 modular	
vacuum	 vessel	 and	 the	magnet	 system	 are	 placed	 on	 separate	 rail	 systems	 (b	 and	 c).	 The	 three	
pump	 sets	 and	 their	 tubing	 (d)	 are	 visible	 in	 the	 top	 left.	 On	 the	 right,	 the	 tube	 of	 the	movable	
plasma	source	(e)	is	visible.	At	bottom	left,	the	target	can	be	retracted	under	vacuum	into	the	Target	
Exchange	and	Analysis	Chamber	(TEAC)	(f)	by	a	long	bellow	system	(g).	In	the	TEAC	the	targets	can	
be	analyzed	after	exposure	with	surface	analysis	equipment.	
	

2.3.2		 The	superconducting	magnet	system	

	
A	 strong	magnetic	 field	 is	used	 to	 transport	 the	plasma	beam	 from	 the	 source	 to	 the	
target	 and	 to	help	 confine	 the	particles	which	are	 ionized	after	 coming	off	 the	 target	
surface.	 As	 such,	 the	 magnet	 system	 is	 an	 essential	 component	 for	 reaching	 the	
Magnum‐PSI	 research	 goals.	 The	 size	 of	 the	 vacuum	 vessel	 and	 space	 needed	 for	
diagnostics,	pump	ducts	and	wave	guides,	 imply	a	minimum	inner	diameter	of	1.3	m.	
The	required	steady	state	operation	and	minimization	of	running	costs	makes	the	use	
of	superconducting	coils	obligatory.	An	important	feature	of	the	magnet	system	is	the	
direct	radial	access	to	the	experiment	which	consists	of	two	times	8	radially	distributed	
room	 temperature	 ports.	 These	 access	 ports	make	 diagnostic	 laser‐based	 techniques	
such	 as	 Thomson	 Scattering	 relatively	 easy	 to	 implement.	 A	 sketch	 with	 the	 outer	
dimensions	of	the	magnet	is	displayed	in	Figure	2.5.	
	



OVERVIEW	OF	THE	MAGNUM‐PSI	EXPERIMENT	

23 
 

	
	
Figure	 2.5:	 Design	 drawings	 of	 the	 superconducting	 magnet	 system	 for	 Magnum‐PSI.	 The	 most	
important	dimensions	are	given.	The	inner	bore	of	1.3	m	makes	it	possible	to	fit	the	magnet	over	the	
differentially	pumped	vacuum	system	and	provides	sufficient	space	for	diagnostics.	
	
The	 magnet	 system	 consists	 of	 five	 NbTi	 superconducting	 solenoids	 wound	 on	 one	
stainless	steel	winding	body	operating	at	4.3	K.	The	copper	stabilized	NbTi	wire	has	54	
individual	filaments	and	a	high	copper	to	superconductor	ratio	of	8.7.	The	discrete	coils	
are	 wound	 on	 a	 2.5	 m	 long	 single	 cylinder	 in	 a	 shared	 cryostat	 with	 16,	 190	 mm	
diameter	 room	 temperature	 view‐ports.	 In	 this	 way	 the	 winding	 body	 is	 capable	 of	
supporting	 the	 enormous	 axial	 forces	 (>	 5000	 kN)	 between	 the	 coils.	 The	 magnet	
system	generates	a	plateau	shaped	magnetic	 field	adjustable	up	 to	2.5	T	between	the	
exit	of	the	plasma	source	and	the	end	of	the	target	plate.	Together	with	the	view‐ports,	
the	 large	warm	bore	provides	 excellent	 access	 to	 the	 experiment	 for	diagnostics	 and	
maintenance.	 The	 coils	 are	 cooled	 with	 liquid	 helium	 using	 a	 zero	 boil‐off	 system	
operated	with	three	cryogenic	coolers.	This	re‐condensing	helium	system	ensures	low	
operation	costs	and	allows	the	magnet	to	cycle	between	zero	and	full	 field	every	day.	
The	cryostat	will	be	shielded	 from	the	heat	 radiated	 from	the	experiment	by	a	water	
cooled	 heat	 shield.	 This	 removable	 heat	 shield	 is	 placed	 inside	 the	 magnet’s	 room‐
temperature	bore.	
	
The	magnetic	stray	field	is	shielded	down	to	a	safe	level	outside	the	experimental	area	
by	 iron	 walls	 which	 flank	 the	 magnet.	 The	 dimensions	 of	 these	 walls	 have	 been	
determined	 using	 a	 3D	 electromagnetic	 finite	 element	 solver.	 For	 access	 to	 the	
experimental	set‐up	and	for	maintenance,	the	complete	magnet	system	is	placed	on	a	
rail	which	 allows	 the	magnet	 to	 be	moved	over	 a	 distance	 of	 6	m.	 The	design	 of	 the	
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superconducting	 magnet	 system	 is	 the	 result	 of	 an	 analysis	 of	 a	 complex	 interplay	
between	 the	 various	 constraints	 [20,21].	 The	 design	 and	 construction	 of	 the	magnet	
system	will	be	discussed	in	detail	in	Chapter	3.		
	

2.3.3		 The	plasma	source	

	
The	plasma	is	produced	with	a	wall	stabilized	dc	cascaded	arc	[22,23,24].	This	plasma	
source	 is	 well	 established	 both	 in	 high	 power	 applications	 and,	 in	 a	 scaled	 down	
version,	for	plasma	deposition	in	industrial	processes.	It	produces	a	high	plasma	flux	at	
low	plasma	temperature	with	a	high	purity,	good	stability	and	long	lifetime.	The	source	
has,	however,	a	finite	ionization	efficiency,	leading	to	the	co‐injection	of	a	large	quantity	
of	 neutral	 gas	 in	 the	 vacuum	 vessel	 which	 has	 to	 be	 removed	 before	 it	 reaches	 the	
target.	 The	 source	 consists	 of	 3	 tungsten	 cathodes,	 5	 copper	 cascade	 plates	 and	 a	
copper‐tungsten	anode	and	nozzle	(see	Figure	2.6).		
	
The	 plasma	 source	 is	 mounted	 inside	 a	 water	 cooled	 manipulator	 tube.	 This	
manipulator	system	makes	movement	of	the	source	possible	and	allows	for	easy	access	
to	 the	 plasma	 source	 for	 regular	 maintenance	 or	 source	 type	 exchanges.	 Different	
sources	 will	 be	 available	 specifically	 designed	 for	 particular	 applications	 (e.g.	 broad	
beam	 operation,	 pulsed	 high	 power	 source	 operation,	 high	 power	 narrow	 beam	
operation).	With	a	45	kW	single	channel	source,	an	ion	flux	density	of	1025	m−2	s−1	and	a	
total	ion	flux	of	Γi	≈	1021	s−1	were	reached,	resulting	in	a	power	flux	of	almost	40	MW		
m‐2	perpendicular	to	the	target	 in	the	Pilot‐PSI	experiment	[25].	 In	that	case,	 the	full‐
width‐half‐maximum	(FWHM)	of	the	beam	did	not	exceed	1	cm.	
	
	

	
	
Figure	2.6:	Design	drawing	of	the	cascaded	arc	plasma	source,	including	a	cut	through	(a)	and	a	3D	
drawing	 (b).	 The	 gas	 inlet	 (1),	 cathodes	 (2),	 cascade	plates	 (3),	 anode	 (4)	nozzle	 (5)	 and	 several	
tubes	for	water	cooling	(6)	can	be	seen.	
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In	order	to	expand	the	ion	flux,	a	broad	beam	plasma	source	based	on	a	multi‐channel	
cascaded	arc	is	being	developed.	With	a	3‐channel	source	a	FWHM	of	more	than	3	cm	
has	been	achieved	with	argon	and	hydrogen	plasmas	 [26].	A	way	 to	 further	 increase	
the	 beam	 diameter	 is	 by	 using	 an	 external	 anode	 ring	 downstream	 in	 the	 vacuum	
vessel.	 Current	 is	 drawn	 from	 the	 cathodes	 to	 this	 larger	 diameter	 anode,	 thereby	
increasing	the	diameter	of	the	beam.		

	
To	 simulate	 the	 transient	 heat	 loads	 as	 they	 occur	 during	 an	 ELM	 instability	 in	 a	
tokamak,	 a	 high	 power	 pulsed	magnetized	 arc	 discharge	 has	 been	 developed	with	 a	
target	value	of	2	GW	m‐2	for	0.5	ms.	With	a	capacitor	bank	(8400	μF)	connected	parallel	
to	 the	steady	state	power	supplies,	an	additional	plasma	source	current	pulse	of	11.6	
kA	(transient	source	power	of	4.5	MW)	was	achieved	on	Pilot‐PSI	[27,28].	By	varying	
the	discharge	 current	 and	 the	 gas	 flow,	 electron	density	 and	 temperature	during	 the	
pulse	were	varied	up	to	ne	≈	8.0×1021	m−3	and	Te	≈	17	eV.	The	current	rise	time	is	about	
300–500	μs	while	the	pulse	duration	is	1–1.5	ms.	The	heat	flux	to	the	target	was	up	to	1	
GW	m‐2.	The	details	of	this	method	fall	outside	the	scope	of	this	thesis.	

	
A	water	cooled	beam	dump	(0.11×0.16	m2)	can	be	placed	between	the	source	and	the	
target	 to	 allow	 for	 tuning	 of	 the	 plasma	 beam	 without	 exposing	 the	 target	 surface.	
When	 the	plasma	beam	has	 reached	 the	 requested	 temperature	and	density	profiles,	
the	beam	dump	is	moved	downward	and	the	target	is	exposed	to	the	plasma	beam.	To	
reduce	 the	 power	 load,	 the	 beam	 dump	 is	 placed	 at	 a	 45°	 angle	with	 respect	 to	 the	
plasma	beam.	In	this	way,	 the	beam	dump	can	withstand	a	power	 load	of	10	MW	m‐2	
peak.		
	

2.3.4		 The	vacuum	system	

	
To	 pump	 away	 the	 high	 gas	 load	 in	 an	 effective	 manner	 and	 to	 obtain	 low	 enough	
pressure	at	the	target	area,	a	differential	pumping	solution	is	introduced.	The	vacuum	
vessel	is	divided	into	separate	chambers	which	are	individually	pumped	by	their	own	
pump	station.	Because	 the	gas	 flow	 in	 the	Magnum‐PSI	vacuum	chamber	 is	mostly	 in	
the	 rarefied	 regime,	 the	 neutral	 gas	 flow	 was	 modelled	 using	 the	 Direct	 Simulation	
Monte	 Carlo	 (DSMC)	 program	 (DS2V)	 developed	 by	 Bird	 [29].	 The	 results	 of	 these	
simulations	 are	 extensively	 discussed	 in	 Chapter	 4.	 It	 is	 shown	 that	 a	 3	 stage	
differential	vacuum	system	is	capable	of	reaching	a	low	enough	neutral	pressure	in	the	
target	 chamber,	 enabling	 experimental	 conditions	 similar	 to	 those	 found	 in	 the	 ITER	
divertor.	 In	 a	 comparative	 study	 between	 roots	 pumps,	 a	 vapor	 booster,	 cryopumps	
and	turbo	pumps,	the	roots	pumps	were	identified	as	being	the	most	reliable,	economic	
and	 user	 friendly	 pump	 solution	 for	 these	 high	 gas	 loads.	 A	 frequency	 controller	
connected	 to	 the	 largest	 roots	 pumps	 is	 used	 to	 vary	 the	 pump	 speed,	 enabling	
experiments	in	a	variable	pressure	range.	Each	pump	station	has	a	total	pump	speed	in	
the	 range	 of	 20.000	m3	 h‐1,	 depending	 on	 the	 pressure.	 More	 information	 about	 the	
pump	choice	and	chosen	pump	solution	can	be	found	in	Appendix	A.	
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Crucial	components	of	the	differential	pumping	system	are	the	skimmers	between	the	
chambers.	 The	 skimmers	 are	 shaped	 in	 such	 a	way	 that	 they	 prevent	most	 neutrals	
from	 reaching	 the	next	 chamber,	while	 having	 a	minimum	 impact	 on	 the	 flow	of	 the	
plasma	beam.	 Inserts	with	different	opening	diameters	are	available	 to	accommodate	
different	beam	sizes.	Plasma	produced	 in	 the	 source	 follows	 the	magnetic	 field	 lines,	
flows	through	the	two	skimmers	and	recombines	at	the	target	surface.		

	
The	design	and	numerical	simulations	of	the	vacuum	system	and	the	skimmers,	as	well	
as	the	experimental	validation	of	the	design	is	dealt	with	in	this	thesis	and	can	be	found	
in	Chapters	4	and	5.		
	

2.3.5		 Target	exchange	and	analysis	chamber,	target	manipulator	and	target	holder	

	
The	 target	 holder,	 the	 target	 manipulator	 and	 the	 target	 exchange	 and	 analysis	
chamber	 (TEAC)	 are	 shown	 in	Figure	2.7.	The	 target	holder	 is	 attached	 to	 the	 target	
manipulator	 allowing	 withdrawal	 of	 the	 target	 from	 its	 exposure	 position	 into	 the	
TEAC.	This	chamber	can	be	isolated	from	the	main	vacuum	chamber	via	a	double	gate	
valve	 system	 which	 allows	 for	 an	 in‐situ	 transfer	 of	 the	 target	 from	 the	 exposure	
location	to	the	TEAC	in	less	than	30	seconds	in	the	presence	of	a	strong	magnetic	field.	
The	TEAC	is	pumped	down	to	below	10‐5	Pa	to	enable	the	use	of	more	sensitive	surface	
analysis	 diagnostics,	 discussed	 in	 Section	 2.3.7.	 To	 minimize	 contamination	 of	 the	
chamber,	the	TEAC	is	kept	at	a	slight	overpressure	during	target	exposure.		
	
The	 target	manipulator	 is	 capable	 of	 handling	 large	 targets	with	 a	maximum	 surface	
area	 of	 0.12×0.6	 m2	 and	 a	 maximum	 weight	 of	 100	 kg.	 This	 allows	 the	 testing	 of	
divertor	target	mock‐ups.	The	manipulator	can	be	rotated	around	its	axis	by	±	120°	and	
tilted	 by	 ±	 90°.	 This	 rotation	 and	 tilting	 of	 the	 target	 is	made	 possible	 by	 the	 use	 of	
rotating	water	feedthroughs.	The	water	cooling	of	the	target	allows	a	power	exhaust	of	
100	kW.	The	first	generation	targets	have	a	maximum	dimension	of	0.12×0.32	m2.	The	
target	is	mounted	on	a	target	holder	made	of	a	stainless	steel	plate	in	which	12	cooling	
channels	 of	 2×2	mm2	 are	milled.	 A	 copper	 lid	 is	 brazed	 on	 top	 of	 the	 stainless	 steel	
plate.	Good	thermal	contact	between	the	target	holder	and	target	is	ensured	by	a	grafoil	
interface	layer.	The	cooling	capacity	can	be	adjusted	by	individual	selection	of	cooling	
channels.	
	
Additionally,	a	multi‐target	holder	is	available	on	which	5	water	cooled	targets	with	a	
diameter	 of	 30	mm	can	be	mounted.	The	holder	 can	be	 rotated	 to	 allow	 consecutive	
exposure	of	each	target.	
	



OVERVIEW	OF	THE	MAGNUM‐PSI	EXPERIMENT	

27 
 

	
	
Figure	2.7:	Design	drawing	of	the	target	holder,	the	target	manipulator	and	the	target	exchange	and	
analysis	chamber	(TEAC).	The	TEAC,	shown	here	without	the	top	lid	(a),	is	connected	to	the	rest	of	
the	 experiment	 via	 two	 gate	 valves	 (b).	 A	 5	m	 long	 bellow	 system	 (c)	 is	 designed	 to	 retract	 the	
target	 from	 its	 exposure	 position	 into	 the	 TEAC.	 The	 inset	 shows	 the	 target	 holder	 without	 its	
copper	lid	(d)	to	reveal	the	water	cooling	channels.	
	

2.3.6		 Heat	loads	and	cooling	

	
At	 full	 performance,	 the	 plasma	 source	 is	 operated	 at	 270	 kW.	 This	 implies	 that	 the	
source	as	well	as	most	other	in‐vessel	components	receive	high	heat	loads	and	have	to	
be	actively	cooled.	Most	of	these	heat	loads	are	determined	by	neutral	gas	simulations	
using	 the	DSMC	software	(mentioned	 in	Section	2.3.4)	plus	 the	contribution	 from	the	
photon	radiation	of	the	plasma	beam.	Components	directly	in	contact	with	the	plasma	
(i.e.	plasma	source,	beam	dump	and	target)	receive	the	highest	heat	loads.	The	target	is	
expected	to	reach	temperatures	up	to	3000	°C,	which	results	in	a	wall	heat	load	in	the	
target	 chamber	 of	 50	 kW	m‐2.	 The	 corresponding	 heat	 loads	 are	 given	 in	 Table	 2.2.	
From	 these	 heat	 loads,	 the	 cooling	 strategy	 of	 the	 in‐vessel	 components	 has	 been	
determined	with	finite	element	simulations	and,	where	possible,	experimentally.	
	
Special	attention	was	given	 to	 the	stainless	steel	 central	bore	of	 the	source	skimmer,	
where	a	 steady	 state	heat	 load	of	100	kW	m‐2	 is	 expected	at	 the	 tip.	This	part	of	 the	
skimmer	 is	 double‐walled,	 where	 cooling	 water	 flows	 radially	 towards	 the	 centre	
through	a	1	mm	wide	 slit.	 In	 this	way,	 the	position	with	 the	maximum	heat	 load	has	
enhanced	cooling	due	to	the	increased	turbulence.	The	heat	transfer	coefficient	at	the	
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nominal	cooling	flow	of	25	liter	per	minute	is	measured	to	be	>	50	kW	m‐2	K‐1.	Figure	
2.8	 shows	 the	 calculated	 steady	 state	 temperature	 profile	 of	 the	 skimmer	 under	 a	
steady	state	heat	load	of	100	kW	m‐2	at	the	tip	decreasing	linearly	to	10	kW	m‐2	at	the	
outer	edge.	The	highest	 temperatures	occur	 at	 the	 tip	where	 the	heat	 load	 is	highest	
and	at	the	outer	edge	which	has	 less	cooling.	The	skimmer	 is	designed	 in	such	a	way	
that	it	can	withstand	a	higher	heat	load	due	to	a	accidental	misalignment	of	the	plasma	
source	for	several	seconds.	Thermocouples	in	the	tip	of	the	skimmer	are	connected	to	
the	 Magnum‐PSI	 safety	 control	 system	 to	 make	 sure	 that	 the	 plasma	 beam	 is	
immediately	turned	off	when	a	certain	trip	level	is	reached.	
	
Table	2.2:	Heat	loads	on	in‐vessel	components.	

Plasma	source	[MW	m‐2]	 10	–	30	
Source	skimmer	[kW	m‐2]	 100	
Target	skimmer	[kW	m‐2]	 100	
Beam	dump	[MW	m‐2]	 10	
Target	[MW	m‐2]	 10	
Source	chamber	[kW	m‐2]	 10	
Heating	chamber	[kW	m‐2]	 10	
Target	chamber	[kW	m‐2]	 50	
Pump	ducts	[kW	m‐2]	 1	
	
	
Details	of	the	cooling	of	the	other	components	are	discussed	in	[30].	
	
The	dissipated	power	of	all	 in‐vessel	components	is	removed	by	water	cooling.	There	
are	4	separate	water	cooling	systems:		
	

- High	pressure	circuit	(20	bar,	25	°C)	for	cooling	of	in‐vessel	components	which	
receive	a	high	heat	flux	due	to	exposure	to	the	plasma	beam.	This	circuit	has	a	
10	bar	return	flow	pressure	to	suppress	local	boiling	of	the	water.	

- Low	pressure	system	(5	bar,	25	°C)	for	cooling	of	the	vacuum	chamber	walls.	
- Cold	 water	 circuit	 (4	 bar,	 20	 °C)	 for	 cooling	 of	 vacuum	 pumps	 and	 power	

supplies.	
- Emergency	 cooling	 circuit	 (4	 bar,	 20	 °C)	 for	 cooling	 of	 the	water	 cooled	 heat	

shield	 inside	 the	 bore	 of	 the	 superconducting	 magnet	 and	 for	 the	 magnet’s	
cryocoolers.	

	
The	 cooling	 systems	 are	 connected	 to	 the	 laboratory	 cooling	water	 circuit	 via	 a	 heat	
exchanger.	 In	 addition,	 a	 1	 MW	 open	 cooling	 tower	 was	 installed	 to	 provide	 ample	
cooling	power.	Temperature	and	flow	sensors	are	installed	inside	the	cooling	circuits	to	
enable	calorimetric	measurements.	The	amount	of	dissipated	energy	can	be	separately	
measured	for	the	plasma	source,	vacuum	vessel,	beam	dump	and	the	target.	
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Figure	2.8:	Calculated	 temperature	distribution	of	 the	 insert	of	 the	source	skimmer	exposed	to	a	
steady	state	heat	load	of	100	kW	m‐2	at	the	tip	decreasing	linearly	to	10	kW	m‐2	at	the	outer	edge.	A	
quarter	is	removed	to	reveal	the	cooling	channels.	The	diameter	of	the	opening	is	30	mm.	The	outer	
diameter	of	the	skimmer	is	200	mm.	Figure	courtesy	of	M.	A.	van	den	Berg.	
		

2.3.7		 Plasma	and	surface	diagnostics	

	
One	of	the	key	aspects	of	the	experiment	is	its	diagnostic	access,	which	allows	for	many	
different	plasma	and	surface	diagnostics	to	be	installed.	Some	of	these	diagnostics	are	
under	development	for	implementation	on	ITER.	

	
The	most	 important	 plasma	 diagnostic	 is	 Thomson	 scattering,	which	 determines	 the	
electron	 density	 and	 temperature	 profiles	 downstream	 from	 the	 source	 exit	 and	
directly	in	front	of	the	target	(see	Figure	2.3)	with	a	spatial	resolution	of	1.6	mm	[31].	
The	 lower	temperature	 limit	 is	Te	=	0.07	eV.	The	accuracy	of	ne	and	Te	 is	3%	and	6%	
respectively	at	ne	=	9.4×1018	m‐3.	Information	on	the	composition	of	the	plasma	in	front	
of	the	target	is	obtained	from	wide	spectral	range	optical	emission	spectroscopy,	while	
high	resolution	optical	emission	spectroscopy	delivers	information	on	the	temperature	
and	velocity	of	the	ions.		
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It	 is	 important	to	be	able	to	monitor	some	of	the	surface	properties	during	operation	
(in‐situ)	 to	 have	 a	 means	 of	 control.	 A	 fast	 infrared	 camera	 together	 with	 a	 multi‐
wavelength	pyrometer	are	used	to	make	2D	plots	of	the	target	temperature.	With	laser	
induced	 ablation	 spectroscopy	 (LIAS),	 a	 short	 pulse,	 high	 intensity	 laser	 beam	
irradiates	a	spot	on	the	target	leading	to	the	ejection	of	material.	After	reacting	with	the	
plasma,	the	spectral	line	radiation	of	these	ejected	species	gives	information	about	the	
composition	 of	 the	 surface.	 A	 similar	 technique	 is	 laser	 induced	 desorption	
spectroscopy	(LIDS).	The	heating	process	for	LIDS	is	exactly	the	same	as	for	LIAS,	but	
lower	laser	power	insures	a	lower	temperature	rise	of	the	surface,	minimizing	surface	
changes.	These	techniques	are	expected	to	be	compatible	with	the	harsh	conditions	and	
high	 magnetic	 fields	 found	 both	 in	 Magnum‐PSI	 and	 ITER.	 More	 techniques,	 like	 a	
quartz	 micro	 balance	 (QMB)	 to	 obtain	 information	 about	 the	 target	 erosion	 and	
SPECKLE	interferometry	are	under	development.	
	
To	 further	 determine	 the	 properties	 of	 the	 surface	 which	 are	 modified	 in	 the	
interaction	with	 the	plasma,	 the	 target	 can	be	 retracted	 into	 the	 target	exchange	and	
analysis	 chamber.	 The	 (planned)	 ex‐situ	 diagnostics	 installed	 there	 include	 laser	
induced	ablation	and	desorption	coupled	to	a	quadrupole	mass	spectrometer	(LIA/LID‐
QMS),	laser	induced	breakdown	spectroscopy	(LIBS)	and	long	distance	microscopy.		

	
Thermal	Desorption	Spectroscopy	(TDS)	and	X‐ray	photoelectron	spectroscopy	(XPS)	
are	available	at	a	nearby	location.		
	

2.3.8		 Control,	data	acquisition	and	communication	(CODAC)	

	
The	 Magnum‐PSI	 experiment	 can	 be	 completely	 operated	 from	 the	 control	 room.	
Access	to	the	experimental	hall	is	forbidden	during	operation	for	safety	reasons	(high	
magnetic	 field,	high	 intensity	 lasers	and	hydrogen).	Each	part	of	 the	experiment	 (e.g.	
vacuum,	cooling,	plasma	source,	magnet,	target	station	and	diagnostics)	is	controlled	by	
its	own	subsystem.	The	safety,	 control,	data	acquisition	and	communication	(CODAC)	
system	integrates	these	subsystems	and	provides	an	interface	for	the	users.	The	CODAC	
system	 combines	 manual	 and	 remote	 control,	 provides	 central	 data	 storage	 and	
enables	 automated	 experiment	 execution.	 Relevant	 data	 such	 as	 pressures	 and	
temperatures	are	automatically	stored	and	can	be	retrieved	by	the	user	or	by	analysis	
programs	such	as	IDL	or	Matlab.	A	(GPS	based)	timing	system	is	in	use	for	accurately	
triggering	 of	 subsystems	 and	 is	 currently	 used	 for	 Thomson	 Scattering	 and	 the	 IR	
camera.	 Other	 systems	 can	 easily	 be	 added.	 All	 software	 is	 developed	 in‐house	 and	
written	 in	 Python,	 a	 freeware	 programming	 language.	 More	 information	 about	 the	
CODAC	system	can	be	found	in	[32].	
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2.4	 Conclusions	
	
The	Magnum‐PSI	 design	 parameters	 and	 their	 technical	 implementation	 in	 terms	 of	
performance	 and	 analysis	 make	 the	 device	 a	 world‐wide	 unique	 facility	 for	 PSI	
research	in	support	of	ITER	and	fusion	reactors	beyond	ITER.		

	
The	most	important	parameters	in	terms	of	performance	can	be	summarized	as:	
	

- Plasma	parameters	relevant	to	high	performance	detached	divertor	operation	in	
ITER:		
o electron	density	ne	~	1019	–	1021	m‐3	
o electron	temperature	Te	~	0.1	–	10	eV		
o particle	flux	~	1023	‐	1025	m‐2	s‐1	

- Heat	fluxes	>	10	MW	m‐2	
- Low	neutral	background	density	<	1	Pa	
- Strong	magnetic	field	up	to	2.5	T	
- Inclined	(±	90°	with	respect	to	the	plasma	beam)	water	cooled	targets	
- High	fluence/long	timescale	due	to	steady	state	capability	
- Transient	plasma	 loading	 capability	up	 to	2	GW	m‐2	with	a	variable	 repetition	

rate	up	to	70	Hz.	
	

In	terms	of	analysis,	the	Magnum‐PSI	facility	will	be	equipped	with:	
	

- Advanced	 plasma	 diagnostics:	 Thomson	 scattering	 and	 optical	 emission	
spectroscopy.	

- Strong	surface	analytical	capability:	laser	induced	ablation	and	desorption,	laser	
induced	 breakdown	 spectroscopy	 and	 long	 distance	 microscopy.	 Thermal	
desorption,	X‐ray	photoelectron	and	secondary	ion	mass	spectroscopy.	

- Frequent	and	easy	access	to	the	target	(allowing	for	rapid	exchange)	is	provided	
via	the	target	exchange	and	analysis	chamber.	

- Solid	 modeling/theory	 support	 is	 provided	 by	 the	 numerical	 modeling	 and	
theory	group	which	is	fully	integrated	in	the	scientific	program.	

	
Magnum‐PSI	 is	 embedded	 in	 the	 excellent	 infrastructure	 of	 the	 Trilateral	 Euregio	
Cluster	 for	diagnostics,	material	 analysis	 and	modeling.	Together	with	 the	other	TEC	
linear	plasma	devices	with	complementary	characteristics	(e.g.	Tritium,	Beryllium	and	
activated	materials	 operation),	Magnum‐PSI	 is	 expected	 to	 close	 knowledge	 gaps	 for	
plasma‐surface	 interaction	 in	 future	 fusion	 reactors	 related	 to	 the	 high	 power	 and	
particle	flux	regimes,	which	cannot	be	closed	on	toroidal	confinement	devices	prior	to	
ITER.	
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CHAPTER	3	
	

The	superconducting	magnet	system	
	
	
Abstract	
	
The	 success	 of	 the	Magnum‐PSI	 experiment	 depends	 to	 a	 great	 extent	 on	 the	way	 a	
sufficiently	high	magnetic	field	can	be	generated	without	restricting	the	experiment	too	
much	 in	 terms	of	diagnostic	 access	and	operational	 aspects.	To	achieve	 this	goal,	 the	
magnet	system	should	be	able	to	provide	a	magnetic	field	freely	adjustable	up	to	3	Ta)	
over	a	distance	of	1750	mm	between	the	exit	of	 the	source	and	the	end	of	 the	 target	
plate.	In	order	to	accommodate	the	vacuum	vessel,	the	free	bore	of	the	magnet	system	
should	 be	 at	 least	 800	 mm	 in	 diameter.	 Furthermore,	 radially	 distributed	 room	
temperature	 access	near	 the	 source	and	 the	 target	 is	needed	 to	 facilitate	 laser	based	
diagnostic	techniques	such	as	Thomson	scattering.	In	order	to	limit	the	impact	on	the	
experimental	program	to	a	minimum,	a	ramp	to	full	field	should	be	possible	within	30	
minutes.	Additional	constraints	are	that	the	magnet	must	be	designed	for	low	running	
costs	 and	 that	 the	 magnetic	 stray	 field	 is	 shielded	 down	 to	 a	 safe	 level	 within	
reasonable	distance	from	the	magnet.	
	
This	 has	 been	 achieved	 with	 a	 magnet	 consisting	 of	 five	 NbTi	 superconducting	
solenoids	wound	on	a	2.5	m	long	stainless	steel	winding	body	in	a	shared	cryostat	with	
a	1.3	m	warm	bore.	The	coils	generate	a	plateau	shaped	magnetic	field	adjustable	up	to	
2.5	T	over	a	sufficient	length,	while	the	distance	between	the	coils	creates	space	for	16	
room	 temperature	 view‐ports.	 Together	with	 these	 view‐ports,	 the	 large	warm	 bore	
provides	excellent	access	to	the	experiment	for	diagnostics	and	maintenance.	The	coils	
are	 cooled	 with	 liquid	 helium	 using	 a	 re‐condensing	 system	 operated	 with	 three	
cryocoolers.	This	cooling	system	ensures	 low	running	costs,	while	the	magnet	system	
cycles	between	zero	and	full	field	every	day.	The	magnetic	stray	field	is	shielded	down	
to	 1	 mT	 outside	 the	 experimental	 area	 by	 iron	 walls	 which	 flank	 the	 magnet.	 The	
optimum	dimensions	of	these	walls	have	been	determined	using	a	3D	electromagnetic	
finite	element	solver.		 	

                                                 
 
 
 
a)	The	magnetic	field	strength	requirement	was	later	reduced	to	2.5	T	
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3.1		 Introduction		
	
One	of	the	requirements	for	the	linear	plasma	generator	Magnum‐PSI	to	reach	the	ITER	
relevant	regime	of	Plasma	Surface	Interaction	(PSI)	 is	a	strong,	steady	state	magnetic	
field.	 The	magnitude	 of	 this	magnetic	 field	 is	 a	 key	 parameter	 to:	 1)	 ensure	 efficient	
transport	of	the	plasma	beam	from	the	source	to	the	target,	and	2)	ensure	confinement	
of	particles	that	are	ionized	after	coming	off	the	surface	to	access	the	strongly	coupled	
regime	 of	 PSI	 (see	 Chapter	 2).	 To	 explore	 the	 possible	 implementations	 (technical	
solutions,	 feasibility,	 maintenance,	 capital	 and	 running	 costs),	 a	 conceptual	 design	
study	has	been	done	with	 emphasis	 on	maximum	diagnostic	 access	 and	 low	 running	
costs.	Together	with	industry,	the	results	from	this	conceptual	design	study	have	been	
worked	 out	 to	 a	 level	 suitable	 for	 a	 call	 for	 tender	 based	 on	 a	 magnet	 design	 best	
representing	 our	 needs	 while	 staying	 within	 budget.	 The	 author	 of	 this	 thesis	 was	
responsible	for	the	project	coordination	within	the	Magnum‐PSI	project	group,	and	was	
as	 such	 involved	 in	 each	 step	of	 the	design,	 tender,	 fabrication	 and	 test	 process.	 The	
larger	part	of	this	chapter	will	deal	with	these	conceptual	design	options	[1,2].	
	
Due	 to	 the	 large	 size	 of	 the	 magnet,	 the	 required	 steady	 state	 operation	 and	 the	
minimization	of	running	costs,	 it	was	apparent	 that	a	successful	design	could	only	be	
achieved	with	 superconducting	 coils.	 Figure	 3.1	 shows	 a	 drawing	 of	 the	 final	 design	
(left)	as	well	as	a	cut‐out	(right)	revealing	the	coils,	helium	vessel,	radiation	shield	and	
vacuum	 vessel.	 The	 design	 of	 the	 magnet	 system	 has	 evolved	 from	 a	 series	 of	
conceptual	 design	 choices	 and	 consists	 of	 five	 superconducting	 solenoids	 wound	 on	
one	 2.5	m	 long	 stainless	 steel	winding	 body	 in	 a	 shared	 cryostat	with	 a	warm	 bore	
diameter	of	1.3	m.	The	distance	between	the	coils	creates	space	for	room	temperature	
view‐ports.	 The	 coils	 are	 cooled	 with	 liquid	 helium	 using	 a	 re‐condensing	 system	
operated	with	three	cryocoolers.	The	requirements	and	choices	which	have	led	to	this	
design	will	be	discussed.	Due	to	the	large	bore	diameter,	the	shielding	of	the	magnetic	
field	poses	quite	a	challenge.	The	design	of	the	passive	magnetic	shielding	will	be	given,	
as	 well	 as	 the	 results	 from	 the	 factory	 acceptance	 tests.	 This	 chapter	 ends	 with	 an	
outlook	and	conclusion.		
	

3.2		 Principles	of	superconducting	magnet	design	
	
Superconducting	 magnets	 are	 used	 in	 a	 large	 variety	 of	 applications	 due	 to	 their	
advantage	 in	 terms	of	 lower	 running	 costs,	maximum	 field	 strength	 and	 smaller	 size	
over	conventional	electromagnets.	Several	reference	books	on	superconducting	magnet	
design	and	cryogenic	engineering	exist	[3,4,5].	Some	general	aspects	important	for	the	
present	design	are	briefly	introduced	here.	



THE	SUPERCONDUCTING	MAGNET	SYSTEM	

37 
 

	
	
Figure	3.1:	Design	drawing	of	 the	magnet	 system	 (left)	 as	well	 as	 a	 cut‐out	 (right)	 revealing	 the	
coils	 (a),	helium	vessel	 (b),	 radiation	shield	 (c)	and	vacuum	vessel	 (d).	The	 turret	 (e)	houses	 two	
cryocoolers,	while	a	third	cryocooler	(f)	is	connected	to	the	radiation	shield	only.	
	
The	magnetic	field	generated	by	a	magnet	is	proportional	to	the	current	density	in	the	
conductor.	 The	 maximum	 current	 density	 is	 closely	 related	 to	 the	 critical	 current,	
which	 is	 the	maximum	current	 that	 the	 superconductor	 can	 carry	without	 resistance	
and	 is	 strongly	dependent	on	 the	 temperature	 and	magnetic	 field.	Due	 to	 this	 strong	
relation,	 the	maximum	 field	on	a	 superconducting	winding	determines	 the	maximum	
operating	current	density	of	the	magnet.	In	an	efficient	magnet	design,	the	peak	field	on	
the	 conductor	 is	 not	 significantly	 higher	 than	 the	magnetic	 field	 in	 the	 center	 of	 the	
magnet.	This	concept	can	be	visually	represented	by	a	"load	line"	[3]	(see	also	Figure	
3.7).	Naturally,	superconductors	need	to	be	cooled	down	to	cryogenic	temperatures	to	
benefit	 from	 their	 advantageous	 properties.	 In	 order	 to	 keep	 the	 heat	 load	 from	 the	
surroundings	on	 the	conductor	 low	enough,	 the	coils	are	suspended	 inside	a	vacuum	
vessel.	 A	 (cooled)	 radiation	 shield	 with	 several	 layers	 of	 "superinsulation"	 is	 placed	
between	 the	 coil	 and	 the	 vacuum	 vessel,	 reducing	 the	 heat	 flux	 by	 radiation	
considerably.	 During	 changing	 of	 the	 current	 (and	 thus	 the	magnetic	 field)	 power	 is	
dissipated	in	the	conductor	due	to	hysteresis	and	eddy	current	losses	(ac	losses).	For	a	
dc	magnet,	these	ac	losses	are	only	apparent	during	ramping	of	the	magnet.	The	cooling	
capacity	 of	 the	 cryogenic	 system	 should	 be	 adequate	 to	 maintain	 the	 operating	
temperature	of	the	conductor	up	to	a	certain	ramp	rate.	Therefore,	a	superconducting	
magnet	always	requires	a	certain	time	to	ramp	from	zero	to	full	field	(and	vice	versa)	
and	cannot	instantly	be	switched	on	or	off.	
	
Heat	dissipation	of	only	a	few	tens	of	micro‐Joules	by	friction,	cracking	of	the	epoxy	or	
conductor	 movement	 may	 heat	 the	 superconductor	 locally	 above	 its	 critical	
temperature.	 In	 the	 event	 that	 the	 conductor	becomes	normal	 conducting,	 the	ohmic	
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heat	dissipation	of	the	current	may	result	in	a	rapid	growth	of	this	normal	zone	in	all	
directions.	 This	 phenomenon	 is	 known	 as	 a	 "quench"	 and	 usually	 occurs	 during	
ramping	of	the	current.	Without	adequate	measures,	the	total	stored	energy	of	the	coil	
will	be	dissipated	in	the	normal	zone,	which	may	eventually	 lead	to	a	 temperature	at	
the	quench	origin	of	a	few	thousand	K	and	voltages	in	a	coil	or	between	two	coils	of	a	
few	kV.	This	 is	especially	a	problem	when	the	coils	are	connected	 in	series,	 so	 that	 if	
only	 one	 coil	 quenches,	 the	 inductance	 of	 the	 other	 coils	 will	 generate	 a	 voltage	 to	
maintain	 the	 current,	 causing	 their	 energy,	 as	 well	 as	 the	 one	 that	 quenched,	 to	 be	
dissipated	 in	 the	 one	 quenching	 coil.	 At	 the	 same	 time,	 a	 combination	 of	 an	
inhomogeneous	temperature	rise	and	the	strong	magnetic	coupling	between	the	coils	
could	 result	 in	 a	 highly	 asymmetric	 current	 distribution	 between	 the	 coils,	 which	 in	
turn	results	in	highly	asymmetric	forces	between	them.		
	
To	 prevent	 these	 excessive	 temperatures,	 voltages	 and	 stresses,	 and	 to	 ensure	 safe	
quenching	of	the	coils	under	all	possible	circumstances,	a	quench	protection	system	is	
required.	Several	methods	of	quench	protection	are	conceivable,	where	a	choice	needs	
to	be	made	between	active	and	passive	methods.	In	a	purely	passive	protection	scheme,	
cold	diodes	(immersed	in	liquid	helium	inside	the	helium	vessel)	are	connected	across	
each	coil.	In	the	event	of	a	quench	in	one	of	the	coils,	a	voltage	develops	which	shorts	
the	current	 through	 the	diodes.	The	coil	 that	quenches	absorbs	 its	own	energy	while	
the	other	coils	can	continue	 to	carry	current,	although	 it	 is	 likely	 that	 these	coils	will	
also	 quench	 due	 to	 the	 strong	 magnetic	 coupling	 between	 the	 coils	 (quench	 back	
effect).	 In	 an	 active	 quench	 protection	 system,	 an	 external	 switch	 disconnects	 the	
power	supply	and	connects	all	coils	to	an	external	resistor	when	a	quench	is	detected.	
The	 value	 of	 this	 dump	 resistor	 must	 be	 high	 enough	 to	 bring	 the	 currents	 down	
sufficiently	 fast	 to	 avoid	excessive	heating	of	 the	 initial	 quench	 location,	but	must	be	
low	enough	to	avoid	too	high	voltages	which	can	cause	electrical	breakdown.	The	main	
disadvantage	of	active	quench	protection	is	that	it	depends	on	the	reliable	operation	of	
the	quench	detection	and	the	external	switch.	Independent	of	the	method	of	protection,	
a	quench	always	leads	to	the	release	of	an	enormous	volume	of	helium	gas	inside	the	
confined	 space	 of	 the	 experimental	 hall,	 and	 measures	 have	 to	 be	 taken	 to	 avoid	
asphyxiation.	
	
One	of	the	most	evident	problems	with	a	superconducting	magnet	 is	 the	stray	field	it	
produces.	The	magnetic	field	lines	coming	out	of	one	pole	of	the	magnet	must	travel	to	
the	other	pole	of	the	magnet.	If	the	magnet	is	surrounded	with	air,	these	flux	lines	can	
expand	into	a	very	large	volume,	proportional	to	the	area	of	the	bore	and	the	height	of	
the	magnetic	field.	It	has	a	profound	influence	on	the	way	of	working	because	one	has	
to	be	very	careful	when	handling	 ferromagnetic	materials	 in	 the	neighborhood	of	 the	
magnet.	 The	 stray	 field	 will	 have	 to	 be	 shielded	 to	 a	 permissible	 level	 outside	 the	
experimental	 hall,	 either	 by	 active	 or	 passive	 shielding.	 In	 the	 former,	 shield	 coils	
located	 at	 a	 larger	 radius	 than	 the	main	 coils	 carry	 an	opposite	 current	 to	 lower	 the	
stray	field.	In	the	latter,	iron	is	placed	around	the	magnet	to	provide	a	return	path	for	
the	field	lines,	thereby	reducing	stray	field	outside	the	shielding	structure.	
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3.3		 Design	requirements	
	
The	 success	 of	 the	Magnum‐PSI	 experiment	 depends	 to	 a	 large	 extent	 on	 the	way	 a	
sufficiently	high	magnetic	field	can	be	generated	without	restricting	the	experiment	too	
much	 in	 terms	 of	 diagnostic	 access	 and	 operational	 aspects	 (e.g.	 ramp	 time,	
maintenance,	magnetic	shielding	and	running	costs).	To	achieve	this	goal,	 the	magnet	
has	to	be	designed	according	to	the	following	requirements:	
	
1. The	magnet	 system	 should	 generate	 a	 plateau	 shaped	magnetic	 field	 between	

the	exit	of	the	source	and	the	end	of	the	target	plate.	The	axial	length	of	this	field	
plateau	 is	 determined	 by	 the	 space	 needed	 for	 differential	 pumping	 and	
additional	plasma	heating,	and	may	not	be	smaller	than	1750	mm.	

	
2. The	 magnetic	 field	 strength	 should	 be	 freely	 adjustable	 up	 to	 3	 T	 with	 a	

maximum	deviation	from	the	set	point	level	(homogeneity)	of	5%	in	the	volume	
defined	by	 ‐875	<	z	 <	 875	mm	and	0	 <	 r	 <	 100	mm.	Here	 z	 is	 the	 coordinate	
along	 the	 magnetic	 axis	 of	 the	 solenoid,	 z	 =	 0	 is	 the	 solenoid	 center.	 The	
magnitude	 of	 the	 field	 follows	 from	 the	 requirement	 to	 access	 the	 strongly	
coupled	regime	of	PSI,	and	is	discussed	in	Chapter	2.	The	required	homogeneity	
is	chosen	to	limit	the	magnetic	mirror	effect.	This	effect	results	in	a	tendency	for	
charged	particles	to	bounce	back	from	the	high	field	region	towards	the	region	
of	 smaller	 field	 strength.	 It	would	 lower	 the	 intensity	of	 the	plasma	beam	and	
has	to	be	avoided.	

	
3. In	order	to	accommodate	the	vacuum	vessel,	the	free	bore	of	the	magnet	system	

should	 be	 at	 least	 800	 mm	 in	 diameter.	 The	 diameter	 of	 the	 vacuum	 vessel	
(including	flanges)	is	700	mm	and	set	by	requirements	of	gas	flow	and	the	size	
of	the	target.		
	

4. The	magnet	system	should	not	restrict	the	diagnostic	access	to	the	experiment	
more	 than	 necessary.	 Furthermore,	 radially	 distributed	 room	 temperature	
access	 near	 the	 source	 and	 the	 target	 is	 needed	 to	 facilitate	 laser	 based	
diagnostic	techniques,	such	as	Thomson	scattering.	The	axial	distance	between	
these	 radial	 access	points	 is	 set	 by	 the	dimensions	of	 the	 experiment	 to	1250	
mm.	

	
5. The	magnetic	field	needs	to	be	ramped	up	and	down	on	a	daily	basis	to	allow	for	

work	to	be	done	on	diagnostics,	the	target	and	for	general	maintenance.	In	order	
to	 limit	 the	 impact	on	 the	experimental	program	 to	a	minimum,	while	 staying	
within	 reasonable	 technical	 demands,	 the	 time	 requirement	 for	 a	 ramp	 to	 full	
field	is	set	to	30	minutes.	

	
6. To	ensure	safe	operation,	it	is	necessary	that	the	magnetic	stray	field	is	shielded	

down	 to	 a	 safe	 level	 within	 reasonable	 distance	 from	 the	 magnet.	 The	 area	
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directly	 outside	 the	 main	 experimental	 hall	 will	 have	 to	 be	 accessible	 to	 the	
general	public	and	care	must	be	taken	that	the	exposure	limits	for	personnel	are	
not	exceeded.		

	
7. An	additional	 constraint	 is	 that	 the	magnet	must	be	designed	 for	 low	 running	

costs	 (i.e.	 helium	 losses	 and/or	 electrical	 power	 consumption	 of	 the	
cryocoolers).					
	

3.4		 Conceptual	design	
	

3.4.1		 Size	of	the	warm	bore	

	
The	 size	 of	 the	 warm	 bore	 has	 a	 profound	 effect	 on	 the	 required	 length	 of	
superconductor	and	is	the	major	factor	in	determining	the	price	of	a	superconducting	
magnet.	 In	 the	 case	 in	 which	 the	 magnet	 is	 designed	 according	 to	 the	 minimum	
required	 diameter,	 it	 will	 enclose	 the	 vacuum	 vessel	 tightly	 and	 the	 necessary	
diagnostic	 access	 to	 the	 experiment	 will	 have	 to	 be	 provided	 via	 a	 large	 number	 of	
radial	 ports.	 One	 of	 the	main	 drawbacks	 of	 this	 concept,	 is	 that	 the	 vacuum	 system	
needs	to	be	completely	integrated	with	the	magnet,	which	is	in	conflict	with	the	overall	
design	philosophy	to	strive	for	maximum	flexibility.	Therefore	it	was	decided	to	make	
the	magnet	system	completely	independent	of	the	vacuum	system,	allowing	the	magnet	
to	be	moved	freely	over	the	experiment.	This	design	has	a	larger	warm	bore	diameter	
without	 any	 structural	 integration	 between	 the	 vacuum	 vessel	 and	 the	 magnet.	
Increasing	the	warm	bore	even	further	creates	extra	space	between	the	magnet	and	the	
vacuum	vessel.	A	warm	bore	diameter	of	1.3	m	was	found	to	be	large	enough	to	fit	in	all	
required	diagnostics,	as	well	as	the	pump	ducts	and	the	RF	wave	guides	of	the	heating	
chamber.	Note	that	this	increase	in	bore	diameter	does	not	reduce	the	need	for	direct	
radial	access	to	the	experiment	to	facilitate	laser	based	diagnostic	techniques.	
	

3.4.2		 Basic	coil	design	

	
The	need	for	direct	radial	access	close	to	the	source	and	the	target	makes	that	the	most	
basic	magnetic	design	consists	of	3	cylindrical	superconducting	coils.	For	the	conductor	
NbTi	was	chosen	over	Nb3Sn	due	to	its	robustness,	ease	of	use	and	lower	market	price.	
The	 axial	 dimensions	 of	 the	 coils	 are	 set	 by	 the	 rest	 of	 the	 experiment	 (e.g.	 distance	
between	source	and	target	and	position	of	the	radial	ports).	Apart	from	the	main	coils,	
shield	coils	can	be	envisaged	at	a	 larger	radius	carrying	an	opposite	current	 to	 lower	
the	stray	field.	In	this	conceptual	design	the	use	of	a	copper	stabilized	(Cu/S	ratio:	4),	
insulated	NbTi	composite	superconductor	with	a	cross	section	of	2.75	mm2	working	at	
4.3	K	is	chosen.	The	design	current	is	50%	of	its	critical	current,	which	corresponds	to	a	
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1.5	 K	 temperature	 margin.	 The	 total	 thickness	 of	 the	 coil	 support,	 radiation	 shield,	
superinsulation	 and	 vacuum	 vessel	 is	 taken	 to	 be	 50	 mm.	 Taking	 into	 account	 the	
requirements	for	the	magnetic	field	strength	and	profile,	a	possible	coil	design	can	be	
formulated.	Table	3.1	summarizes	the	main	parameters	 for	the	actively	and	passively	
shielded	designs	which	fulfill	the	requirements.	These	designs	still	have	some	degree	of	
freedom	left.	The	homogeneity	can	be	improved	by	adding	extra	coils.	
	
Table	3.1:	Parameters	of	the	basic	coil	design.	

Room	temperature	bore	[mm]	 1300	
Total	length	of	the	magnet	system	[mm]	 2450	
Number	of	coil	sections	[#]	 3	
Width	of	radial	access	between	the	coils	[mm]	 200	
Average	field	strength	[T]	 3.0	
Max.	deviation	in	the	pre‐defined	volume	[%]	 5	

	 Active	shielding	
Passive	
shielding	

	 Main	coils	 Shield	coils	 Main	coils	
Conductor	length	[km]	 133	 85	 74	
Operating	current	[A]	 375	 375	 442	
Current	density	[A	mm‐2]	 136	 136	 161	
Max.	field	on	conductor	[T]	 6.0	 <	1	 5.3	
Induction	[H]	 616	 245	 196	
Stored	energy	[MJ]	 43	 17	 19	
Force	on	end	coils	[kN]	 6630	 2560	 3480	
	
	
Characteristic	of	both	the	active	and	passive	shielded	systems	are	the	large	axial	forces	
exerted	on	the	coils	on	both	ends	of	the	magnet.	A	reliable	support	system	to	sustain	
these	forces	is	a	crucial	element	for	successful	operation	of	the	system	at	3	T.	Since	the	
field	homogeneity	 specification	applies	only	 to	 a	 region	 close	 to	 the	magnet	axis,	 the	
incorporation	 of	 radial	 access	 does	 not	 result	 in	 a	 complex	 coil	 design.	 From	 these	
results	 it	 was	 found	 that	 the	 use	 of	 active	 shielding	 makes	 the	 design	 much	 more	
complex.	The	amount	of	 superconductor	 is	greatly	 increased	as	well	 as	 the	 induction	
and	the	stored	energy.	Due	to	the	need	for	more	conductor,	an	additional	winding	body	
and	 extra	 mechanical	 stabilization,	 as	 well	 as	 the	 increased	 winding	 effort,	 active	
shielding	makes	 the	magnet	much	more	expensive.	Also,	 the	outer	dimensions	of	 the	
vacuum	vessel	are	significantly	 increased,	 limiting	 the	access	 to	 the	experiment.	Note	
that	the	maximum	outer	diameter	of	the	magnet	is	limited	to	2400	mm	to	leave	enough	
room	for	 the	support	system.	Figure	3.2(a)	shows	 the	basic	coil	design	 together	with	
the	 resulting	 magnetic	 field.	 A	 sketch	 of	 the	 experiment	 inside	 the	 bore	 of	 the	
superconducting	magnet	is	given	in	Figure	3.2(b).		
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Figure	 3.2:	 Sketch	 of	 the	 conceptual	 coil	 system	 and	 the	 resulting	 magnetic	 field	 profile	 with	
respect	to	the	plasma	source	and	the	target	(a)	and	sketch	of	the	experiment	inside	the	warm	bore	
of	 the	magnet	 (b).	 Shown	 are	 (from	 left	 to	 right)	 the	 source‐,	 heating‐	 and	 target	 chamber	with	
pump	ducts	and	wave	guides.	
	

3.4.3		 Cryostat	design	

	
The	 demand	 for	 direct	 radial	 access	 is	 the	 most	 severe	 constraint	 for	 the	 cryostat	
design,	 the	 mechanical	 support	 structure	 and	 the	 cooling	 system.	 Two	 possible	
configurations	were	considered	and	are	compared	in	the	following	section.	In	the	first	
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concept	the	coils	share	the	same	cryostat,	while	in	the	second	concept	each	coil	has	its	
own	cryostat.	The	basic	coil	design	remains	unchanged	for	both	configurations.	
	
1.	 Integrated	cryostat	
	
In	 this	variant	all	main	coils	are	wound	on	one	cylindrical	 coil	 former	equipped	with	
ports	 to	 facilitate	 the	 direct	 radial	 access	 to	 the	 experiment.	 The	 coil	 former	 is	
surrounded	 by	 both	 a	 radiation	 shield	 and	 vacuum	 vessel	 at	 the	 inner	 and	 outer	
diameter.	 Additional	 space	 is	 required	 at	 the	 outer	 diameter	 to	 accommodate	 other	
cryogenic	components	(e.g.	helium	lines,	current	 leads).	The	room	temperature	radial	
ports	 each	 contain	 a	 vacuum	wall,	 a	 radiation	 shield	 and	 superinsulation	 which	 are	
piecewise	connected	to	the	corresponding	parts	at	the	inner	and	outer	diameter.	These	
ports	are	distributed	evenly	over	the	complete	circumference	at	two	axial	positions.		
	
Advantages:		
	

- All	coils	are	wound	on	a	single,	robust	former	that	can	sustain	the	large	Lorentz	
forces	in	a	reliable	and	predictable	way.	

- Mechanical,	 electrical	 and	 cryogenic	 connections	 are	 easily	 integrated	 and	
mounted	on	the	former.	

- The	suspension	of	the	vacuum	vessel	is	relatively	simple.	
- Relatively	large	mounting	space	for	connections.	

	
Drawbacks:	
	

- The	radial	ports	are	 to	be	mounted	separately	which	puts	 severe	demands	on	
production	tolerances,	alignment	and	assembly	(welding)	procedures.	

- The	radial	access	is	less	than	for	the	modular	system.	
	
	
2.	 Modular	cryostat	
	
This	 system	 consists	 of	 separate	modules,	 each	 containing	 a	 coil.	 Every	module	 is	 a	
magnetic	 entity	 in	 itself,	 can	 be	 operated	 separately	 and	 is	 equipped	 with	 its	 own	
cryocooler.	These	modules	are	 connected	by	a	discrete	number	of	 cold	 support	 rods,	
each	surrounded	by	a	connective	radiation	shield	and	a	connective	vacuum	vessel.	
	
Advantages:	
	

- Assembly	 of	 the	 modules	 is	 relatively	 easy	 because	 of	 the	 low	 weight	 and	
smaller	dimensions	of	the	modules.	

- The	modules	can	be	tested	separately.	
- A	larger	radial	access	is	achieved.	
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Drawbacks:	
	

- The	discrete	 axial	 support	 rods	 require	 a	 significantly	 larger	wall	 thickness	of	
the	coil	former.	

- Support	of	the	Lorentz	forces	is	rather	complicated,	especially	during	a	quench	
when	large	asymmetric	forces	may	occur.	

- Cryogenic	and	electrical	connections	between	the	modules	are	demanding.	
- Higher	heat	losses	due	to	larger	outer	surface	area.	
- A	 high	 number	 of	 reliable	mechanical,	 cryogenic	 and	 electrical	 connections	 is	

needed.	
- Manufacturing	tolerances	ensuring	perfect	alignment	of	all	connecting	elements	

between	the	coils	are	very	demanding	and	expensive.	
	
Both	 of	 the	 systems	 described	 above	 exhibit	 some	 favorable	 and	 less	 favorable	
features.	 They	 are	 both	 complicated	 to	 build,	 but	 technically	 feasible.	 A	 major	
advantage	 of	 the	 integrated	 design	 is	 that	 it	 has	 an	 intrinsic	mechanical	 robustness.	
After	consulting	with	industry,	it	was	found	that	the	modular	cryostat	design	would	be	
~25%	more	expensive	over	an	integrated	design	with	16	radial	access	ports.	Based	on	
the	above,	an	integrated	cryostat	fitted	with	16	radial	access	ports	was	chosen.	It	is	the	
most	robust	and	economical	solution	with	the	highest	chance	of	success.	
		

3.4.4		 Cooling	system	

	
The	 choice	 of	 the	 cooling	 system	 was	 mainly	 driven	 by	 demands	 concerning	
minimization	 of	 running	 costs	 and	 the	 required	 mode	 of	 operation.	 Three	 cooling	
concepts	were	considered:	
	
1. Bath	cooling	with	helium	vent:	
	
This	classic	method	requires	a	large	liquid	helium	buffer	to	enhance	the	service	interval	
time	and	is	expensive.	The	coils	are	 located	inside	a	 liquid	helium	vessel,	surrounded	
by	a	 radiation	 shield,	 several	 layers	of	 superinsulation	and	a	vacuum	vessel.	A	 single	
stage	 crycooler	 is	 used	 to	 cool	 the	 radiation	 shield,	 lowering	 the	 heat	 load	 on	 the	
helium	level.	The	evaporated	helium	has	to	be	refilled	via	a	helium	transfer	line	from	an	
outer	reservoir	on	a	regular	basis.	Therefore,	this	system	has	by	far	the	highest	running	
costs.	
	
2.	 Bath	cooling	with	re‐condensing	helium	system:	
	
Here,	the	coils	are	also	located	inside	a	liquid	helium	vessel,	surrounded	by	a	radiation	
shield,	several	 layers	of	superinsulation	and	a	vacuum	vessel.	The	first	stage	of	a	two	
stage	cryocooler	absorbs	the	heat	from	the	radiation	shield,	lowering	the	heat	load	on	
the	helium	level.	During	ramping	of	the	magnetic	field,	the	evaporated	helium	is	stored	
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in	 a	 helium	balloon	 to	 be	 later	 re‐condensed	 at	 the	 cold	 finger	 (second	 stage)	 of	 the	
cryocooler	and	is	fed	back	to	the	coils.	 In	this	system	the	running	costs	are	limited	to	
the	electrical	power	consumption	of	the	cryocoolers.	
	
3.	 Conduction	cooled	system:	
	
The	 coils	 are	 cooled	 via	 a	 direct	 thermal	 connection	 to	 the	 second	 stage	 of	 the	
cryocooler,	with	the	advantage	that	no	liquid	coolant	is	needed,	but	needs	a	very	long	
time	to	cool	down.	This	system	is	also	equipped	with	a	radiation	shield,	several	layers	
of	superinsulation	and	a	vacuum	vessel.	The	radiation	shield	 is	connected	to	 the	 first	
stage	 of	 the	 cryocooler.	 In	 this	 system	 the	 running	 costs	 are	 limited	 to	 the	 electrical	
power	consumption	of	the	cryocoolers.	
	
The	advantages	and	drawbacks	of	the	three	cooling	methods	are	summarized	in	Table	
3.2.	
	
Table	3.2:	Comparison	of	different	cooling	concepts.	

	 Cooling	system	1	 Cooling	system	2	 Cooling	system	3	
Liquid	helium	
infrastructure	

‐	
(regular	filling)	

±	
(initial	filling)	

+	
(no	filling)	

Maintenance	
+	

(no	maintenance)	
±	

(once	a	year	without	
warm	up)	

‐	
(once	a	year	with	

warm	up)	

Handling	
‐	

(regular	filling)	
+	

(initial	filling	only)	
+	

(no	filling)	

Cool	down	
time	

+	
(pre‐cooling	with	

liquid	N2)	

+	
(pre‐cooling	with	

liquid	N2)	

‐	
(~2	months)	

Ramp	time	
+	

(fast)	
+	

(fast)	
‐	

(slow)	

Capital	costs	
‐	

(helium	equipment)	
±	

(cryocoolers)	
‐	

(cryocoolers	and	
thermal	connections)

Running	costs	
‐	

(evaporated	helium)	
±	

(power	consumption	
cryocoolers)	

±	
(power	consumption	

cryocoolers)	

Assembly	
+	

(standard)	
+	

(standard)	
‐	

(thermal	
connections)	

Reliability	
+	

(standard)	
+	

(standard)	
±	

(cryocooler	failure)	
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In	order	to	keep	ramp	times	to	an	acceptable	level	the	coils	must	be	immersed	in	liquid	
helium.	A	purely	conduction	cooled	system	(cooling	concept	3)	would	 limit	 the	 ramp	
time	too	much	due	to	ac	losses	in	the	system.	A	re‐condensing	helium	system	cooled	by	
cryocoolers	 (cooling	 concept	2)	has	 the	advantage	of	 fast	 ramp	 times	 combined	with	
lower	running	costs.	Therefore,	cooling	system	2	is	the	preferred	solution.	
	
The	 magnet	 needs	 to	 be	 shielded	 from	 the	 heat	 radiated	 from	 the	 experiment	 by	 a	
water	cooled	heat	shield.	This	removable	heat	shield	is	placed	inside	the	warm	bore	of	
the	magnet.	
	

3.4.5		 Magnetic	shielding	

	
The	 magnetic	 stray	 field	 will	 have	 to	 be	 shielded	 to	 enable	 safe	 operation	 of	 the	
experiment.	 The	 level	 to	 which	 the	 stray	 field	 must	 be	 shielded	 is	 discussed	 in	 the	
following	 section.	 Since	 passive	 shielding	 directly	 onto	 the	 magnet	 cryostat	 would	
greatly	 limit	 the	 accessibility	 of	 the	 experiment,	 iron	 walls	 surrounding	 the	 whole	
magnet	area	 is	 chosen	as	 the	optimum	shielding	 solution.	The	optimum	position	and	
dimensions	of	these	walls	are	determined.		
	
In	 the	 case	 of	 human	 exposure	 to	 a	 static	magnetic	 field,	 it	 is	 impossible	 to	 identify	
negative	 biological	 effects	 to	 base	 the	 exposure	 limits	 on.	 For	 this	 reason,	 the	 limits	
given	by	the	Dutch	health	council	[6]	are	based	on	the	occurrence	of	biological	effects	
(such	 as	 nausea)	 on	 people	 moving	 in	 a	 magnetic	 field.	 The	 limits	 for	 continuous	
exposure	are	determined	 from	the	peak	exposure	 limits	by	using	a	 safety	 factor.	The	
recommendations	of	the	committee	are	summarized	in	Table	3.3.	These	limits	are	more	
strict	than	the	guidelines	from	the	International	Commission	on	Non‐Ionizing	Radiation	
Protection	(ICNIRP),	which	are	not	yet	incorporated	into	Dutch	law.	
	
Table	3.3:	Exposure	limits	to	dc	magnetic	fields	(in	mT)	for	people	without	medical	devices.	
	 Personnel	 General	public
Continuous	 200	 40	
Peak	 2000	 ‐	
Peak	(limbs	only)	 5000	 ‐	
	
One	 should	 also	 consider	 the	 harmful	 exposure	 of	 people	 with	 implanted	 electronic	
medical	devices	(e.g.	pacemakers)	and	implants	containing	ferromagnetic	materials	as	
well	 as	 injuries	 caused	 by	 flying	 metal	 objects.	 Since	 pacemakers	 must	 be	 able	 to	
withstand	a	static	magnetic	field	up	to	1	mT,	the	exposure	limit	for	the	general	public	is	
taken	as	1	mT.	Also,	the	static	magnetic	field	limit	for	sensitive	electronic	equipment	of	
5	mT	should	be	taken	into	account.	
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The	requirements	for	the	shielding	can	be	summarized	as	follows:	
	

- The	 area	 directly	 outside	 the	main	 experimental	 hall	will	 have	 to	 be	 shielded	
below	1	mT	(general	public	limit).	

- The	 magnetic	 field	 directly	 outside	 the	 shielded	 experimental	 area	 has	 to	 be	
below	200	mT	(continuous	exposure	limit	for	personnel).	

- Specific	 areas	 outside	 the	 shielded	 area	where	 sensitive	 equipment	 is	 located	
have	to	be	shielded	down	to	5	mT	(this	includes	control	room).	

	
Implications:	
	

- A	specific	part	of	the	shielded	magnet	room	is	off‐limits	for	everybody	when	the	
magnet	is	on.	This	area	will	be	marked	with	a	200	mT	line	on	the	floor.	

- Access	to	the	main	experimental	hall	(including	the	control	room)	will	be	denied	
for	people	with	pacemakers	and	ferromagnetic	implants.	

- Due	to	the	hazard	of	flying	metal	objects	(e.g.	tools),	the	shielded	experimental	
area	is	off‐limits	for	everybody	when	the	magnet	is	ramping	up.	

	
The	magnetic	stray	fields	are	calculated	with	the	"Opera‐3D"	software	package	[7].	It	is	
a	three	dimensional	finite	element	solver	capable	of	handling	non‐linear	material	data.	
This	 software	 has	 a	 well	 proven	 track	 record	 in	 the	 analysis	 and	 design	 of	 magnet	
systems	and	is	capable	of	handling	a	large	modeling	volume.	For	efficient	shielding	of	
such	a	large	stray	field,	it	is	best	to	use	a	shielding	material	with	a	high	saturation	limit.	
The	 magnetization	 curve	 from	 the	 selected	 shielding	material	 (steel	 S235JRG2)	 was	
measured	 and	 the	 data	was	 used	 in	 the	 calculations	 (see	 Figure	 3.3).	 The	 saturation	
level	 of	 the	 material	 is	 ~2.3	 T.	 The	 software	 was	 benchmarked	 by	 comparing	 the	
measurements	and	calculations	of	the	field	in	the	neighborhood	of	an	iron	disk	placed	
near	the	existing	Pilot‐PSI	setup.		
	
A	 large	 number	 of	 simulations	 were	 performed	 to	 optimize	 the	 dimensions	 and	
position	of	the	iron	walls.	It	was	found	that	the	most	efficient	shielding	solution	is	with	
two,	5	cm	thick	iron	side	walls.	An	extra	1	cm	thick	wall	is	needed	on	one	side	to	lower	
the	stray	 field	below	1	mT	outside	 the	building	(see	Figure	3.4).	These	walls	are	3	m	
high	and	11	m	long.	With	this	solution,	stray	fields	are	reduced	below	the	specifications	
for	all	positions	while	easy	access	to	the	machine	remains	intact.	The	resulting	forces	
on	the	walls	and	magnet	coils	are	too	low	to	pose	any	problems.	
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Figure	3.3:	Measured	magnetization	curve	of	the	selected	shielding	material	(steel	S235JRG2).		
	
	

	
	
Figure	3.4:	Magnetic	stray	field	calculation	for	the	selected	shielding	solution.	The	stray	fields	are	
reduced	below	the	specifications	for	all	positions	while	easy	access	to	the	experiment	is	maintained.	
Axes	in	meters.	
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3.4.6		 Conclusions	

	
The	results	of	this	conceptual	design	study	have	formed	the	basis	for	the	call	for	tender.	
It	 was	 found	 that	 a	 superconducting	 magnet	 system	 based	 on	 the	 following	 system	
options	meets	all	the	requirements	for	the	Magnum‐PSI	experiment:	
	
1. A	large	1.3	m	room	temperature	bore,	supplemented	with	16	radial	access	ports	

guarantee	good	diagnostic	access	to	the	experiment.	
	
2. A	 basic	 coil	 design	 consisting	 of	 3	 NbTi	 superconducting	 solenoid	 coils	 is	

capable	of	 generating	a	plateau	 shaped	magnetic	 field	of	 sufficient	magnitude,	
length	and	homogeneity.	The	coils	are	wound	on	one	coil	former	to	sustain	the	
large	forces	in	a	reliable	and	predictable	way.	

	
3. The	integrity	of	the	magnet	should	be	maintained	at	all	operational	stages.	The	

design	 and	 implementation	 of	 a	 reliable	 quench	 protection	 system	 is	 the	
responsibility	of	the	manufacturer.	

	
4. A	 cooling	 solution	 where	 the	 coils	 are	 immersed	 in	 liquid	 helium	 and	 the	

evaporated	helium	is	stored	in	a	helium	balloon	to	be	later	re‐condensed	by	the	
second	stage	of	the	cryocoolers	is	preferred.	The	first	stage	of	the	cryocooler	is	
connected	to	the	radiation	shield.	

	
5. From	 both	 practical	 and	 economic	 points	 of	 view,	 passive	 shielding	 is	 the	

preferred	 solution	 for	 this	magnet	 system.	 In	 this	 solution,	 the	magnetic	 stray	
field	is	shielded	by	iron	walls	placed	around	the	experiment.	

	

3.5		 Final	design	
	
The	 chosen	 manufacturer	 has	 made	 a	 final	 design	 according	 to	 the	 technical	
specifications	 given	 in	 the	 call	 for	 tender	 [8].	 This	 final	 design	 is	 described	 in	 this	
section,	which	therefore	includes	some	more	technical	detail.	The	coil	configuration	is	
shown	in	Figure	3.5	and	the	coil	parameters	are	given	in	Table	3.4.	The	spaces	between	
coils	 1	 and	 2	 and	 between	 coils	 4	 and	 5	 are	 needed	 in	 order	 to	 fit	 the	 radial	 access	
ports.	The	distance	between	these	radial	ports	is	1250	mm.	Coils	2	and	4	provide	more	
windings	at	the	ends	of	coil	3,	and	are	introduced	to	improve	the	homogeneity	over	the	
conceptual	design	with	3	coils.	The	 two	outer	coils	have	more	 layers	of	 conductor	 to	
extend	the	length	of	the	field	plateau	to	1750	mm.	The	coils	are	wound	with	119	km	of	
rectangular	copper	stabilized	(copper	to	superconductor	ratio:	8.7),	multifilament	NbTi	
conductor	with	a	3.88	mm2	insulated	cross	section.		
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Figure	3.5:	Design	 of	 the	 basic	 coil	 system	 consisting	 of	 5	 solenoids	wound	a	 single	 coil	 former.	
Rounded	dimensions	in	mm.	
	
The	coils	are	connected	in	series	and	generate	a	plateau	shaped	field	profile	up	to	3.0	T	
with	a	homogeneity	of	±	3%	in	the	center	region	of	the	magnet.	Figure	3.6	shows	the	
calculated	on‐axis	magnetic	field	Bz	as	a	function	of	axial	position	from	the	center	at	an	
operating	current	of	311	A.	At	 this	current,	 the	peak	 field	on	 the	 inner	surface	of	 the	
coils	on	both	ends	of	 the	magnet	reaches	a	value	of	5.82	T.	 It	 is	 this	peak	 field	which	
determines	the	critical	operating	point	of	a	superconducting	magnet.	This	is	illustrated	
in	 Figure	 3.7.	 The	 upper	 curve	 shows	 the	 critical	 current	 Ic	 of	 the	 conductor	 as	 a	
function	 of	 magnetic	 field	 at	 a	 temperature	 of	 4.2	 K.	 The	 operating	 point	 of	 311	 A,	
corresponding	to	a	peak	field	of	5.82	T	is	also	shown.	Extrapolation	of	this	"load	line"	
gives	 the	 theoretical	maximum	operating	current	of	414	A	at	 the	 intersection	with	 Ic.	
The	operating	point	of	this	magnet	lies	25%	below	the	critical	value.		
	
	
Table	3.4:	Coil	parameters.	

Coil	
Number	
of	layers	

Windings	
per	layer	

Total	number	
of	windings	

Wire	length	
[km]	

1	 65	 122	 7930	 38.3	
2	 42	 62	 2604	 12.3	
3	 15	 264	 3960	 18.1	
4	 42	 62	 2604	 12.3	
5	 65	 122	 7930	 38.3	
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Figure	3.6:	Calculated	on‐axis	Bz	as	a	function	of	z,	with	z	being	the	coordinate	along	the	magnetic	
axis	of	 the	 solenoid,	 and	z	 =	0	 the	 solenoid	 center.	These	 results	 show	 that	 the	design	meets	 the	
specifications.	
	
	

	
	
Figure	3.7:	Plot	of	the	critical	current	of	the	superconducting	wire	as	a	function	of	magnetic	field.	
The	 load	 line	of	 the	magnet	design	 is	 shown	 in	 red.	The	operating	point	 at	 311	A,	 as	well	 as	 the	
theoretical	maximum	operating	current	of	414	A	are	shown.	
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The	main	parameters	for	this	design	are	summarized	in	Table	3.5.	
	
Table	3.5:	Parameters	of	the	final	magnet	design.	

Room	temperature	bore	[mm]	 1300	
Outer	diameter	[mm]	 2400	
Total	length	of	the	magnet	system	[mm]	 2450	
Number	of	coil	sections	[#]	 5	
Number	of	diagnostic	ports	[#]	 16	
Diameter	of	the	radial	ports	[mm]	 190	
Average	field	strength	[T]	 3.0	
Homogeneity	of	the	field	in	the	plateau	region	[%]	 ±	3	
Estimated	total	weight	[kg]	 15000	
	 	
Conductor	length	[km]	 119	
Operating	current	[A]	 311	
Engineering	current	density	Je	[A	mm‐2]	 80	
Max.	field	on	conductor	[T]	 5.82	
Induction	[H]	 492.5	
Stored	energy	[MJ]	 23.5	
Force	on	end	coils	[kN]	 5800	
	
	
For	the	quench	protection,	the	manufacturer	chose	a	passive	system	by	subdividing	the	
five	 coils	 into	 three	 electrical	 circuits,	 see	 Figure	 3.8.	 Each	 circuit	 is	 shunted	with	 a	
stack	 of	 cold	 diodes.	 The	 coils	 on	 both	 ends	 of	 the	 magnet	 each	 have	 their	 own	
protection	circuit	and	the	three	center	coils	are	protected	by	one	common	circuit.	The	
reasoning	 behind	 this	 protection	 scheme	 is	 that	 all	 three	 circuits	 have	 similar	
inductance	 values.	 This	 will	 prevent	 the	 occurrence	 of	 huge	 currents	 in	 a	 small	
inductive	circuit	during	a	quench,	but	can	 lead	 to	high	voltages	appearing	on	 the	coil	
terminals	in	case	not	all	coils	in	the	circuit	quench.	The	external	dump	resistor	can	be	
used	to	slowly	discharge	the	magnet	in	case	of	a	power	failure.		
	
Several	quench	calculations	have	been	done	with	the	"Quench"	module	of	the	software	
package	 "Opera‐3D"	 [7].	 This	 module	 is	 a	 finite	 element	 solver	 and	 calculates	 the	
development	of	temperatures,	voltages	and	currents	during	a	quench	with	non‐linear	
material	 data.	 Although	 these	 calculations	 showed	 a	 proper	 working	 of	 the	 quench	
protection	 system,	 it	 also	 showed	 that	 in	 some	 cases	 the	 voltages	 between	 the	 coils	
could	 increase	 to	 about	 4	 kV.	 The	 coils	 and	 internal	 connections	 thus	 have	 to	 be	
insulated	accordingly.	These	calculations	were	performed	by	the	manufacturer	and	are	
not	shown	here.		
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Figure	3.8:	Passive	quench	protection	scheme	with	cold	diodes.	Coils	M1	and	M5	each	have	their	
own	protection	circuit,	while	the	three	center	coils	(M2,	M3	and	M4)	are	protected	by	one	common	
circuit.	In	this	way	all	three	circuits	have	a	similar	inductance.	
	
The	flanges,	in	between	which	the	coils	are	wound,	are	15	mm	thick.	Stiffening	ribs	are	
introduced	to	keep	the	deformation	of	these	flanges	below	0.2	mm.	The	winding	body,	
together	with	a	surrounding	10	mm	thick	mantle	forms	the	helium	vessel.	Besides	the	
coil	 system	 with	 all	 coil	 connections,	 the	 wiring	 plate,	 current	 leads	 and	 quench	
protection	 system	 (including	 diodes)	 are	 housed	 in	 the	 helium	 vessel.	 The	 latter	 is	
suspended	with	glass	epoxy	rods	which	are	fixed	to	the	vacuum	vessel.	The	leak	rate	of	
the	helium	vessel	was	tested	and	found	to	be	<	2×10‐9	mbar	l	s‐1.	
	
The	 radiation	 shield,	 which	 surrounds	 the	 helium	 vessel,	 was	 manufactured	 from	
oxygen	 free	 high	 grade	 copper	 (high	 thermal	 conductivity).	 The	 radiation	 shield	 is	
suspended	 with	 glass	 epoxy	 rods	 which	 are	 fixed	 to	 the	 vacuum	 vessel.	 During	 a	
quench,	 eddy	 currents	 start	 flowing	 in	 the	 radiation	 shield	 due	 to	 the	magnetic	 field	
decay.	To	calculate	the	forces	on	the	radiation	shield,	a	transient	eddy	current	analysis	
was	performed,	using	the	current	decay	curves	resulting	from	the	quench	calculation.	It	
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was	found	that,	in	order	to	keep	the	currents	and	the	corresponding	forces	low	enough,	
the	 3	 mm	 thick	 shield	 needed	 to	 be	 divided	 into	 8	 separate	 parts	 connected	 with	
insulation	plates.		
	
The	 helium	 vessel	 and	 radiation	 shield	 are	 situated	 within	 a	 stainless	 steel	 vacuum	
vessel.	It	has	an	outer	diameter	of	2400	mm	and	an	inner	warm	bore	diameter	of	1300	
mm.	The	wall	thickness	of	the	outer	cylinder	is	15	mm,	the	side	flanges	are	30	mm	and	
the	inner	cylinder	has	a	thickness	of	8	mm.	A	total	of	16	radial	access	ports	are	welded	
between	the	outer	shell	and	the	inner	bore.	To	compensate	for	the	fact	that	the	helium	
vessel	and	the	radiation	shield	shrink	to	the	center	of	the	magnetic	system,	the	tubes	of	
the	 radiation	 shield	and	 the	vacuum	vessel	are	positioned	off‐axis	 to	each	other.	The	
leak	rate	of	the	vacuum	vessel	was	tested	and	found	to	be	<	2×10‐9	mbar	l	s‐1.	
	
A	 supply	 turret	 is	 located	 on	 top	 of	 the	magnet	 system.	 This	 turret	 houses	 the	 cold	
heads	 of	 two	 cryocoolers,	 which	 are	 connected	 to	 the	 radiation	 shield	 via	 a	 spring	
loaded	connection	system.	This	system	allows	for	easy	maintenance	on	the	cold	heads.	
The	 turret	 also	 houses	 the	 high	 temperature	 superconducting	 (HTS)	 current	 leads,	
connectors	for	the	instrumentation	cables,	the	liquid	helium	supply	and	a	burst	disc.	An	
additional	 flange	 for	 the	connection	 to	 the	helium	gas	 infrastructure	 is	available.	The	
turret	 is	 surrounded	by	magnetic	 shielding	 to	 lower	 the	 stray	 fields	 to	 a	permissible	
level	for	the	cold	heads	at	this	location.	
	
The	cryogenic	system	is	fitted	with	two	Sumitomo	RDK‐415D	two	stage	cryocoolers.	An	
additional	Leybold	Coolpower	140	T	one	stage	cryocooler	is	connected	to	the	radiation	
shield	 to	 lower	 shield	 temperature	 and	 thus	 the	 heat	 load	 on	 the	 4	 K	 level.	 The	
combined	cooling	capacity	of	these	crycoolers	amounts	to	3	W	at	4	K	and	200	W	at	55	
K.	 The	 main	 contributions	 to	 the	 heat	 loads	 on	 the	 two	 temperature	 levels	 (helium	
vessel	 and	 radiation	 shield)	 are	 given	 in	 Table	 3.6.	 With	 the	 chosen	 cooling	
configuration,	 the	cooling	capacity	on	the	4	K	 level	during	steady	state	operation	(~3	
W)	is	higher	than	the	heat	load	(~2	W).	This	excess	power	of	roughly	1	W	is	used	to	re‐
condense	the	evaporated	helium.	Thermal	calculations	performed	by	the	manufacturer	
show	 that	 the	 system	will	 reach	 thermal	 equilibrium	 at	 an	 average	 radiation	 shield	
temperature	of	55	K.	
	
	
Table	3.6:	Calculated	heat	losses.	

	
Heat	load	
at	55	K	(W)

Heat	load	
at	4	K	(W)	

Radiation	 88	 0.79	
Conduction	 17	 0.46	
Suspension	system	 3	 0.45	
HTSC	current	leads	 34	 0.14	
Total	 142	 1.84	
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During	 charging	 or	 discharging,	 the	 changing	 magnetic	 field	 causes	 ac	 losses	 in	 the	
superconductor.	These	losses	have	been	calculated	to	be	~10	kJ	for	a	30	minute	ramp	
from	 zero	 to	 full	 field.	 This	 leads	 to	 an	 enhanced	 evaporated	 helium	 loss	 of	 roughly	
3000	l	(~4	l	liquid)	which	will	be	temporarily	stored	inside	a	16	m3	helium	gas	balloon.	
The	helium	gas	balloon	 is	 flanged	to	 the	cryostat	via	a	pipe	system	with	 filter,	pump,	
heat	 exchanger,	 and	 regulated	 valves.	 The	 gas	 balloon	 is	 also	 equipped	 with	 the	
necessary	safety	devices	(exhaust	valve).	See	Figure	3.9.	

	
	
Figure	3.9:	Helium	gas	balloon	infrastructure	and	regulation.	
	
	
The	operating	procedure	is	as	follows:	
	
1. The	enhanced	helium	losses	during	ramping	evaporate	into	the	balloon	through	

a	heat	exchanger	and	valve	V‐2.	
2. During	steady	state	operation,	 the	helium	 is	pumped	back	 from	the	balloon	 to	

the	cryostat	via	a	purging	filter	and	valve	V‐1	for	re‐condensation.	
3. The	 pressure	 inside	 the	 helium	 vessel	 is	 regulated	 with	 a	 heater,	 a	 pressure	

gauge,	and	the	valves	to	keep	the	pressure	and	temperature	constant.	
	
To	 purge	 the	 gas	 from	 air	 and	 moisture	 diffused	 into	 the	 balloon,	 the	 system	 is	
equipped	with	a	filter.	Gas	also	leaks	out	of	the	balloon	at	approximately	1.5	l	m‐3	24	h‐1,	
which	adds	up	to	approximately	12	l	liquid	helium	per	year.	The	helium	diffusion	and	
other	 helium	 losses	 can	 be	 compensated	 from	 time	 to	 time	with	 a	 helium	 gas	 bottle	
connected	to	the	cryostat.	The	warm	pure	helium	gas	will	be	re‐liquefied	during	steady	
state	operation	of	the	magnet.	
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To	shield	the	magnet	from	the	heat	radiated	from	the	experiment,	a	water	cooled	heat	
shield	 is	 mounted	 inside	 the	 warm	 bore	 and	 connected	 to	 a	 back	 up	 water	 cooling	
system.		
	

3.6		 Factory	acceptance	tests	
	
After	 completion	 of	 the	 cold	 mass	 assembly,	 the	 on‐axis	 magnetic	 field	 profile	 was	
measured	at	room	temperature	with	calibrated	hall	probes	over	a	length	of	2300	mm	
in	steps	of	100	mm.	The	result	is	compared	to	the	field	calculation	in	Figure	3.10	for	a	
current	through	the	coils	of	200	mA.	The	measured	values	show	a	good	agreement	with	
the	theoretical	calculations	and	the	deviation	is	within	the	specifications	(<	5%	for	‐875	
mm	<	z	<	875	mm).		
	

	
	
Figure	3.10:	 On‐axis	magnetic	 field	measurement	 at	 room	 temperature	 compared	 to	 theoretical	
calculation	for	an	operational	current	of	200	mA.	The	deviation	falls	within	the	specifications.	
	
Following	completion	of	 the	magnet	system	construction,	 it	was	transported	to	a	 test	
location	where	the	large	stray	field	did	not	pose	any	problems.	The	cold	mass	was	pre‐
cooled	with	liquid	nitrogen.	During	this	cool	down,	condensed	water	was	found	within	
two	of	the	access	ports,	indicating	thermal	contacts	between	the	shield	and	the	vacuum	
vessel.	After	further	cool	down	with	liquid	helium	it	was	found	that	the	heat	losses	on	
the	4	K	level	were	much	higher	than	calculated.	The	heat	losses,	determined	from	the	
amount	 of	 evaporated	 helium	 gas,	 compensated	 for	 the	 3	 W	 cooling	 power	 of	 the	
cryocoolers,	 was	 approximately	 6	 W.	 These	 heat	 losses	 were	 assigned	 to	 the	 high	
temperature	of	the	heat	shield	(~100	K).			
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After	cool	down,	 the	on‐axis	magnetic	 field	profile	was	measured	with	calibrated	hall	
probes	at	three	radial	positions	(r	=	0	mm,	50	mm	and	100	mm)	over	a	length	of	1750	
mm	in	steps	of	50	mm	by	a	full	turn.	The	result	is	shown	in	Figure	3.11.	The	measured	
deviation	 falls	within	 the	specifications	 (<	5%	deviation	between	‐875	mm	<	z	<	875	
mm	in	a	200	mm	diameter	cylinder).		
	

	
	
Figure	3.11:	Normalized	magnetic	field	profile	at	three	radial	positions	(r	=	0	mm,	50	mm	and	100	
mm)	as	a	function	of	z	in	steps	of	50	mm	by	a	full	turn	for	an	operational	current	of	10	A.	The	field	is	
normalized	to	the	average	of	min/max	between	‐875	mm	<	z	<	875	mm	by	a	full	turn.	
	
During	the	initial	energizing	of	the	magnet	system,	the	current	was	increased	in	steps	
of	10	A	at	a	ramp	rate	of	60	mA	s‐1.	At	a	current	of	270	A	a	quench	occurred,	causing	the	
magnet	to	discharge	across	the	diodes	and	lose	all	of	the	helium.	In	order	to	determine	
if	 this	 quench	 was	 the	 result	 of	 "training",	 the	 magnet	 was	 energized	 again	 after	
refilling	 with	 liquid	 helium.	 Since	 the	 heat	 capacities	 of	 the	 materials	 in	 a	
superconducting	magnet	at	4	K	are	so	low,	a	small	amount	of	heat	dissipated	inside	the	
magnet	(e.g.	due	to	a	wire	motion)	can	raise	the	temperature	of	the	conductor	above	its	
critical	 temperature.	 Upon	 reenergizing	 the	magnet,	 it	 is	 frequently	 observed	 that	 it	
will	 "train"	 to	 successively	 higher	 fields	 before	 quenching,	 ultimately	 achieving	 the	
design	field	[3].	The	second	attempt	to	ramp	up	led	to	a	quench	at	212	A,	significantly	
lower	 than	 the	 first	 quench.	 In	 total,	 the	magnet	was	 quenched	 a	 total	 of	 6	 times	 at	
varying	currents	(270	A,	212	A,	256	A,	215	A,	278	A	and	273	A)	before	it	was	decided	to	
stop	 the	 testing.	 It	was	 obvious	 that	 this	 quench	behavior	 could	not	 be	 explained	by	
training.	
	



CHAPTER	3	

58 
 

After	 warm	 up,	 the	 manufacturer	 began	 a	 step‐by‐step	 disassembly	 of	 the	 magnet	
system,	where	several	points	to	improve	the	thermal	insulation	of	the	cold	mass	were	
identified.	Since	it	was	unlikely	that	the	observed	quench	behavior	could	be	explained	
by	the	thermal	problems,	it	was	decided	to	open	the	helium	vessel.	After	inspection	of	
the	 wiring	 board,	 it	 was	 found	 that	 some	 superconducting	 wires	 showed	 signs	 of	
movement	and	torsion	due	to	incomplete	clamping	and	stabilization	of	the	wires.		
	
After	the	repair	of	the	cryogenics	faults	and	improvement	of	the	clamping	on	the	wiring	
board,	the	magnet	was	tested	again.	While	ramping,	the	magnet	quenched	at	303	A	(of	
311	 A	 nominal).	 It	 became	 immediately	 clear	 that	 the	magnet	was	 heavily	 damaged	
(smell	of	burning	and	black	soot	on	the	ceiling)	and	that	no	stable	electrical	connection	
could	be	made.	Furthermore,	it	was	found	that	the	heat	losses	on	the	4	K	level	were	still		
much	higher	than	calculated	due	to	a	too	high	temperature	of	the	radiation	shield.	
	
The	 manufacturer	 has	 disassembled	 the	 magnet	 system	 again,	 opened	 the	 helium	
vessel	 and	 checked	 the	 damage.	 It	 was	 found	 that	 two	 electrical	 arcs	 have	 caused	
massive	 damage	 at	 two	positions	 on	 the	wiring	 plate.	 After	 complete	 removal	 of	 the	
wiring	plate	 it	was	found	that	on	several	spots	the	outer	bandage	was	detached	from	
the	coil	surface,	and	that	the	conductors	underneath	this	bandage	could	be	moved.		
	

3.7		 Outlook	
	
Due	to	the	fact	that	the	coils	have	been	damaged,	and	the	uncertainty	that	a	repair	by	
removal	 of	 only	 the	 outer	 layers	 of	 the	 coils	 would	 be	 successful,	 it	 was	 decided	 to	
completely	rewind	the	coils.	The	wiring	board	will	be	completely	renewed,	with	more	
space	between	the	wires	to	increase	the	level	of	insulation.	Furthermore,	to	reduce	the	
risk	of	high	voltages	during	a	quench,	the	quench	protection	system	will	be	modified	in	
such	a	way	that	each	coil	is	protected	by	its	own	set	of	diodes.	In	addition	to	changes	to	
the	access	ports,	the	power	of	the	shield	cooler	will	be	significantly	increased	to	lower	
the	temperature	of	the	shield,	and	thus	the	helium	losses.	Furthermore,	the	connection	
between	 the	 cryocooler	 and	 shield	 will	 be	 improved	 to	 assure	 better	 thermal	
conductivity.	
	
Due	 to	 repeated	 failures	 of	 the	 magnet	 to	 reach	 its	 specifications	 at	 the	 factory	
acceptance	tests,	it	was	decided	to	lower	the	magnetic	field	strength	requirement	to	2.5	
T.	 Since	 for	 several	 physical	 parameters	 (e.g.	 plasma	 density)	 higher	 values	 than	
previously	assumed	were	achieved	in	both	Pilot‐PSI	and	Magnum‐PSI,	this	lower	field	
leaves	 sufficient	 margin	 to	 reach	 the	 ITER	 relevant	 regime	 of	 plasma‐surface	
interaction	(see	Section	7.2).	After	the	repair,	the	magnet	will	be	tested	up	to	2.5	T	with	
5%	margin,	instead	of	the	3	T	design	value.	
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3.8		 Conclusion	
	
After	a	conceptual	design	study	and	subsequent	detailed	design	by	the	manufacturer,	a	
superconducting	 magnet	 system	 was	 built	 according	 to	 the	 following	 specifications,	
meeting	all	the	requirements	for	the	Magnum‐PSI	experiment:	
	

- A	 total	 of	 5	NbTi	 solenoid	 coils	wound	 on	 one	 coil	 former	 generate	 a	 plateau	
shaped	magnetic	field	of	sufficient	magnitude,	length	and	homogeneity.	

- A	 cooling	 concept	 where	 the	 coils	 are	 immersed	 in	 liquid	 helium	 and	 the	
evaporated	helium	is	stored	in	a	helium	balloon	to	be	later	re‐condensed	by	the	
second	stage	of	the	cryocoolers	assures	low	running	costs.	The	first	stage	of	the	
cryocoolers	are	connected	to	the	radiation	shield.	To	reduce	the	heat	load	on	the	
4	K	level,	an	extra	cooler	is	connected	to	the	shield.	

- A	 total	 of	 16	 radial	 access	 ports	 and	 the	 large	 1.3	m	 room	 temperature	 bore	
provide	good	diagnostic	access	to	the	experiment.	

- The	 magnetic	 stray	 field	 is	 shielded	 to	 a	 permissible	 level	 outside	 the	
experimental	hall	by	iron	walls	placed	around	the	experiment.	

	
Unfortunately,	 the	 magnet	 has	 sustained	 heavy	 damage	 during	 the	 last	 factory	
acceptance	test	and	the	coils	have	to	be	rewound.	In	addition,	the	wiring	board	will	be	
completely	renewed	with	a	higher	level	of	insulation	and	the	quench	protection	circuit	
will	 be	 changed	 to	 make	 it	 more	 robust.	 In	 addition,	 the	 magnetic	 field	 strength	
requirement	 is	 lowered	 to	 2.5	 T.	 Finally,	 steps	 will	 be	 taken	 to	 lower	 the	 shield	
temperature	 in	order	to	reduce	the	heat	 load	on	the	4	K	 level.	The	projected	delivery	
date	of	the	magnet	system	has	shifted	to	the	fourth	quarter	of	2013.	
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Abstract	
	
The	 Direct	 Simulation	 Monte	 Carlo	 (DSMC)	 method	 was	 used	 to	 investigate	 the	
efficiency	 of	 differential	 pumping	 in	 linear	 plasma	 generators	 operating	 at	 high	 gas	
flows.	 Skimmers	 are	 used	 to	 separate	 the	 neutrals	 from	 the	 plasma	 beam,	 which	 is	
guided	from	the	source	to	the	target	by	a	strong	axial	magnetic	 field.	 In	 this	way,	 the	
neutrals	are	prevented	to	reach	the	target	region.	The	neutral	flux	to	the	target	must	be	
lower	 than	 the	 plasma	 flux	 to	 enable	 ITER	 relevant	 plasma‐surface	 interaction	 (PSI)	
studies.	It	is	therefore	essential	to	control	the	neutral	gas	dynamics.	The	DSMC	method	
was	used	to	model	the	expansion	of	a	hot	gas	 in	a	 low	pressure	vessel	where	a	small	
discrepancy	 in	 shock	 position	 was	 found	 between	 the	 simulations	 and	 a	 well‐
established	 empirical	 formula.	 Two	 stage	 differential	 pumping	 was	 modeled	 and	
applied	 in	 the	 linear	plasma	devices	Pilot‐PSI	 and	PLEXIS.	 In	Pilot‐PSI	 a	 factor	of	4.5	
pressure	 reduction	 for	H2	has	been	demonstrated.	Both	simulations	and	experiments	
showed	that	the	optimum	skimmer	position	depends	on	the	position	of	the	shock	and	
therefore	 shifts	 for	 different	 gas	 parameters.	 The	 shape	 of	 the	 skimmer	 has	 to	 be	
designed	such	that	it	has	a	minimum	impact	on	the	shock	structure.	A	too	large	angle	
between	the	skimmer	and	the	forward	direction	of	the	gas	flow	leads	to	an	influence	on	
the	expansion	structure.	A	pressure	increase	in	front	of	the	skimmer	is	formed	and	the	
flow	of	the	plasma	beam	becomes	obstructed.	It	has	been	shown	that	a	skimmer	with	
an	 angle	 around	 53	 degrees	 gives	 the	 best	 performance.	 The	 use	 of	 skimmers	 is	
implemented	 in	 the	design	of	 the	 large	 linear	plasma	generator	Magnum‐PSI.	Here,	a	
three	stage	differentially	pumped	vacuum	system	is	used	to	reach	low	enough	neutral	
pressures	near	the	target,	opening	a	door	to	PSI	research	in	the	ITER	relevant	regime.	
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4.1		 Introduction	
	
ITER	 is	 an	 international	 research	 and	 development	 project	 of	 a	 large	 fusion	 reactor	
aimed	at	demonstrating	the	scientific	and	technical	feasibility	of	fusion	power	[1].	ITER	
is	a	fusion	reactor	of	the	tokamak	type	and	will	be	constructed	in	Cadarache,	France.	In	
a	 future	 fusion	 reactor	 the	 interaction	 of	 the	magnetically	 confined	 plasma	with	 the	
wall	 material	 is	 identified	 as	 one	 of	 the	 most	 critical	 research	 areas	 since	 it	 will	
influence	 its	 operation,	 safety	 and	 performance	 [2].	 The	 main	 topics	 that	 should	 be	
addressed	here	are	erosion,	dust	 formation	and	 tritium	retention.	To	control	 these,	a	
thorough	 understanding	 of	 the	 plasma‐surface	 interactions	 (PSI)	 is	 essential	 [3].	
Several	PSI	experiments	in	the	context	of	fusion	have	been	built.	Experiments	currently	
in	operation	include	the	PISCES	experiment	at	the	University	of	California	in	San	Diego	
[4,5],	the	PSI‐2	experiment	at	the	Humboldt	University	in	Berlin	[6,7]	and	NAGDIS‐II	at	
the	Nagoya	University	[8].	

	
As	part	of	the	Trilateral	Euregio	Cluster	(TEC)	collaboration	and	within	the	framework	
of	 Euratom,	 the	 FOM	 Institute	 for	 Plasma	 Physics	 Rijnhuizen	 has	 started	 a	 line	 of	
research	 to	 study	 the	 interaction	 of	 intense	 plasma	 fluxes	 with	 a	 material	 surface.	
Besides	FOM,	the	TEC	partners	are	the	Institute	for	Plasma	Physics	Forschungszentrum	
Jülich,	 Germany,	 and	 the	 Royal	 Military	 School	 Brussels,	 Belgium.	 An	 important	
experimental	tool	for	this	programme	will	be	the	Magnum‐PSI	high‐flux	linear	plasma	
generator	available	for	PSI	research	for	ITER	and	reactors	beyond	ITER	[9].	Magnum‐
PSI	 brings	 the	 relevant	 parameters	 typically	 an	 order	 of	 magnitude	 beyond	 what	 is	
presently	 available	 in	 linear	 plasma	 devices	 [4‐8],	 and	 into	 the	 realm	 of	 the	 ITER	
divertor	 [10].	 It	 will	 be	 the	 only	 linear	 device	 so	 far	 to	 enter	 the	 strongly	 coupled	
regime,	in	which	molecules	and	dust	particles	that	come	off	the	surface	are	trapped	and	
remain	part	of	 the	plasma‐surface	 interaction	system,	 i.e.	entering	a	strongly	coupled	
regime	where	 recycling	occurs.	Magnum‐PSI	 is	 currently	under	 construction	and	will	
provide	a	steady	state	high	flux	up	to	1024	ions	m‐2	s‐1	at	a	plasma	temperature	in	the	eV	
range	in	a	10	cm	diameter	plasma	beam	confined	by	a	magnetic	field	of	3	T.	A	range	of	
in	 situ	 diagnostics	 will	 allow	 relevant	 studies	 of	 dust	 formation,	 re‐deposition,	
migration	and	hydrogen	retention.	The	steady	state	and	high	flux	capability,	combined	
with	the	large	flexibility	and	easy	access,	allow	post	mortem	analysis	which	in	present	
day	tokamaks	normally	occurs	only	every	1‐2	years.	

	
A	prototype	set‐up	named	Pilot‐PSI	is	operational	at	FOM	Rijnhuizen	and	has	achieved	
record	 plasma	 parameters	 of	ne	 =	 4×1021	m‐3	with	Te	 =	 2	 eV	 in	 a	~2	 cm	wide	 beam	
confined	by	B	<	1.6	T	[11,12,13].	This	machine	is	used	as	a	test	bed	for	the	development	
of	 technologies	 for	Magnum‐PSI,	 e.g.	 the	 rf	 heating	 system	 [14],	 source	 development	
[15]	and	diagnostics	 [16].	The	plasma	 is	produced	with	a	wall	 stabilized	dc	cascaded	
arc	[17]	and	expands	supersonically	 into	a	vacuum	vessel	kept	at	 low	pressure	(<	10	
Pa).	The	strong	axial	magnetic	field	in	the	vessel	acts	on	the	charged	species	to	produce	
a	plasma	beam.	The	degree	of	ionization	is	typically	10%,	which	means	that	there	is	a	
significant	co‐injection	of	neutral	gas.	In	Magnum‐PSI	this	contribution	can	be	up	to	40	
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standard	 liters	 per	 minute	 (slm)	 at	 full	 performance.	 However,	 the	 neutral	 flux	
reaching	the	target	region	must	be	a	factor	of	10	lower	than	the	plasma	flux	in	order	to	
create	 ITER	 relevant	 conditions	 in	 the	 target	 region.	 This	 implies	 a	 partial	 neutral	
pressure	well	below	1	Pa,	which	makes	it	essential	to	control	the	neutral	gas	dynamics	
[10].	

	
An	 efficient	way	 to	 reach	 low	pressures	with	 large	 gas	 flows	 is	 differential	 pumping,	
where	 the	 vacuum	 vessel	 is	 divided	 by	 skimmers	 into	 separate	 chambers	 that	 are	
individually	pumped.	It	is	the	purpose	of	this	paper	to	analyze	the	expansion	of	the	hot	
neutral	 gas	 component	 and	 to	 investigate	 whether	 such	 a	 large	 reduction	 of	
downstream	 neutral	 content	 can	 be	 reached	 by	 differential	 pumping	 strategies.	 We	
investigate	numerically	and	experimentally	the	use	of	skimmers	to	separate	the	freely	
expanding	 neutrals	 from	 the	 radially	 confined	 ionized	 fraction	 in	 linear	 plasma	
generators	operating	at	high	gas	 flows.	Modeling	of	 the	multi‐fluid	system	(electrons,	
ions	and	neutrals)	 is	evidently	very	complex.	 Instead,	we	will	only	model	 the	neutral	
gas	being	 the	species	of	concern.	The	gas	 flow	regime	of	Magnum‐PSI	 is	evaluated	 to	
select	 the	 proper	 numerical	 tool	 to	 model	 the	 free	 gas	 expansion	 at	 different	
background	pressures.	Subsequently,	this	methodology	is	used	to	optimize	the	position	
and	the	shape	of	the	skimmer.	This	approach	implies	that	we	emphasize	the	expansion	
of	 the	 hot	 gas	 coming	 from	 the	 source	 rather	 than	 the	 small	 diameter	 plasma	 in	 the	
centre.	 The	 plasma‐neutral	 interaction	 is	 only	 effective	 at	 the	 beginning	 of	 the	
expansion	 (further	 downstream,	most	 of	 the	 neutrals	 are	 outside	 the	 central	 plasma	
beam)	and	in	this	region	only	a	small	fraction	(~10%)	is	ionized.	Finally,	we	investigate	
the	effectiveness	of	differential	pumping	that	was	installed	in	the	linear	plasma	devices	
Pilot‐PSI	and	PLEXIS	and	compare	the	experimental	results	with	modeling	predictions	
to	support	the	way	of	analysis.	
	

4.2		 Computational	
	
In	 this	 section	 we	 will	 describe	 the	 simulation	 method	 and	 the	 computational	
geometries	that	were	used	to	obtain	insight	in	the	neutral	gas	flow	in	Magnum‐PSI.	In	
addition,	the	neutral	gas	expansion	as	a	function	of	background	pressure	is	studied.	
	

4.2.1		 Gas	flow	regime	in	Magnum‐PSI			

	
Most	 practical	 gas	 flows	 can	 be	 modeled	 by	 solving	 the	 continuum	 (Navier‐Stokes)	
transport	equations	which	describe	the	transport	of	mass,	momentum	and	energy.	For	
these	equations	to	be	valid,	the	average	mean‐free‐path	λ	of	the	gas	molecules	must	be	
very	small	in	comparison	to	a	characteristic	dimension	L	of	the	flow.	The	dimensionless	
Knudsen	number	Kn	can	be	used	to	determine	the	appropriate	gas	dynamic	regime:	
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 	 	 	 	 	 	 	 	 	 	 									(4.1)	

	
When	the	Knudsen	number	 is	small	compared	to	unity,	of	 the	order	of	Kn	≤	0.01,	the	
fluid	can	be	treated	as	a	continuous	medium	and	described	in	terms	of	the	macroscopic	
variables:	 velocity,	 density,	 pressure,	 and	 temperature	 (e.g.	 Navier‐Stokes).	 For	
Knudsen	numbers	around	unity,	0.01	<	Kn	<	10,	the	flow	is	in	the	transitional	regime.	
The	gradients	of	the	macroscopic	variables	become	so	steep	that	their	scale	length	is	of	
the	same	order	as	the	mean‐free‐path	and	the	Navier‐Stokes	equations	start	producing	
significant	errors.	The	effects	of	continuum	breakdown	are	noticeable	when	Kn	≈	0.1	or	
even	 less	 [18].	 For	 Knudsen	 numbers	 above	 0.1	 a	microscopic	 approach	 is	 required,	
where	 the	 trajectories	 of	 individual	molecules	 are	 considered.	Macroscopic	 variables	
can	 be	 obtained	 from	 the	 statistical	 properties	 of	 their	motions.	 For	 larger	 Knudsen	
numbers	 the	 interactions	 of	 the	 molecules	 with	 solid	 boundaries	 are	 much	 more	
frequent	and	intermolecular	collisions	can	be	neglected.	Flows	with	Kn	≥	10	are	named	
free	molecular	flow.	

	
When	 determining	 the	 appropriate	 flow	 regime	 it	 can	 be	 misleading	 if	 the	
characteristic	 dimension	 L	 is	 chosen	 to	 be	 some	 overall	 physical	 dimension	 of	 the	
system,	especially	if	the	system	is	large	or	complex.	The	right	flow	regime	at	a	certain	
location	can	be	specified	unambiguously	 if	a	 local	Knudsen	number	 is	used	with	L	as	
the	scale	length	of	the	macroscopic	gradients	[19].	In	this	case	the	density	ρ	is	used:	

	

		 .




L 	 	 	 	 	 	 	 	 	 									(4.2)	

	
The	 schematic	diagram	 in	Figure	4.1	 gives	 the	 geometry	of	 a	 two	 stage	differentially	
pumped	 vacuum	 system	 with	 typical	 Magnum‐PSI	 dimensions	 that	 was	 used	 to	
calculate	Kn.	The	actual	calculation	was	done	using	the	DS2V	program	which	is	based	
on	 the	 Direct	 Simulation	 Monte	 Carlo	 (DSMC)	 method	 developed	 by	 Bird	 [19].	 The	
vacuum	system	has	a	circular	geometry	around	the	x‐axis.	The	gas	enters	from	the	left	
(black	arrow)	and	 is	 either	pumped	away	by	 the	 first	pump	 (left	white	arrows)	or	 it	
flows	 through	 a	 10	 cm	 diameter	 opening	 to	 be	 pumped	 away	 by	 the	 second	 pump	
(right	white	arrows).	
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Figure	 4.1:	 Schematic	 geometry	 of	 a	 two	 stage	 differentially	 pumped	 vacuum	 vessel.	 The	
dimensions	are	according	to	Magnum‐PSI	specifications.	The	obstruction	in	the	middle	represents	
the	skimmer	and	can	have	different	shapes.	The	gas	enters	from	the	left	(black	arrow)	in	a	60	cm	
diameter	 vessel.	 It	 is	 either	 reversed	 by	 the	 skimmer	 and	 pumped	 away	 by	 the	 first	 pump	 (left	
white	 arrows)	 or	 it	 flows	 through	 a	 10	 cm	diameter	 opening	 to	 be	 pumped	 away	 by	 the	 second	
pump	(right	white	arrows).	
	
	
In	Figure	4.2,	the	Knudsen	numbers	for	gas	flow	in	Magnum‐PSI	operating	conditions	
(40	slm	H2	entering	the	vessel	with	an	initial	temperature	of	10.000	K)	are	plotted	as	a	
function	of	distance	from	the	source.	The	distance	from	the	source	to	the	skimmer	is	20	
cm.	 The	 pump	 speed	 in	 the	 first	 section	 is	 roughly	 40.000	m3	 h‐1	 and	 in	 the	 second	
section	 30.000	m3	 h‐1.	 The	 Knudsen	 numbers	 using	 the	 radius	 of	 the	 of	 the	 vacuum	
vessel	 (L	 =	 0.3	m)	 as	 a	 typical	 length	 scale	 give	 Kn	 <	 0.1	 over	 the	 entire	 flow	 field.	
However,	with	the	radius	of	the	skimmer	opening	(L	=	0.05	m)	as	a	typical	length	scale	
the	Knudsen	 numbers	 are	much	 higher.	 These	 values	 are	mostly	well	 above	 0.1,	 the	
upper	limit	set	for	the	applicability	of	continuum	codes.	For	a	more	detailed	view,	the	
local	 Knudsen	 numbers	 are	 calculated	 and	 given	with	 the	 solid	 line.	 This	 calculation	
uses	equation	(4.2)	to	calculate	the	characteristic	dimension	L.	In	the	region	right	after	
the	 source,	 where	 the	 gas	 expands	 supersonically,	 the	 local	 Knudsen	 numbers	 are	
above	 0.1.	 In	 this	 region,	 where	 the	 neutral	 density	 is	 lower	 than	 the	 background	
density,	 the	 mean‐free‐path	 can	 be	 up	 to	 4	 centimeters.	 It	 has	 been	 shown	 that	
continuum	models	are	not	suitable	to	model	this	region	[20,21].	Based	on	these	results	
the	DSMC	method	is	chosen	over	continuum	models	to	model	the	gas	flow.	
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Figure	4.2:	Knudsen	numbers	 in	a	two	stage	differentially	pumped	vacuum	system	as	 function	of	
distance	 from	the	source.	40	slm	H2	at	an	 initial	 temperature	of	10.000	K	expands	supersonically	
into	 the	 vacuum	 vessel	 which	 is	 divided	 by	 a	 skimmer	 at	 20	 cm	 distance	 from	 the	 source.	 The	
Knudsen	numbers	using	the	radius	of	the	vacuum	vessel	and	the	radius	of	the	skimmer	opening	as	a	
typical	overall	length	scale	are	given.	The	solid	line	gives	the	local	Knudsen	numbers.	The	horizontal	
dashed	line	indicates	the	upper	limit	for	the	use	of	continuum	codes.	

	

4.2.2		 Computational	geometries	

	
In	 the	 DS2V	 program,	 the	 computational	 space	 is	 set	 by	 defining	 separate	 surfaces,	
consisting	 of	 straight	 lines	 or	 circular	 arc	 segments.	 Each	 of	 the	 surfaces	 may	 be	 a	
combination	of	solid	surface	segments	and	specified	flow	input	boundaries.	The	flow	is	
set	as	symmetric	around	the	x‐axis	(r	=	0).	The	gas	enters	the	simulation	through	a	flow	
input	boundary.	In	the	Magnum‐PSI	set‐up	the	amount	of	incoming	gas	is	40	slm	at	full	
performance.	The	 initial	 temperature	of	 the	gas	 is	 taken	 to	be	10.000	K	and	 the	 flow	
speed	at	the	exit	of	the	source	is	set	to	be	equal	to	the	speed	of	sound.	With	the	radius	
of	the	inlet	opening	being	1	cm,	the	required	gas	density	can	be	calculated.	The	settings	
used	for	the	different	gases	are	given	in	Table	4.1.	For	the	simulation,	molecular	gas	(H2	
and	 D2)	 is	 chosen	 over	 atomic	 (H	 and	 D)	 since	 the	 lifetime	 of	 the	 atoms	 is	 short	
compared	to	the	residence	time.	In	the	arc	channel	the	dissociation	degree	is	close	to	
100%.	 However,	 due	 to	 surface	 recombination	 in	 the	 nozzle	 most	 of	 the	 atoms	 are	
quickly	associated	 [22].	To	achieve	 the	 required	gas	 flow,	no	particles	are	allowed	 to	
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leave	 the	 simulation	 through	 the	 input	 boundary.	 Particles	 coming	 from	 the	 vacuum	
vessel	into	the	input	boundary	will	be	reflected	back	as	if	a	wall	was	present.	The	walls	
are	kept	at	300	K	and	the	 interaction	with	the	molecules	was	set	as	 fully	diffuse.	 In	a	
diffuse	 reflection,	 the	 particle	 will	 leave	 the	 surface	 in	 equilibrium	with	 the	 surface	
temperature	 and	 with	 a	 velocity	 that	 is	 independent	 of	 its	 initial	 velocity.	 A	
phenomenological	 Larsen‐Borgnakke	 model	 is	 used	 for	 the	 rotational	 degrees	 of	
freedom	[19].	The	vibrational	modes	have	been	disabled	in	these	simulations,	assuming	
a	 frozen	 equilibrium.	 The	 particles	 leave	 the	 simulation	 through	 an	 absorbing	
boundary,	 representing	 a	 pump.	 The	 pump	 speed	 S	 can	 be	 set	 by	 the	 area	 of	 the	
absorbing	wall	 and	 the	 absorption	 fraction.	 The	 latter	 sets	 the	 fraction	 of	molecules	
that	leave	the	calculations	after	striking	the	surface.	The	pump	speed	can	be	varied	to	
achieve	 different	 background	 pressures.	 Unfortunately	 this	 has	 to	 be	 done	 by	 a	 trial	
and	error	process,	i.e.	the	pump	speed	cannot	be	set	directly	but	has	to	be	calculated	by	
multiplying	 the	 perpendicular	 velocity	 profile	 of	 the	 gas	 flow	directly	 in	 front	 of	 the	
pump	area	with	the	pump	area.	This	calculation	yields	directly	the	actual	pump	speed.	
The	 pump	 speed	 has	 a	 non	 linear	 relation	 with	 the	 absorption	 fraction	 since	 more	
molecules	strike	the	wall	at	higher	pressure.	
	
Table	4.1:	Simulated	gases	and	their	initial	settings.	

Gas	
Initial	

temperature	
[K]	

Initial	flow	
speed	
[m	s‐1]	

Initial	
density	
[m‐3]	

Hydrogen	(H2)	 10.000	 7648	 7.49×1021	
Deuterium	(D2)	 10.000	 5408	 1.06×1022	
Argon	(Ar)	 10.000	 1861	 3.08×1022	

	
	
For	accurate	DSMC	modeling,	the	time	step	should	be	much	less	than	the	mean	collision	
time	 and	 a	 typical	 cell	 dimension	 should	be	much	 less	 than	 the	 local	mean‐free‐path	
[19].	 In	 the	 simulations	 presented	 here,	 the	 number	 of	 simulated	 particles	 ranges	
between	 500.000	 and	 1×106.	 The	 flow	 field	 is	 divided	 into	 small	 collision	 cells,	 each	
containing	 an	 average	 of	 eight	 particles.	 The	 size	 of	 the	 cells	 is	 adapted	 to	 the	 local	
density,	 insuring	 that	 the	 cells	 stay	 much	 smaller	 than	 the	 local	 mean‐free‐path.	 A	
typical	simulation	uses	roughly	100.000	cells	with	an	average	size	of	1.5	mm.	The	time	
step	is	set	to	approximately	one	third	of	the	local	mean	collision	time,	which	leads	to	a	
typical	time	step	of	10‐7	s.	By	using	these	settings,	even	the	regions	where	the	Knudsen	
number	is	somewhat	lower	(see	Figure	4.2)	can	be	modeled	accurately.	

	
Three	geometries	are	used,	a	single	vacuum	vessel	(1),	 to	model	the	expansion	of	the	
neutral	 gas,	 a	 two	 stage	 differentially	 pumped	 vacuum	 vessel	 (2),	 to	 investigate	 the	
skimmer	 shape	 and	position	 and	 a	 three	 stage	differentially	pumped	vacuum	system	
(3).	These	geometries	all	have	a	cylindrical	symmetry	and	will	be	described	below.	
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4.2.2.1.	Single	vacuum	vessel	

	
The	computational	geometry	for	modeling	a	supersonic	neutral	gas	expansion	is	given	
in	Figure	4.3.	Gas	is	introduced	from	the	left	into	a	60	cm	diameter	vacuum	vessel	with	
a	length	of	80	cm.	The	area	opposite	of	the	gas	inlet	is	set	to	absorb	8%	of	the	incoming	
particles	which	 leads	 to	 a	 pump	 speed	S1	of	 65.000	m3	h‐1	 for	H2.	With	 this	 pump	a	
background	pressure	of	8	Pa	is	achieved	(for	40	slm	H2	with	an	initial	temperature	of	
10.000	 K).	 For	 higher	 background	 pressures	 (16,	 31	 and	 48	 Pa)	 the	 absorption	
percentage	 was	 set	 to	 respectively	 4,	 2	 and	 1%.	 When	 using	 different	 gases,	 other	
absorption	percentages	will	have	to	be	used.	
	

	
	
Figure	 4.3:	 Computational	 geometry	 for	 modeling	 a	 supersonic	 neutral	 gas	 expansion.	 Gas	 is	
introduced	 through	 the	 inlet	 on	 the	 left	 and	 leaves	 the	 system	 through	 an	 absorbing	 wall,	
representing	a	pump	with	pump	speed	S1.	
	

4.2.2.2.	Two	stage	differentially	pumped	vacuum	system	

	
To	study	the	effect	of	the	position	of	the	skimmer	and	the	influence	of	the	shape	of	the	
skimmer	on	the	flow	dynamics	a	two	stage	differentially	pumped	vacuum	system	with	
a	60	 cm	diameter	 and	70	 cm	 length	 is	modeled.	 Figure	4.4	 shows	 the	 computational	
geometry.	The	gas	enters	the	simulation	from	the	left,	expanding	into	the	first	chamber.	
A	 large	part	of	 the	 flow	 is	reversed	by	 the	skimmer	and	pumped	away	by	 the	pumps	
behind	 the	 source.	 The	 area	 of	 the	 pump	 S1	 is	 0.25	 m2.	 For	 H2	 the	 absorption	
percentage	 is	 set	 to	 8%	 leading	 to	 a	 pump	 speed	 around	 40.000	m3	 h‐1.	 The	 second	
section	is	pumped	by	S2	with	an	area	of	0.19	m2.	The	absorption	percentage	for	H2	is	
set	to	8%	leading	to	a	pump	speed	around	30.000	m3	h‐1.	
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Figure	4.4:	Computational	 geometry	of	 a	 two	 stage	differentially	pumped	vacuum	system.	Gas	 is	
introduced	 through	 the	 inlet	 and	 leaves	 the	 system	 either	 by	 pump	 S1	 or	 S2.	 The	 angle	 of	 the	
skimmer	is	variable	(90°	skimmer	shown).	
	

4.2.2.3.	Three	stage	differentially	pumped	vacuum	system	

	
The	geometry	of	a	three	stage	differentially	pumped	vacuum	system	is	shown	in	Figure	
4.5.	The	gas	enters	 from	 the	 left	 through	a	 small	 channel	 into	 the	 first	 chamber	with	
diameter	60	cm.	This	chamber	is	pumped	with	S1.	The	second	chamber	is	pumped	with	
S2.	 The	 third	 chamber	 has	 a	 diameter	 of	 50	 cm	 and	 is	 pumped	 with	 S3.	 The	 pump	
specifications	are	given	in	Table	4.2.	The	total	length	of	this	vacuum	vessel	is	120	cm.	
	

	
	
Figure	 4.5:	 Computational	 geometry	 of	 the	 3	 stage	 differentially	 pumped	 vacuum	 system.	 Gas	
enters	through	the	inlet	and	expands	into	the	first	chamber.	There	it	is	either	reversed	by	the	first	
skimmer	and	pumped	away	by	S1	or	it	flows	through	the	skimmer.	In	the	second	chamber	the	gas	
can	be	pumped	away	via	S2	or	it	flows	through	the	second	skimmer	into	the	third	chamber.	Here	it	
is	pumped	away	via	S3.	Both	skimmers	have	an	opening	of	10	cm	in	diameter.	
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Table	 4.2:	 Specifications	 of	 the	 pumps	 used	 in	 the	 three	 stage	 differentially	 pumped	 vacuum	
system.	

Pump	 Area	[m2]	 Absorption	[%] Pump	speed	[m3	h‐1]	
S1	 0.24	 8	 42.000	
S2	 0.19	 8	 32.000	
S3	 0.18	 8	 34.000	

	

4.2.3		 Simulation	of	a	gas	expansion	under	Magnum‐PSI	operating	conditions	

	
In	 the	 plasma	 source	 a	 partially	 ionized,	 high	 pressure	 gas	 is	 created	 which	 flows	
through	a	narrow	channel	into	a	vessel	kept	at	low	pressure.	The	velocity	at	the	exit	of	
the	channel	is	taken	to	be	equal	to	the	local	sound	velocity,	i.e.	the	Mach	number	M	 is	
equal	to	1	[23].	From	the	exit	the	gas	accelerates	into	the	low	pressure	vessel	and	forms	
a	supersonic	expansion	[24].	With	an	applied	axial	magnetic	field	the	ions	and	electrons	
are	magnetized	 and	 confined	 to	 a	 beam	 [25].	 The	mean‐free‐path	 for	H+	 +	H	 charge	
exchange	collisions	is	estimated	to	be	around	1	mm	[26]	in	the	middle	of	the	beam	(ion	
density	~1021	m‐3),	which	means	that	the	neutrals	at	that	location	are	strongly	coupled	
to	the	ions	and	will	be	swept	along	with	the	magnetized	beam.	However,	most	neutrals	
are	at	the	edge	of	the	beam	[27].	Here,	the	ion	density	is	lower	so	that	the	neutrals	are	
not	coupled	to	the	ions	and	will	follow	a	normal	supersonic	expansion.		

	
Figure	4.6:	The	cascaded	arc	source	with	a	 free‐jet	shock	structure.	The	supersonic	part	 (M	>	1),	
shock	region	(M	=	1)	and	subsonic	part	(M	<	1)	are	indicated.	
	
The	expansion	from	the	source	into	a	vacuum	vessel	forms	a	shock	structure	as	shown	
in	Figure	4.6.	In	the	supersonic	part	(M	>	1)	the	density	drops	due	to	an	increase	in	the	
jet	 cross‐section	 and	 thermal	 energy	 is	 converted	 into	 kinetic	 energy.	 The	 velocity	
increases	by	a	 factor	of	2,	 relative	 to	 the	sonic	velocity	at	 the	end	of	 the	arc	channel.	
Halfway	 the	 shock	 position,	 the	 density	 becomes	 much	 lower	 than	 the	 background	
density	and	 the	 flow	 is	overexpanded	 (jet	 static	pressure	<	background	pressure).	 In	
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the	shock	region,	which	can	be	several	mean‐free‐paths	wide,	the	flow	has	to	adapt	to	
the	 ambient	 gas	 conditions.	 The	 density	 and	 temperature	 increase	 while	 the	 Mach	
number	drops	quickly	to	unity	(M	=	1).	After	the	shock	the	flow	is	subsonic	(M	<	1)	at	
constant	pressure.	The	 temperature	drops	 slightly	due	 to	heat	 transport	 to	 the	walls	
and	therefore	the	density	will	increase	slightly.	
	
As	an	example,	Figure	4.7	shows	the	computed	Mach	numbers	M	and	stream	lines	of	40	
slm	Ar	expanding	supersonically	into	a	vacuum	vessel	with	background	pressure	Pb	≈	
13	Pa.	In	the	supersonic	part	of	the	expansion	the	Mach	number	increases	to	above	10	
after	which	M	gradually	drops	to	unity	and	lower	into	the	subsonic	domain.	
	

	
	
Figure	4.7:	 Computed	Mach	numbers	M	 and	 stream	 lines	of	 40	 slm	Ar	 expanding	 supersonically	
into	a	vacuum	vessel	with	background	pressure	Pb	≈	13	Pa.	The	gas	inlet	has	a	diameter	of	2	cm.	
	
	
In	Figure	4.8	the	number	density	on	axis	as	a	function	of	the	distance	from	the	source	is	
shown	for	varying	background	pressures.	The	figure	shows	the	results	of	four	different	
simulations	with	40	slm	H2	with	an	initial	temperature	of	10.000	K	expanding	into	the	
computational	geometry	given	in	Figure	4.3.	The	background	pressure	is	varied	from	8	
to	48	Pa.	The	shock	position	moves	to	shorter	distances	from	the	exit	with	increasing	
background	pressure.	
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Figure	4.8:	H2	density	on	axis	as	a	function	of	the	distance	from	the	source	for	a	free	expansion	at	
different	background	pressures.	The	arrows	indicate	the	predicted	shock	positions	using	equation	
(4.4).	The	dashed	line	represents	the	density	dependence	predicted	by	equation	(4.3).	The	flow	was	
40	 slm.	 The	 shock	 becomes	 more	 diffuse	 and	 moves	 further	 away	 from	 the	 source	 as	 the	
background	pressure	decreases.	
	
In	the	supersonic	part	of	the	expansion	the	density	n	as	a	function	of	distance	from	the	
source	z	decreases	quadratically	due	to	an	increase	in	jet	diameter	and	is	given	by	the	
following	relation	[28]:	
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Here	n0	is	the	density	at	the	source	exit	and	z0	is	a	scaling	length	to	compare	results	for	
nozzles	with	different	diameters	(z0/d	≈	0.5).	This	relation	is	given	in	the	dashed	line	in	
Figure	 4.8.	 The	 number	 density	 curves	 for	 different	 background	pressures	 all	 follow	
this	relation	until	the	density	starts	to	increase	towards	the	shock.	

	
The	position	of	the	normal	shock	front	varies	with	the	flow	and	background	pressure	
as	predicted	by	expression	(4.4)	[24]:	
	

		 ./67.0 0 bshock ppdx  	 	 	 	 	 	 	 									(4.4)	

	
This	empirical	relation	gives	the	shock	position	as	a	function	of	the	diameter	d	of	 the	
inlet	 opening,	 the	 stagnation	 pressure	 p0	 and	 the	 background	 pressure	 pb.	 This	
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expression	can	alternatively	be	expressed	in	terms	of	flow	Φ	in	scc	s‐1,	the	atomic	mass	
number	A	and	the	source	temperature	Ts	in	eV	[29,30,31]:	
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The	 calculated	 shock	 positions	 for	 different	 background	 pressures,	 indicated	 with	
arrows	in	Figure	4.8,	point	towards	the	upstream	side	of	the	shock	and	not	the	shock	
front.	At	the	moment	it	is	not	clear	where	this	deviation	originates	from.	Note	that	with	
higher	 pressure	 (smaller	 mean‐free‐path),	 the	 shock	 is	 well	 defined,	 while	 at	 lower	
pressure	(higher	mean‐free‐path)	the	expansion	becomes	more	diffuse,	due	to	the	fact	
that	the	shock	is	smeared	out	over	a	few	mean‐free‐paths.	The	position	of	the	shock	is	
also	a	function	of	the	atomic	mass	A.	In	Magnum‐PSI	we	will	mainly	use	hydrogen	(A	=	
2),	deuterium	(A	=	4)	and	argon	(A	=	40).	For	40	slm	gas	flow	at	a	background	pressure	
of	8	Pa	the	calculated	shock	position	is	21	cm	for	H2,	25	cm	for	D2	and	44	cm	for	Ar.	
	

4.3		 Results	and	discussion		
	
A	good	performance	of	the	skimmers	is	important	for	Magnum‐PSI	since	they	prevent	
the	influx	of	thermal	neutrals	from	the	source	in	the	target	region.	Ideally,	the	plasma	
beam	flows	 from	the	source	 to	 the	 target	without	being	disturbed	by	 the	presence	of	
the	 skimmers,	 while	 all	 neutrals	 outside	 the	 plasma	 beam	 are	 intercepted.	 Here	 we	
investigate	the	effect	of	different	skimmer	positions	and	the	influence	of	the	skimmer	
shape	 on	 the	 neutral	 gas	 flow	 dynamics.	 Two	 and	 three	 stage	 differentially	 pumped	
systems	are	investigated.	
	

4.3.1		 Effects	of	the	skimmer	on	the	gas	expansion	

	
Experimental	research	on	the	effect	of	skimmers	on	a	supersonic	expansion	has	been	
done	 in	 the	 context	 of	 molecular	 beams	 where	 skimmers	 are	 used	 to	 generate	 a	
molecular	 beam	 from	 a	 supersonic	 jet	 expansion.	 The	 effect	 of	 the	 skimmer	 in	 low	
pressure	expansions	(Pb	≤	0.1	Pa)	seems	well	understood	[32].	Due	to	the	diffuse	shock	
structure	there	is	a	low	disturbance	from	the	skimmer	and	the	background	gas.	This	is	
termed	"ideal	skimming"	and	applies	for	Knudsen	numbers	Kn	>>	1	[33].	The	relatively	
high	pressure	case	(Pb	≈	1	to	100	Pa)	is	more	complicated	since	the	shock	structure	is	
well	 formed	 and	 the	 skimmer	 has	 to	 penetrate	 the	 Mach	 disk,	 thereby	 potentially	
disturbing	the	flow	[34,35].	It	is	this	pressure	range	we	will	be	concerned	with	due	to	
the	high	gas	flows	in	Magnum‐PSI.	

	
As	 a	 proof	 of	 principle	 that	 differential	 pumping	 can	 be	 used	 effectively	 in	 a	 linear	
plasma	generator,	a	skimmer	was	introduced	in	the	Magnum‐PSI	forerunner,	Pilot‐PSI.	
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A	coaxial	chamber	was	placed	inside	the	main	vacuum	vessel,	creating	a	second	section.	
Each	section	was	connected	to	a	roots	blower	pump	station	with	a	pump	speed	of	3100	
m3	h‐1,	creating	a	two	stage	differentially	pumped	system	as	shown	in	Figure	4.9.	The	
distance	from	the	source	to	the	skimmer	was	8	cm	and	could	not	be	varied.	The	size	of	
the	 skimmer	opening	of	 3	 cm	 in	diameter	was	 chosen	 such	 to	 let	 the	2	 cm	diameter	
magnetized	 plasma	 beam	 through	 without	 creating	 a	 too	 high	 heat	 load	 on	 the	
skimmer.		
	
	

	
	
Figure	4.9:	Layout	of	the	Pilot‐PSI	experiment	where	a	two	stage	differentially	pumped	system	is	
created	 by	 inserting	 a	 coaxial	 chamber	 in	 the	main	 vacuum	 vessel.	 The	 gas	 enters	 from	 the	 left	
(black	arrow)	in	the	40	cm	diameter	vessel.	A	large	part	of	the	gas	is	deflected	by	the	skimmer	and	
pumped	away	(S1).	The	gas	that	flows	through	the	skimmer	opening	is	pumped	away	in	the	second	
section	(S2).	The	white	arrows	represent	the	pumps.	
	
	
Figure	4.10	shows	a	plot	of	the	measured	pressure	in	the	two	chambers	as	a	function	of	
the	 gas	 load	 (solid	 symbols).	 A	 numerical	 simulation	 has	 been	 performed	 using	 the	
exact	dimensions	of	 the	Pilot‐PSI	differentially	pumped	vacuum	system.	The	result	of	
this	simulation,	using	3	slm	hydrogen	gas	is	plotted	with	open	symbols.	It	is	difficult	to	
compare	the	absolute	values	of	experiment	and	simulation	due	to	small	differences	in	
effective	 pump	 speed.	 However,	 both	 experiment	 and	 simulation	 give	 a	 factor	 4.5	
pressure	 reduction	which	proves	 that	differential	pumping	 can	be	used	effectively	 in	
linear	plasma	generators	operating	in	this	pressure	regime.	
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Figure	4.10:	Pressure	as	a	function	of	gas	flow	in	the	first	and	second	chamber	of	the	differentially	
pumped	linear	plasma	generator	Pilot‐PSI	(solid	symbols).	The	skimmer	has	an	opening	of	3	cm	in	
diameter	and	is	 located	8	cm	away	from	the	source	outlet.	The	simulated	results	 for	3	slm	H2	are	
also	 given	 (open	 symbols).	 Both	 simulation	 and	 experiment	 give	 a	 factor	 4.5	 pressure	 reduction	
between	the	first	and	second	section.	
	

4.3.2		 Influence	of	the	skimmer	position	

	
To	 quantify	 the	 effect	 of	 the	 skimmer	we	 determined	 the	 fraction	 of	 particles	which	
pass	a	certain	area	(i.e.	sampling	area)	in	the	free	expansion.	In	Figure	4.11	the	fraction	
of	particles	travelling	through	a	sampling	area	of	10	cm	diameter	with	its	center	on	axis	
is	plotted	as	a	 function	of	distance	from	the	source.	The	expansions	of	three	different	
gases	have	been	modeled,	H2,	D2	and	Ar.	In	each	simulation,	the	amount	of	gas	was	40	
slm	 and	 the	 absorption	 percentage	 of	 the	 pump	 was	 set	 such	 that	 the	 background	
pressure	became	8	Pa.	Directly	after	 the	 source	all	particles	 cross	 the	 sampling	area.	
Moving	away	from	the	source	the	 fraction	falls	due	to	the	widening	of	 the	expansion.	
The	fractions	for	the	different	gases	follow	the	same	trend	till	the	position	of	the	shock	
for	H2	is	approached.	In	the	shock	region	for	H2,	starting	around	15	cm,	the	fraction	of	
H2	 particles	 stays	 roughly	 constant	 at	 25%,	while	 the	 values	 for	 D2	 and	 Ar	 continue	
further	 down.	 After	 the	 shock	 the	 fraction	 decreases	 further	 due	 to	mixing	with	 the	
background	 gas.	 It	 is	 interesting	 to	 note	 that	 these	 values	 represent	 the	 fraction	 of	
particles	which	can	never	be	stopped	by	a	skimmer	with	an	orifice	of	10	cm	in	diameter	
and	 therefore	 indicate	 the	 limit	 to	 the	 Magnum‐PSI	 skimmer	 performance.	 A	 lower	
fraction	indicates	a	higher	potential	for	skimmer	performance.	
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Figure	4.11:	 Fraction	of	particles	which	 travel	 through	a	10	 cm	diameter	 sampling	 area	with	 its	
center	on	axis,	as	a	function	of	the	distance	from	the	source	(lines)	and	fraction	of	particles	crossing	
the	opening	of	a	10	cm	diameter	skimmer	at	different	positions	 (open	symbols).	A	 lower	 fraction	
indicates	a	higher	skimmer	performance.	
	
To	compare	these	numbers	with	the	particles	flowing	through	the	skimmer	opening	at	
a	 certain	position	several	 simulations	have	been	done.	All	 simulations	are	performed	
with	a	53	degree	skimmer	(see	Figure	4.15(b))	in	the	two	stage	differentially	pumped	
system	described	 in	 Section	4.2.2.2.	 The	 results	 are	 given	 as	 open	 symbols	 in	 Figure	
4.11.	 With	 the	 skimmer	 placed	 before	 the	 shock,	 the	 fraction	 of	 particles	 passing	
through	the	skimmer	is	equal	to	the	fraction	of	particles	passing	the	sample	area	in	the	
free	expansion	case.	This	result	implies	that	the	overexpanded	region	of	the	expansion	
remains	 intact	 while	 the	 skimmer	 penetrates	 the	 shock.	 After	 the	 shock	 region	 the	
numbers	start	to	deviate	from	the	free	expansion	values.	With	the	skimmer	placed	after	
the	 shock,	 the	 gas	 mixes	 with	 the	 background	 gas	 in	 the	 first	 chamber	 causing	 a	
pressure	 increase	 before	 the	 skimmer.	 The	 pressure	 difference	 between	 the	 two	
chambers	 over	 the	 skimmer	 opening,	 causes	 the	 gas	 to	 flow	 from	 the	 first	 into	 the	
second	 chamber.	 This	 is	 visualized	 in	 Figure	 4.12	where	 seven	 flowlines	 are	 shown	
originating	from	the	exact	same	coordinates.	With	the	skimmer	placed	at	20	cm	from	
the	source	five	flowlines	go	through	the	skimmer	and	two	flow	towards	the	first	stage	
pump.	 When	 the	 skimmer	 is	 placed	 40	 cm	 away	 from	 the	 source,	 six	 flow	 lines	 go	
through	 the	 skimmer.	 The	 skimmer	 loses	 its	 function	 since	 it	 no	 longer	 accesses	 the	
low	 density	 region	 in	 the	 overexpanded	 part	 of	 the	 shock.	 Furthermore	 the	 plasma	
beam	flowing	from	the	source	to	the	target	cools	down	when	traveling	through	a	region	
of	high	neutral	density.	This	energy	loss	will	have	to	be	compensated	with	extra	heating	
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of	 the	plasma	beam.	 It	 is	 therefore	best	 that	 the	 skimmer	 is	 placed	before	 the	 shock	
position.	At	 the	optimum	position	the	skimmer	reverses	75.6%	of	 the	particles	 in	 the	
case	of	H2.	For	D2	and	Ar	the	skimmer	reverses	81.7%	and	92.8%	respectively.		
	

	
	
Figure	4.12:	Number	density	plots	 for	40	slm	H2	expanding	 in	a	 two	stage	differentially	pumped	
vacuum	system.	Flow	 lines	are	shown	 for	 two	skimmer	positions,	 (a)	20	cm	and	(b)	40	cm	away	
from	the	source.	With	the	skimmer	placed	behind	the	shock	more	gas	flows	through	the	skimmer.	
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This	 behavior	 was	 verified	 during	 experimental	 observations	 done	 in	 the	 PLEXIS	
apparatus	[36]	at	the	Eindhoven	University	of	Technology,	the	Netherlands.	This	device	
is	equipped	with	a	movable	cascaded	arc	source	inside	a	vacuum	vessel.	The	vessel	is	
pumped	to	 low	pressures	by	two	roots	blower	pump	sets	(S1	=	S2	=	2600	m3	h‐1)	on	
both	sides	of	the	source.	In	this	experiment	the	setup	was	fitted	with	a	3	cm	diameter	
skimmer	 in	 the	middle	of	 the	vessel	as	shown	 in	Figure	4.13.	The	pressure	reduction	
from	the	first	to	the	second	section	as	a	function	of	the	distance	from	the	source	to	the	
skimmer	is	plotted	in	Figure	4.14.	The	source	was	running	on	3	slm	H2	or	Ar.	
	
	

	
	
Figure	4.13:	Layout	of	the	two	stage	differentially	pumped	PLEXIS	experiment	where	a	two	stage	
differentially	pumped	system	is	created	by	inserting	a	skimmer	in	the	vacuum	vessel.	The	gas	enters	
from	the	left	(black	arrow)	in	the	30	cm	diameter	vessel.	A	large	part	of	the	gas	is	reflected	by	the	
skimmer	and	pumped	away	(S1).	The	gas	that	flows	through	the	skimmer	opening	is	pumped	away	
in	the	second	section	(S2).	The	white	arrows	represent	the	pumps.	
	
	
With	the	source	close	to	the	skimmer	the	gas	expands	directly	into	the	second	chamber	
leading	 to	 a	higher	pressure	 in	 the	 second	 chamber.	When	 the	distance	between	 the	
source	 and	 the	 skimmer	 becomes	 2.5	 cm	 the	 pressure	 in	 both	 chambers	 is	 equal	
(pressure	 reduction	 =	 1).	 When	 the	 distance	 is	 increased	 the	 pressure	 reduction	
becomes	 larger	 leading	 to	 an	 optimum	 around	 15	 cm	 for	 hydrogen	 and	 45	 cm	 for	
argon.	For	hydrogen	a	factor	of	2	pressure	reduction	is	achieved.	Argon	works	better,	
leading	 to	 more	 than	 a	 factor	 of	 4	 pressure	 reduction.	 This	 measurement	 result	
qualitatively	verifies	 the	behavior	as	predicted	by	the	simulation	results	presented	 in	
Figure	4.11.	
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Figure	 4.14:	 Measured	 pressure	 reduction	 from	 the	 first	 to	 the	 second	 stage	 as	 a	 function	 of	
distance	from	the	source	of	the	differentially	pumped	linear	plasma	device	PLEXIS.	With	the	source	
running	on	3	slm	H2,	a	factor	2	pressure	reduction	is	found	around	15	cm.	With	3	slm	Ar,	more	than	
a	factor	4	pressure	reduction	is	found	around	45	cm.	
	

4.3.3		 Influence	of	the	skimmer	shape	

	
To	 study	 the	 influence	 of	 the	 skimmer	 shape	 on	 the	 gas	 dynamics,	 four	 different	
skimmers	 have	 been	modeled.	 In	 all	 cases,	 the	 distance	 between	 the	 source	 and	 the	
skimmer	was	20	cm	and	 the	 skimmer	opening	was	10	cm	 in	diameter.	The	skimmer	
shapes	and	their	modeling	geometry	are	shown	in	Figure	4.15.	In	molecular	beams,	an	
optimum	value	 for	beam	 intensity	 is	 found	with	a	 skimmer	angle	 around	50	degrees	
[32].	The	53	degree	skimmer	used	in	the	simulations	is	closest	to	this	angle.	A	skimmer	
with	 its	 skimming	 surface	 parallel	 to	 the	 plasma	 beam	 (i.e.	 0	 degree	 angle)	 is	 not	
considered	 here	 for	 two	 reasons.	 A	 too	 shallow	 angle	 creates	 a	 flow	 resistance	
increasing	 the	 neutral	 number	 density	 inside	 the	 skimmer,	 cooling	 down	 the	 plasma	
beam.	Furthermore,	the	area	of	the	skimmer	which	is	exposed	to	the	plasma	beam	has	
to	be	minimized	to	avoid	problems	with	cooling	the	skimmer.	
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Figure	4.15:	Different	skimmer	shapes	in	their	computational	geometry.	Shown	are	the	(a)	curved,	
(b)	the	53	degree,	(c)	the	90	degree	and	the	(d)	straight	skimmer.	The	gas	enters	the	vessel	through	
the	inlet	and	leaves	the	system	either	by	pump	S1	or	S2	(white	arrows).	
	
The	amount	of	particles	which	pass	through	the	skimmers	with	40	slm	H2	are	given	in	
Table	 4.3.	 The	 53	 degree	 version	 lets	 the	 least	 amount	 of	 particles	 through	 but	 the	
differences	are	small.	More	 important	 is	 that	the	53	degree	skimmer	has	the	smallest	
effect	on	the	structure	of	the	gas	expansion.	This	is	shown	in	Figure	4.16	where	a	plot	
of	the	pressure	before	the	skimmer	as	a	function	of	distance	from	the	source	is	given.	
For	clarity	only	 two	cases	are	plotted	here.	The	pressure	profile	 in	 the	case	of	a	 free	
expansion	is	given	with	the	dashed	line.	The	first	part	of	the	expansion	is	identical	for	
all	 skimmer	 shapes.	The	pressure	profile	 for	 the	53	degree	 skimmer	 follows	 the	 free	
expansion	behavior	 closely	 towards	 the	position	of	 the	 skimmer.	The	 same	holds	 for	
the	 curved	 skimmer	 (not	 shown).	 The	 straight	 skimmer	 shows	 a	 pressure	 built	 up	
before	the	skimmer,	indicating	an	influence	on	the	expansion	structure.	The	same	holds	
for	 the	 90	 degree	 skimmer	 (not	 shown).	 Due	 to	 their	 influence	 on	 the	 expansion	
structure,	 these	 skimmer	 shapes	 cannot	 access	 the	 low	 density	 region	 in	 the	
overexpanded	part	of	 the	shock.	A	skimmer	angle	around	53	degrees	 is	chosen	 to	be	
the	best	choice	of	these	four	shapes	since	it	lets	the	least	amount	of	particles	through	
while	having	a	minimum	influence	on	the	expansion.	
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Table	4.3:	The	amount	of	particles	traveling	through	the	skimmer	opening	for	40	slm	H2.	

	 Straight	 Curved 90°	 53°	

Passing	particles		1021	 4.66	 4.42	 5.44	 4.39	
Percentage	of	total	[%]	 25.9	 24.5	 30.2	 24.4	

	

4.3.4		 Three	stage	differential	pumping	

	
Simulations	done	with	the	computational	geometry	given	in	Figure	4.4	and	the	source	
running	 on	 40	 slm	 D2	 have	 shown	 that	 a	 two	 stage	 differentially	 pumped	 system	 is	
capable	 of	 reducing	 the	 pressure	 in	 the	 second	 chamber	 to	 below	2	 Pa.	However,	 in	
Magnum‐PSI	the	partial	pressure	near	the	target	due	to	the	neutral	flux	from	the	source	
must	 be	 well	 below	 1	 Pa	 to	 access	 the	 ITER	 relevant	 regime.	 To	 get	 to	 such	 low	
pressures	 a	 three	 stage	 differentially	 pumped	 system	 is	 introduced.	 Its	 geometry	 is	
described	in	Section	4.2.2.3.	
	
	

	
	
Figure	4.16:	On	axis	pressure	profiles	as	a	function	of	distance	from	the	source	for	40	slm	H2.	The	
dashed	curve	gives	the	pressure	in	the	expansion	with	no	skimmer	present.	The	other	two	curves	
represent	 the	pressure	profiles	with	 a	 skimmer	placed	 at	 20	 cm	 from	 the	 source.	 The	53	degree	
skimmer	has	a	minor	effect	on	the	expansion	structure	(dotted	line).	The	presence	of	the	straight	
skimmer	leads	to	a	pressure	built	up	before	the	skimmer	opening	(solid	line).	
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Figure	4.17	shows	the	pressure	plot	for	the	three	stage	differentially	pumped	vacuum	
system.	 On	 the	 left	 40	 slm	 D2	 expands	 supersonically	 from	 the	 source	 into	 the	 first	
stage	where	roughly	80%	of	the	gas	flow	(32	slm)	is	reversed	and	pumped	away.	The	
neutral	pressure	 in	 this	chamber	 is	slightly	below	7	Pa	and	recirculation	 lines	can	be	
seen.	This	recirculation	flow	is	important	because	it	is	responsible	for	the	transport	of	
H2	from	the	stainless	steel	vessel	walls	into	the	plasma	jet	[37].	This	invasion	of	gas	in	
the	 overexpanded	 region	 causes	 the	 average	 temperature	 and	 density	 to	 increase	
before	 the	 shock	 [38].	 In	 the	 second	 stage	 6	 slm	 is	 directed	 into	 the	 pump	 and	
recirculation	occurs	at	a	pressure	of	1.6	Pa.	A	small	fraction	(5%)	of	the	particles	travel	
through	the	second	skimmer	into	the	third	stage.	This	leads	to	a	neutral	pressure	of	0.4	
Pa.	When	Magnum‐PSI	 is	 operating	 at	 full	 performance,	 the	magnetized	 plasma	will	
neutralize	at	the	target	and	generate	an	extra	4	slm	gas	load.	The	total	gas	load	for	the	
third	pump	becomes	6	slm,	increasing	the	pressure	to	above	1	Pa.	This	pressure	is	for	
the	most	part	determined	by	recycling,	making	PSI	studies	in	the	ITER	regime	possible.	
Concerning	 the	 effectiveness	 of	 differential	 pumping	 these	 results	 represent	 a	worst	
case	 scenario,	 since	 the	 applied	magnetic	 field	 confines	 the	 electrons	 and	 ions	 into	 a	
beam	partially	blocking	the	skimmer	opening.	The	neutral	flow	to	the	target	becomes	
obstructed	and	the	differential	pumping	improves.	
	
	

	
	
Figure	4.17:	Pressure	plot	of	the	DSMC	calculation	where	40	slm	D2	gas	expands	in	a	three	stage	
differentially	 pumped	 vacuum	 system.	 Some	 flow	 lines	 are	 shown	 for	 clarity.	 Neutral	 pressure	
below	1	Pa	in	the	target	chamber	is	reached.	The	pump	speeds	are	given	in	Table	4.2.	
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Figure	4.18:	Simulation	results	for	40	slm	D2	gas	expanding	in	a	three	stage	differentially	pumped	
vacuum	system.	The	number	density	(a),	temperature	(b)	and	flow	speed	(c)	are	plotted.	
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The	(a)	number	density,	(b)	temperature	and	(c)	flow	speed	plots	from	this	simulation	
are	given	in	Figure	4.18.	From	the	source	the	gas	expands	supersonically	into	the	first	
chamber.	The	neutral	density	and	temperature	drop	and	the	velocity	 increases.	Since	
the	skimmer	is	placed	before	the	virtual	shock	position,	the	neutral	density	drops	until	
the	skimmer	is	reached.	In	this	way	the	low	density	zone	of	the	overexpanded	region	is	
continued	all	the	way	into	the	target	region.	The	temperature	decreases	and	reaches	a	
minimum	halfway	between	 the	source	and	 the	skimmer	after	which	 the	 temperature	
starts	 to	 increase	 until	 the	 skimmer	 is	 reached.	 After	 the	 skimmer	 the	 temperature	
gradually	decreases	due	to	heat	transport	to	the	walls	until	the	target	is	reached.	The	
flow	 speed	 increases	 and	 reaches	 a	 maximum	 halfway	 between	 the	 source	 and	 the	
skimmer.	After	this	maximum	the	flow	velocity	gradually	decreases	towards	the	target	
region.	A	large	part	of	the	neutrals	are	directed	to	the	pumps	by	the	first	skimmer.	This	
flow,	indicated	with	stream	lines	in	Figure	4.17,	has	a	high	flow	velocity	up	to	500	m	s‐1.	
A	part	of	the	flow	which	is	redirected	from	the	skimmer,	does	not	flow	directly	into	the	
pumps	 and	 forms	 a	 strong	 recirculation	 flow.	 This	 recirculation	 flow	 occurs	 in	 each	
chamber	albeit	with	a	much	lower	flow	velocity	in	the	second	and	third	stages.	
	

4.4		 Conclusions		
	
We	have	used	neutral	gas	simulations	and	done	experiments	to	show	that	differential	
pumping	 can	 be	 used	 effectively	 in	 linear	 plasma	 generators	 operating	 at	 high	 gas	
flows.	The	neutral	gas	dynamics	of	the	linear	plasma	generator	Magnum‐PSI	has	been	
modeled	with	 the	DSMC	code	developed	by	Bird	 [19].	This	 code	was	chosen	because	
Magnum‐PSI	 will	 operate	 in	 the	 transitional	 gas	 flow	 regime,	 with	 local	 Knudsen	
numbers	 well	 above	 0.1.	 The	 simulation	 results	 for	 the	 expansion	 of	 a	 hot	 gas	 in	 a	
vessel	kept	at	low	pressures	are	compared	with	a	well‐established	empirical	formula	to	
predict	 the	shock	position.	A	small	discrepancy	 in	 the	shock	position	was	 found.	 In	a	
two	 stage	differentially	 pumped	 system,	 the	 optimum	 shape	 and	position	 of	 the	 first	
skimmer	has	been	determined.	For	a	good	performance	of	 the	skimmer,	 it	was	 found	
that	 the	 tip	of	 the	 skimmer	 should	be	 inside	 the	 low	density	 region	of	 the	expansion	
since	the	neutral	density	increases	in	the	shock	region.	Therefore	the	skimmer	should	
be	 able	 to	 penetrate	 the	 shock	with	 a	minimum	 influence	 on	 the	 flow.	The	 optimum	
position	thereby	depends	on	the	operating	conditions	of	 the	source	(e.g.	atomic	mass	
number	 and	 the	 gas	 flow).	 The	 simulation	 results	 agree	 with	 experimental	 data	
obtained	 on	 the	 linear	 plasma	 devices	 Pilot‐PSI	 and	 PLEXIS.	 The	 angle	 between	 the	
skimmer	 and	 the	 gas	 flow	must	 be	 kept	 shallow	 enough	 as	 to	 not	 interfere	with	 the	
expansion,	but	a	skimmer	that	is	too	shallow	will	form	a	flow	restriction	for	the	plasma	
beam.	The	optimum	inner	angle	of	the	skimmer	was	found	to	be	around	53	degrees.	It	
is	shown	that	differential	pumping	works	 in	 large	 linear	plasma	generators	operating	
in	 the	 transitional	 regime.	 In	 Magnum‐PSI	 the	 distance	 between	 the	 source	 and	 the	
skimmer	can	be	varied.	This	makes	 it	possible	to	place	the	skimmer	before	the	shock	
position	 in	 different	 operating	 conditions	 (e.g.	 gas	 flow,	 atomic	 mass	 number,	
background	 pressure).	 In	 the	 Magnum‐PSI	 operating	 conditions,	 a	 factor	 4	 pressure	
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reduction	 in	 the	 case	 of	 H2	 can	 be	 achieved	 with	 a	 two	 stage	 differential	 pumping	
scheme.	 This	 factor	 increases	 for	 heavier	 gases	 (e.g.	 D2	 and	 Ar).	 In	Magnum‐PSI	 a	 3	
stage	differentially	pumped	vacuum	system	will	be	used	to	keep	the	neutral	pressure	in	
the	target	chamber	below	1	Pa,	the	limit	set	by	the	ITER	relevance	of	PSI	studies.	
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CHAPTER	5	
	

A	differentially	pumped	argon	plasma	 in	 the	 linear	plasma	
generator	 Magnum‐PSI:	 gas	 flow	 and	 dynamics	 of	 ionized	
fraction.	

	
H.J.N.	 van	 Eck,	 T.A.R.	 Hansen,	 A.W.	 Kleyn,	 H.J.	 van	 der	Meiden,	 D.C.	 Schram	 and	 P.A.	
Zeijlmans	van	Emmichoven	
	
Published	in:	Plasma	Sources	Science	and	Technology	20,	045016	(2011).	
	
	
Abstract	
	
Magnum‐PSI	 is	 a	 linear	 plasma	 generator	 designed	 to	 reach	 the	 plasma‐surface	
interaction	(PSI)	regime	of	ITER	and	nuclear	fusion	reactors	beyond	ITER.	To	reach	this	
regime,	the	influx	of	cold	neutrals	from	the	source	must	be	significantly	lower	than	the	
plasma	 flux	 reaching	 the	 target.	 This	 is	 achieved	 by	 a	 differential	 pumping	 scheme,	
where	 the	 vacuum	 vessel	 is	 divided	 by	 skimmers	 into	 separate	 chambers	which	 are	
individually	pumped.	The	non‐magnetized	expansion	of	5	Pa	m3	s‐1	(3	slm)	argon	in	a	
low	 background	 pressure	 was	 studied	 in	 the	 differentially	 pumped	 vacuum	 vessel	
fitted	 with	 non‐cooled	 flat	 skimmers.	 The	 behavior	 of	 the	 neutral	 component	 was	
studied	 with	 Direct	 Simulation	 Monte	 Carlo	 (DSMC)	 simulations	 and	 Rayleigh	
scattering	 measurements.	 Thomson	 scattering	 and	 double	 Langmuir	 probe	
measurements	were	performed	on	the	ionized	fraction.	It	was	found	that	the	electrons	
and	 neutral	 particles	 are	 not	 completely	 coupled	 in	 the	 shock	 front.	 The	 neutral	
fraction	shows	clear	signs	of	invasion	from	hotter	background	gas,	causing	the	average	
temperature	 and	 density	 to	 increase	 before	 the	 shock.	 This	 is	 also	 shown	 in	 the	
ionization	ratio,	which	has	been	determined	in	front	of	and	behind	the	first	skimmer.	
This	 study	 helps	 to	 understand	 the	 behavior	 of	 the	 gas	 flow	 in	 the	 machine	 and	
validates	our	modeling.	
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5.1		 Introduction	
	
Magnum‐PSI	[1]	is	a	newly	built	superconducting	linear	plasma	generator.	When	fully	
operational,	 it	will	be	available	for	plasma‐surface	interaction	(PSI)	research	for	ITER	
and	nuclear	 fusion	 reactors	beyond	 ITER	 [2].	PSI	 is	one	of	 the	key	areas	 in	magnetic	
fusion	research	since	it	is	a	determining	factor	in	the	performance,	safety	and	in	vessel	
components	lifetime	of	a	future	fusion	reactor	[3].	In	Magnum‐PSI,	a	magnetized	(3	T)	
plasma	jet	of	10	cm	diameter	will	deliver	10	MW	m−2	steady	state	power	fluxes	to	the	
target.	An	overview	of	Magnum‐PSI	is	given	in	Figure	5.1.	
	

	
	
Figure	5.1:	The	Magnum‐PSI	set‐up	in	a	3‐dimensional	view.	In	the	middle	part	of	the	drawing,	the	
superconducting	 magnet	 can	 be	 seen	 surrounding	 most	 part	 of	 the	 vacuum	 vessel.	 The	 magnet	
system	and	the	modular	vacuum	vessel	are	placed	on	separate	rail	 systems.	The	 three	pump	sets	
and	their	tubing	are	visible	in	the	top	left.	In	the	top	right,	the	tube	of	the	movable	plasma	source	is	
visible.	In	the	bottom	left,	the	target	can	be	retracted	under	vacuum	into	the	Target	Exchange	and	
Analysis	Chamber	(TEAC)	by	a	 long	bellow	system.	 In	 the	TEAC	the	 targets	can	be	analyzed	after	
exposure	with	surface	analysis	equipment.	
	
One	of	the	conditions	that	should	be	fulfilled	to	reach	the	ITER	relevant	regime	of	PSI	is	
that	 the	 neutral	 pressure	 near	 the	 target	 is	 almost	 entirely	 due	 to	 neutrals	 from	 the	
recycling	 flux.	 Therefore,	 the	 influx	 of	 cold	 neutrals	 from	 the	 source	 should	 be	
significantly	 lower	than	the	plasma	flux.	The	vacuum	system	is	designed	for	a	neutral	
pressure	in	the	target	region	below	3	Pa	during	plasma	operation	at	maximum	flux.	The	
projected	 ion	 flow	 of	 1024	 m‐2	 s‐1	 requires	 a	 certain	 gas	 flow,	 dependent	 on	 the	
ionization	degree	 in	 the	plasma	beam.	This	 gas	 flow	 can	be	up	 to	 66.7	Pa	m3	 s‐1	 (40	
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standard	 liters	 per	minute	 (slm))	 of	 neutral	 gas	 at	 full	 performance.	 To	 reach	 a	 low	
neutral	pressure	and	still	have	a	large	ion	flux	can	thus	be	translated	to	the	design	of	
the	pumping	system	and	the	corresponding	flow	pattern	in	the	Magnum‐PSI	vessel.	In	
our	 previous	 work	 [4],	 it	 was	 shown	 that	 the	 downstream	 neutral	 density	 can	 be	
significantly	reduced	by	using	a	differential	pumping	scheme,	where	the	vacuum	vessel	
is	divided	by	skimmers	into	separate	chambers	which	are	individually	pumped.		

	
In	 this	paper	a	differentially	pumped,	non	magnetized	argon	plasma	 is	used	 to	 study	
the	expansion	and	validate	our	modeling.	The	plasma	flow	directly	after	the	source	exit	
and	 in	the	vicinity	of	 the	 first	skimmer	has	been	 investigated	with	 the	plasma	source	
running	 on	 5	 Pa	 m3	 s‐1	 (3	 slm)	 argon.	 The	 behavior	 of	 the	 neutral	 component	 was	
studied	 with	 Direct	 Simulation	 Monte	 Carlo	 (DSMC)	 simulations	 [5]	 and	 Rayleigh	
scattering	 measurements.	 The	 behavior	 of	 the	 ionized	 fraction	 was	 studied	 with	 a	
Thomson	 scattering	 system	 (TS)	 [6]	 and	 a	 double	 Langmuir	 probe	 (LP)	 [7].	 The	
disturbance	 of	 the	 flow	 by	 the	 probe	 in	 the	 supersonic	 part	 of	 the	 expansion	 was	
estimated	 by	 comparing	 the	 results	 of	 the	 different	 measurement	 methods	 and	 by	
DSMC	 simulations.	 Finally,	 the	 ionization	 ratio	 in	 the	 expansion	 and	 behind	 the	
skimmer	was	determined.	

	
Although	 this	 paper	 focuses	 on	 the	 non‐magnetized	 plasma	 expansion,	 the	 DSMC	
neutral	gas	simulation	results	are	for	the	most	part	also	valid	in	the	case	where	there	is	
a	magnetized	 plasma	 beam	 present.	 The	momentum	 exchange	 between	 the	 neutrals	
and	 ions	 is	only	 important	 in	 the	centre	of	 the	plasma	beam	(ion	density	~1021	m‐3),	
where	the	neutrals	are	strongly	coupled	 to	 the	 ions	and	will	be	swept	along	with	 the	
magnetized	beam	[4].	However,	most	neutrals	are	on	the	edge	of	the	beam	where	the	
ion	density	 is	 lower.	Here,	 the	neutrals	 are	not	 strongly	 coupled	 to	 the	 ions	 and	will	
follow	a	normal	supersonic	expansion.	
	

5.2		 Experimental	arrangement	and	modeling	tool	
	

5.2.1		 Vacuum	system	and	plasma	source	

	
One	 of	 the	main	 constraints	 in	 the	 design	 of	 the	 vacuum	 system	 is	 that	 it	 has	 to	 fit	
inside	 the	 bore	 of	 the	 superconducting	magnet.	 A	 three	 stage	 differentially	 pumped	
vacuum	 system	 with	 large	 effective	 pump	 speeds	 was	 realized	 inside	 the	 available	
space	of	the	1.3	m	diameter	bore	of	the	magnet.	A	cross	section	of	the	design	is	given	in	
Figure	5.2.	The	first	chamber	as	seen	from	the	right	is	the	source	chamber.	This	60	cm	
diameter	chamber	holds	the	movable	plasma	source	which	is	mounted	inside	a	water	
cooled	 tube.	 The	 movement	 of	 the	 plasma	 source	 makes	 it	 possible	 to	 change	 its	
position	 with	 respect	 to	 the	 first	 skimmer.	 After	 installation	 of	 the	 superconducting	
magnet	 system,	 the	magnetized	 plasma	beam	will	 flow	 through	 both	 skimmers	 from	
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the	 source	 to	 the	 target.	 Since	 most	 neutrals	 are	 on	 the	 edge	 of	 the	 expansion,	 the	
skimmers	are	effective	in	reducing	the	neutral	flow	to	the	next	chamber.	A	cooled	conic	
shaped	skimmer	penetrates	the	shock	into	the	low	density	region	of	the	expansion	with	
minor	 influence	 on	 the	 shock	 structure	 [4].	 Sets	 of	 skimmers	with	 different	 opening	
diameters	are	available	 to	accommodate	variable	beam	sizes.	The	middle	 chamber	 is	
the	 heating	 chamber	 where	 the	 plasma	 will	 be	 additionally	 heated	 by	 means	 of	
electromagnetic	wave	power	in	the	radio	frequency	(rf)	range.	In	the	third	chamber	the	
target	will	be	exposed	to	the	plasma	beam.	This	target	chamber	has	a	smaller	diameter	
of	 50	 cm	 to	 create	 extra	 space	 for	 diagnostics	 between	 the	 vacuum	 vessel	 and	 the	
superconducting	magnet.	The	complete	vacuum	system,	including	pump	tubes,	is	water	
cooled	 and	 equipped	 with	 temperature	 sensors.	 Each	 chamber	 is	 pumped	 with	 a	
separate	pump	combination	consisting	of	two	roots	pumps	and	a	backing	pump.	Each	
pump	 set	 has	maximum	pump	 capacity	 around	20000	m3	h‐1	 in	 the	pressure	 regime	
between	 1	 and	 10	 Pa.	 Due	 to	 the	 large	magnetic	 stray	 fields,	 the	 pumps	 are	 located	
behind	an	iron	wall,	resulting	in	long	pump	tubes	(up	to	10	meters).	To	minimize	the	
loss	of	effective	pump	speed,	large	diameter	pump	tubes	were	chosen.	
	

	
	
Figure	5.2:	Design	drawing	of	the	differentially	pumped	Magnum‐PSI	vacuum	system	inside	the	1.3	
m	 diameter	 bore	 of	 the	 superconducting	 magnet.	 Shown	 are	 (from	 right	 to	 left),	 the	 source	
chamber,	 heating	 chamber	 and	 target	 chamber.	 The	magnetized	 plasma	 beam	 flows	 through	 the	
skimmers	from	the	source	to	the	target	while	the	neutrals	are	scraped	off	and	pumped	away.	
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The	plasma	is	produced	by	a	wall	stabilized	dc	cascaded	arc	[8‐13].	This	plasma	source	
has	the	advantage	of	operating	at	high	pressure,	high	power	and	small	volume,	leading	
to	 a	 high	 power	 density.	 A	 current	 is	 drawn	 from	 the	 three	 cathodes	 to	 the	 anode	
through	a	 channel	with	a	 length	of	 approximately	5	 cm.	The	diameter	of	 the	 channel	
stepwise	increases	towards	the	exit	from	5	mm	to	8	mm.	This	principle	was	first	used	
in	 a	 pinched	 geometry	 [14]	 and	 helps	 to	 increase	 the	 ionization	 degree.	 The	 plasma	
exits	 the	 source	 via	 the	 nozzle	 which	 also	 serves	 as	 the	 anode.	 The	 nozzle	 has	 a	
diameter	of	9.5	mm.	The	source	was	operated	at	a	low	power	regime	with	5	Pa	m3	s‐1	of	
argon	gas	and	the	total	current	was	100	A	(33.3	A	per	cathode).		
	
The	chambers	were	separated	by	non‐cooled	flat	skimmers	with	an	opening	diameter	
of	50	mm	and	no	magnetic	field	was	present.	With	these	settings	the	gas	pressure	in	the	
cathode	 chamber	 was	 18	 kPa.	 All	 pumps	 were	 running	 on	 nominal	 speed	 (50	 Hz),	
resulting	 in	 a	 pressure	 of	 1.46	 Pa	 in	 the	 source	 chamber,	 0.34	 Pa	 in	 the	 heating	
chamber	and	0.06	Pa	and	in	the	target	chamber	for	a	distance	between	the	source	and	
skimmer	zsk	=	30	cm.	A	schematic	drawing	of	the	experimental	arrangement	is	given	in	
Figure	5.3.	
	

	
	
Figure	5.3:	Schematic	drawing	of	the	Magnum‐PSI	experimental	arrangement	with	the	dimensions	
given	 in	 cm.	 The	movable	 source	 is	 shown	on	 the	 left,	 the	 target	 on	 the	 right.	 The	 probe	 can	 be	
placed	either	 in	 front	or	behind	the	 first	skimmer.	Both	skimmers	have	an	opening	diameter	of	5	
cm.	A	Thomson	scattering	diagnostic	 is	available	 in	 front	of	 the	 first	skimmer	and	 just	before	 the	
target.	Each	vacuum	chamber	is	connected	to	its	own	pump	station	(S1,	S2	and	S3).	
	

5.2.2		 Thomson	scattering	system	

	
Thomson	scattering	(TS)	is	the	most	accurate,	non‐intrusive	method,	to	determine	the	
electron	 density	 ne	 (for	 ne	 >	 1018	 m‐3)	 [15‐17].	 An	 advanced	 TS	 system	 has	 been	
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developed	for	Magnum‐PSI	 to	measure	ne	and	electron	temperature	Te	profiles	of	 the	
plasma	beam	[18].	For	stability	reasons,	most	laser	beam	line	components	are	mounted	
on	 the	 concrete	 floor	 of	 the	 Magnum‐PSI	 hall.	 Therefore,	 the	 laser	 beam	 of	 the	
frequency	doubled	Nd:YAG	laser	(532	nm)	enters	the	vacuum	vessel	from	below	while	
the	beam	dump	is	positioned	on	top	of	the	experiment.	The	34	m	long	laser	beam	line	is	
completely	remotely	controlled	using	piezo‐based	actuators	since,	during	exposure,	the	
entrance	 to	 the	 Magnum‐PSI	 hall	 is	 limited	 for	 safety	 reasons.	 Electron	 density	 and	
temperature	profiles	can	be	measured	downstream	from	the	source	exit	and	directly	in	
front	of	the	target	along	a	chord	length	of	100	mm	with	a	spatial	resolution	of	1.6	mm.	
The	lower	temperature	limit	is	Te	=	0.07	eV.	For	the	measurements	presented	here,	the	
observational	error	in	ne	and	Te	is	3%	and	6%	respectively	at	ne	=	9.0×1018	m‐3.	

	
The	 Rayleigh	 scattering	 signal,	 which	 is	 superimposed	 on	 the	 Thomson	 scattering	
signal,	makes	 it	 possible	 to	 determine	 the	 neutral	 density	n0	 [19].	 The	 observational	
error	in	n0,	based	on	Poisson	statistics,	is	around	50%	for	n0	=	1.0×1020	m‐3.	
	

5.2.3		 Double	Langmuir	probe	

	
A	double	Langmuir	probe	enables	measurements	in	low	density	plasmas	(ne	detection	
limit	 ~1016	 m‐3)	 and	 can	 be	 a	 good	 alternative	 to	 Thomson	 scattering	 if	 accuracies	
around	 30%	 are	 permissible	 [15].	 A	 drawback	 of	 the	 probe	 is	 that	 it	 is	 an	 intrusive	
method	 which	 will	 disturb	 the	 flow	 patterns	 when	 inserted.	 The	 nature	 of	 this	
disturbance	 depends	 on	 the	 Reynolds	 number	 [20],	 and	 will	 be	 significant	 in	 the	
supersonic	expansion	where	the	Reynolds	numbers	can	be	very	low	(Re	~	10).		

	
A	 double	 Langmuir	 probe	 is	 used	 to	 determine	 ne	 and	 Te	 16	 cm	 in	 front	 and	 8	 cm	
behind	 the	 first	 skimmer.	 The	 radial	 position	 with	 the	 highest	 measured	 electron	
density	is	taken	as	the	center	of	the	setup.	Axial	scans	of	ne	and	Te	at	the	center	of	the	
setup	 are	 obtained	 by	 rotating	 the	 probe.	 This	 method	 has	 a	 limited	 measurement	
range	of	8	cm	in	either	direction	on	the	z‐axis.	The	probe	is	kept	on	the	center	axis	of	
the	setup	by	an	appropriate	translation.	

	
The	Langmuir	probe	consists	of	two	cylindrical	tungsten	wires	of	4.1	mm	in	length	and	
0.2	mm	 in	 diameter.	 The	 spacing	 between	 the	wires	 is	 2	mm.	 I‐V	 characteristics	 are	
measured	by	means	of	a	Keithley	2400	source	meter.	The	voltage	sweep	is	set	from	‐10	
V	 to	 10	 V,	 in	 steps	 of	 0.05	 V.	 Each	 I‐V	 characteristic	 is	 averaged	 over	 5	 consecutive	
voltage	 sweeps	 and	 subsequently	 analyzed	 according	 to	 the	 theory	 as	 described	 by	
Peterson	and	Talbot	[21].	An	ion	mass	of	40	amu,	corresponding	to	ionized	argon	Ar+,	is	
used	in	the	analysis.	
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5.2.4		 DSMC	calculations	

	
The	 flows	 in	Magnum‐PSI	are	 in	most	 cases	 in	 the	 transitional	 regime	and	cannot	be	
accurately	 described	 using	 the	 Navier‐Stokes	 equations.	 Therefore,	 a	 microscopic	
approach	is	needed	[4].	The	neutral	gas	flows	are	modeled	using	the	direct	simulation	
Monte	 Carlo	 (DSMC)	 method	 developed	 by	 Bird	 [5].	 In	 this	 method	 a	 real	 flow	 is	
modeled	 by	 a	 large	 number	 of	 simulated	 particles,	 while	 each	 simulated	 particle	
represents	a	 large	number	of	molecules.	The	position,	velocity	and	 internal	energy	of	
the	simulated	particles	are	stored	and	updated	each	time	step	during	a	calculation.	In	
the	 simulations	 presented	 here,	 the	 number	 of	 simulated	 particles	 ranges	 between	
5×105	and	1×106.	The	flow	field	is	divided	into	small	cells,	each	containing	an	average	
of	8	particles.	The	size	of	the	cells	is	adapted	to	the	local	density,	ensuring	that	the	cells	
stay	much	smaller	than	the	local	mean‐free‐path.	The	time	step	is	set	to	approximately	
one‐third	of	the	local	mean	collision	time,	which	leads	to	a	typical	time	step	of	10‐7	s.	
The	 computational	 geometry	 used	 in	 this	 study	 is	 given	 in	 Figure	 5.4.	 The	 vacuum	
system	has	a	cylindrical	geometry	around	the	z‐axis.	The	gas	enters	from	the	left	and	is	
either	pumped	away	by	the	first	pump	(S1)	or	it	flows	through	the	first	skimmer.	In	the	
second	chamber	it	is	either	pumped	away	by	the	second	pump	(S2)	or	it	flows	through	
the	second	skimmer	to	be	pumped	away	by	the	third	pump	(S3).	The	walls	are	kept	at	a	
temperature	of	300	K	and	the	reflection	is	set	to	fully	diffuse.	
	
	

	
	
Figure	5.4:	Computational	geometry	of	the	three	stage	differentially	pumped	vacuum	system.	Gas	
enters	through	the	inlet	into	the	first	chamber.	There	it	is	either	reversed	by	the	first	skimmer	and	
pumped	 away	by	 S1	 or	 it	 flows	 through	 the	 skimmer.	 In	 the	 second	 chamber	 the	 gas	 is	 pumped	
away	by	S2	or	it	flows	through	the	second	skimmer	into	the	third	chamber.	Here	it	is	pumped	away	
by	S3.	Both	skimmers	have	an	opening	of	50	mm	in	diameter.	
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5.3		 Behavior	of	neutral	fraction	
	
In	 the	 plasma	 source,	 the	 product	 of	 the	 density	 and	 flow	 velocity	 is	 approximately	
constant	over	the	source	radius	[22,	23],	and	the	density	at	the	exit	of	the	source	can	be	
estimated	with		
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in	which	r0	is	the	radius	of	the	nozzle,	Ф	is	the	gas	flow	and	c0	is	the	speed	of	sound.	For	
the	gas	flow	in	this	study	(5	Pa	m3	s‐1	(3	slm)	argon);	Ф	=	1.35×1021	s‐1,	c0	=	1677	m/s	
(for	T(0)	=	0.7	eV	[24])	and	r0	=	4.75	mm.	The	calculated	density	n(0)	=	1.14×1022	m‐3.		
	

	
	
Figure	 5.5:	 DSMC	 simulation	 results	 for	 5	 Pa	 m3	 s‐1	 argon	 gas	 expanding	 in	 a	 three	 stage	
differentially	 pumped	 vacuum	 system.	 The	 number	 density	 (a)	 and	 temperature	 (b)	 are	 plotted.	
The	distance	between	the	source	and	the	first	skimmer	zsk	 is	30	cm.	The	minimum	and	maximum	
values	of	the	scale	have	been	adapted	to	show	more	detail	in	the	first	chamber.	
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In	 the	DSMC	simulation,	 the	gas	enters	 the	 simulation	as	an	undisturbed	 free	 stream	
flow	with	 the	 initial	 density	 set	 to	 the	 on‐axis	n(0),	 the	 initial	 velocity	 to	 c0	 and	 the	
initial	temperature	T(0)	to	0.7	eV.	The	effective	pump	speeds	are	S1	=	S2	=	S3	≈	10.000	
m3	 h‐1.	 The	 number	 density	 (a)	 and	 temperature	 (b)	 plots	 from	 this	 simulation	 are	
given	 in	Figure	5.5.	Due	 to	 the	 large	pressure	difference	between	 the	 source	and	 the	
vacuum	 vessel,	 a	 supersonic	 expansion	 is	 formed.	 This	 expansion	 has	 a	 three‐
dimensional	 structure	 corresponding	 to	a	barrel	 shock	 [25].	Directly	after	 the	source	
exit,	 the	 particles	 are	 accelerated	 and	 the	 temperature	 decreases.	 After	 a	 few	
centimeters	from	the	source	exit,	a	region	develops	where	the	density	is	lower	than	the	
background	density.	This	is	the	valley	of	the	expansion.	The	mean‐free‐path	in	this	area	
is	 comparable	 to	 the	 size	 of	 the	 valley,	 making	 the	 transition	 from	 supersonic	 to	
subsonic	 gradual	 and	 the	 expansion	 transparent	 for	 the	 invasion	 of	 background	 gas	
[26,	 27].	 Particles	 from	 the	 periphery	 of	 the	 expansion	 can	 enter	 the	 valley	 and	mix	
with	the	jet.	
	
In	Figure	5.6(a)	 the	measured	and	 computed	on‐axis	neutral	density	n0	 is	 given.	The	
on‐axis	density	initially	decreases	quadratically	due	to	an	increase	in	the	jet	diameter.	
This	decrease	can	be	described	with		
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in	which	 z0	 is	 a	 scaling	 length	 determined	 by	 the	 properties	 in	 the	 beginning	 of	 the	
expansion	and	by	the	source	nozzle	geometry	[28].	z0	is	of	the	order	of	the	radius	of	the	
nozzle	(z0	≈	r0).	The	position	of	z	=	0	corresponds	to	the	exit	(nozzle)	of	the	cascaded	
arc.	 In	 the	 expansion,	 the	 density	 starts	 decreasing	 with	 1/z2	 after	 z	 ≈	 z0	 ≈	 r0.	 This	
relation	 is	 plotted	 as	 the	 dotted	 line	 in	 Figure	 5.6(a)	 with	 z0	 =	 r0	 =	 4.75	 mm	 and	
describes	 the	 simulation	 result	 in	 the	 first	 part	 of	 the	 expansion	well.	 This	 result	 is	
supported	 by	 the	 Rayleigh	 scattering	 measurements	 plotted	 in	 Figure	 5.6(a).	 These	
measurements	were	taken	by	changing	 the	position	of	 the	source	with	respect	 to	 the	
measurement	position.	The	 validity	 of	 equation	 (5.2)	 is	 also	demonstrated	by	earlier	
measurements	[24,	27].	
	
The	invasion	of	background	gas	in	the	expansion	becomes	visible	at	z	≈	7	cm,	where	the	
density	starts	to	deviate	from	equation	(5.2).	The	density	reaches	a	minimum	around	z	
≈	13	cm	and	then	slowly	 increases	 towards	the	skimmer	position,	where	 it	reaches	a	
maximum.	 This	 density	 increase	 is	 partly	 due	 to	 the	 shock	 and	 partly	 due	 to	 the	
blockade	of	 the	 flow	by	 the	 flat	 skimmer.	The	 gas	 flowing	 through	 the	 first	 skimmer	
undergoes	a	subsonic	expansion	behind	the	skimmer	and	the	density	decreases.	In	the	
second	chamber,	the	density	slowly	increases	due	to	the	heat	transfer	to	the	wall.	After	
80	 cm	 the	 second	 skimmer	 is	 reached.	 Here,	 the	 density	 falls	 towards	 the	 low	
background	density	in	the	third	chamber.	
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Figure	5.6:	On‐axis	neutral	(a)	and	electron	(b)	density	as	function	of	distance	from	the	source	z.	
The	theoretical	fit	of	equation	(5.2)	is	given	as	the	dotted	line.	The	corrected	Langmuir	probe	data	
(discussed	 in	 Section	 5.4.3)	 is	 also	 plotted.	 The	 error	 bars	 of	 the	 Thomson	 scattering	 data	 are	
smaller	than	the	symbols.	The	distance	between	the	source	and	the	skimmer	zsk	is	30	cm.	The	argon	
flow	was	5	Pa	m3	s‐1.	
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Figure	 5.7(a)	 shows	 the	 calculated	 neutral	 temperature	 T0	 as	 a	 function	 of	 distance	
from	 the	 source	 z.	 If	 the	 first	 part	 of	 the	 expansion	 is	 assumed	 to	 be	 adiabatic,	 the	
temperature	can	be	calculated	with	Poisson’s	adiabatic	law	[29]	
		

	
1

)0(

)(

)0(

)(














n

zn

T

zT
,	 	 	 	 	 	 	 	 									(5.3)	

	
in	which	T(0)	denotes	the	temperature	at	the	source	exit	and	γ	is	effective	value	for	the	
specific	heat	ratio,	i.e.	1.667	for	an	isentropic	flow	of	a	monoatomic	gas.	This	relation	is	
plotted	as	a	dotted	 line	 in	Figure	5.7(a)	with	T(0)	=	0.7	eV	and	γ	=	1.667.	After	a	 few	
centimeters	the	temperature	starts	to	deviate	from	the	adiabatic	law,	indicating	heating	
from	invasion	of	hotter	gas	from	the	periphery	of	the	expansion.	After	z	≈	3.5	cm,	the	
temperature	 starts	 to	 increase	and	 reaches	 a	maximum	at	z	 =	12	 cm.	 So	 the	 jump	 in	
temperature	clearly	occurs	before	the	jump	in	density.	After	the	peak,	the	temperature	
decreases	smoothly	through	the	skimmer	towards	the	background	value	in	the	second	
chamber.	
	
In	 a	 supersonic	 expansion,	 the	 transition	 from	 supersonic	 to	 subsonic	 is	 called	 the	
shock.	This	region	can	be	several	mean‐free‐paths	wide,	and	is	therefore	quite	broad	in	
low	background	pressures.	The	shock	position	zM	can	be	expressed	in	terms	of	flow	Ф	
in	 scc	 s‐1,	 the	 atomic	 mass	 number	 A,	 the	 background	 pressure	 pb	 and	 the	 source	
temperature	Ts	in	eV	as	follows	[24]:	
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For	the	experimental	conditions	used	 in	these	measurements	(i.e.	Ф	=	50	scc	s‐1,	pb	=	
1.46	Pa,	A	=	40	amu	and	Ts	=	0.7	eV),	the	calculated	shock	position	zM	=	27	cm.	This	is	
much	further	away	from	the	source	than	the	peak	in	the	temperature.	This	is	probably	
caused	 by	 the	 background	 pressure	 as	 given	 by	 the	 pressure	 gauge	 and	 used	 in	
equation	 (5.4).	 In	 fact,	 the	 local	 neutral	 pressure	 is	 significantly	 increased	 due	 to	 a	
blockade	 of	 the	 flow	 by	 the	 flat	 skimmer,	 moving	 the	 shock	 upstream	 towards	 the	
source.		
	
It	 is	 important	to	note	here	that	the	DSMC	calculation	does	not	take	 into	account	any	
coupling	with	the	ionized	fraction.	The	importance	of	this	coupling	can	be	estimated	by	
calculating	the	mean‐free‐path	for	neutral‐ion	charge	exchange	collisions.	Under	these	
conditions,	 the	mean‐free‐path	 is	 around	 10	 cm	 in	 the	 valley	 of	 the	 expansion	 [30],	
which	 is	 comparable	 to	 the	dimensions	 of	 the	 expansion	 structure.	 Furthermore,	 the	
results	of	the	DSMC	code	are	validated	by	the	agreement	with	the	Rayleigh	scattering	
data.	
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Figure	 5.7:	 On‐axis	 neutral	 (a)	 and	 electron	 (b)	 temperature	 as	 function	 of	 distance	 from	 the	
source	z.	 The	 theoretical	 fit	 of	 equation	 (3)	 is	 given	as	 the	dotted	 line.	The	distance	between	 the	
source	and	the	skimmer	zsk	is	30	cm.	The	argon	flow	was	5	Pa	m3	s‐1.	
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5.4		 Behavior	of	the	ionized	fraction	
	

5.4.1		 Thomson	scattering	measurements	

	
The	 on‐axis	 ne	 profile	 of	 the	 plasma	 expansion	 has	 been	measured	 by	 changing	 the	
position	 of	 the	 source	with	 respect	 to	 the	 TS	 position.	 The	 data	 is	 plotted	 in	 Figure	
5.6(b).	The	closest	measurement	position	to	the	source	was	39	mm.	Equation	(5.2)	 is	
fitted	as	the	dotted	line	in	Figure	5.6(b)	with	z0	=	r0	=	4.75	mm.	The	resulting	ne	at	the	
nozzle	exit	ne(0)	=	2.3×1021	m‐3.	Since	ne	decreases	quadratically	with	distance	from	the	
nozzle	 z,	 it	 can	 be	 concluded	 that	 the	 plasma	 expands	 supersonic	 and	 shows	 no	
significant	recombination	 in	the	measurement	range	presented	here.	At	z	=	11	cm,	ne	
becomes	 too	 low	 to	 allow	 accurate	 measurements	 with	 the	 TS	 settings	 used	 in	 this	
study.	

	
The	 measured	 on‐axis	 Te	 is	 plotted	 in	 Figure	 5.7(b).	 Although	 three‐particle	
recombination	has	a	small	effect	on	the	mass	balance,	it	has	to	be	taken	into	account	as	
a	heat	source	for	the	electron	gas.	As	a	result,	the	electrons	do	not	expand	adiabatically,	
but	have	a	lower	γ	[31].	Equation	(5.3)	is	fitted	as	the	dotted	line	in	Figure	5.7(b)	with	
with	T(0)	=	0.7	eV	and	γ	=	1.31.	This	fit	describes	the	measurement	very	well	until	z	≈	
8.5	 cm,	where	TS	 shows	 that	Te	 starts	 to	 increase	 towards	 the	 shock.	The	 validity	 of	
equation	(5.3)	with	a	smaller	value	for	γ	is	also	demonstrated	by	earlier	measurements	
[32]	in	which	an	empirical	scaling	law	was	found	for	a	similar	argon	plasma	expansion.	
From	that	result,	a	value	for	γ	was	deduced,	γ	=	1.29	±	0.02,	which	is	almost	equal	to	the	
result	found	in	this	paper.	
	

5.4.2		 Probe	measurements	

	
To	gain	better	insight	in	the	behavior	of	the	plasma	flow	through	the	first	skimmer,	the	
on‐axis	ne	and	Te	have	been	measured	directly	in	front	of	and	behind	the	skimmer.	The	
results	are	given	in	Figure	5.6(b)	as	closed	circles.	The	large	difference	between	the	TS	
data	 and	 the	 LP	 data	 in	 front	 of	 the	 skimmer	 can	 be	 explained	 by	 the	 fact	 that	 the	
presence	of	the	probe	disturbs	the	supersonic	flow.	Since	the	flow	is	in	the	transitional	
regime,	it	is	hard	to	predict	the	exact	influence	of	the	probe	on	the	flow	pattern.	In	the	
narrow	region	where	both	measurement	 techniques	were	used,	 the	magnitude	of	 the	
density	disturbance	caused	by	the	probe	can	be	found	by	dividing	the	LP	data	by	the	TS	
data.	The	factor	of	density	increase	was	found	to	be	3.3	for	z	=	10.9	cm.	In	Section	5.4.3,	
DSMC	 simulations	 are	 used	 to	 estimate	 the	 magnitude	 of	 the	 flow	 disturbance	 as	 a	
function	of	distance	 from	 the	 source.	Behind	 the	 skimmer	 the	probe	has	 a	negligible	
influence	on	the	flow	since	the	flow	is	subsonic.	
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The	measured	Te	by	the	probe	is	plotted	in	Figure	5.7(b).	The	probe	data	continues	the	
increasing	 trend	shown	by	 the	TS	data	and	 reaches	a	maximum	at	z	 =	21	 cm.	 So	 the	
jump	 in	 electron	 temperature	 clearly	 occurs	 later	 than	 the	 jump	 in	 neutral	
temperature.	 The	 electron	 expansion	 is	 not	 completely	 coupled	 to	 the	 neutral	
expansion	[31],	which	is	influenced	by	the	invasion	of	neutral	background	gas.	After	the	
first	 skimmer	 the	 electron	 temperature	 is	 approximately	 equal	 to	 the	 neutral	
temperature.	
	

5.4.3		 Gas	flow	disturbance	by	probe	

	
Since	the	Reynolds	number	of	the	argon	plasma	is	very	low	in	the	supersonic	expansion	
(Re	≈	10),	the	density	disturbance	caused	by	the	probe	will	extend	far	into	the	flow	at	
that	position	[20].	To	quantify	the	effect	of	the	probe	on	the	local	density	as	function	of	
distance	from	the	source,	DSMC	simulations	have	been	performed.	Since	the	modeling	
is	 limited	 to	 cylindrically	 symmetric	 objects,	 the	 effect	 of	 a	 ring	 on	 the	 local	 neutral	
density	 was	 calculated.	 The	 inner	 radius	 of	 the	 ring	 was	 taken	 to	 be	 4	 mm	 which	
corresponds	 to	 the	distance	between	 the	end	of	 the	probe	 tubing	and	 the	end	of	 the	
tungsten	wires.	 The	 width	 of	 the	 ring	 is	 chosen	 as	 5	mm	which	 corresponds	 to	 the	
width	of	the	probe.	The	temperature	of	the	ring	was	set	to	1000	K,	which	is	equal	to	the	
estimated	 temperature	 of	 the	 probe	 during	 measurement.	 In	 the	 calculation	 result	
shown	in	Figure	5.8,	the	effect	on	the	on‐axis	density	can	be	seen	in	the	case	where	the	
ring	is	placed	at	z	=	14	cm.	The	calculated	neutral	density	increases	up	to	1.34×1020	m‐3	
at	 the	 probe	position	 and	 the	disturbance	 extends	 roughly	 3	 cm	upstream.	 Since	 the	
density	at	that	position	without	a	probe	is	0.49×1020	m‐3,	it	can	be	concluded	that	the	
presence	 of	 the	 probe	 increases	 the	 local	 density	 with	 a	 factor	 2.7.	 With	 the	 probe	
placed	at	z	=	11	cm,	a	factor	3.4	was	found,	which	is	almost	equal	to	the	factor	found	by	
comparing	 the	 probe	 measurement	 with	 the	 Thomson	 scattering	 data	 at	 the	 same	
position	(Section	5.4.2).	Finally,	with	the	probe	positioned	at	z	=	18	cm,	a	factor	2.1	was	
found.	The	disturbance	caused	by	the	probe	becomes	less	when	the	probe	moves	away	
from	the	source	exit.	This	z‐dependant	disturbance	effect	has	been	used	to	correct	the	
ne	 data	 measured	 by	 the	 probe	 in	 front	 of	 the	 skimmer	 in	 order	 to	 determine	 the	
ionization	ratio	in	Section	5.4.4.	The	corrected	data	is	plotted	in	Figure	5.6(b).	
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Figure	5.8:	DSMC	simulation	results	of	the	on‐axis	neutral	gas	density	no	as	a	function	of	distance	
from	 the	 source,	with	 the	probe	at	z	 =	14	cm	(solid	 line)	and	without	probe	 (dots).	The	distance	
between	the	source	and	the	first	skimmer	zsk	is	30	cm.	The	argon	flow	was	5	Pa	m3	s‐1.	
	

5.4.4		 Ionization	ratio	

	
To	determine	the	on‐axis	ionization	ratio	as	a	function	of	distance	from	the	source,	the	
measured	 values	 for	 ne	 (Figure	 5.6(b))	 are	 divided	 by	 the	 results	 of	 the	 DSMC	
simulation	(Figure	5.6(a)).	The	result	of	this	calculation	is	plotted	in	Figure	5.9.	The	LP	
data	which	was	 taken	 in	 front	of	 the	skimmer	 is	corrected	by	 the	z‐dependent	 factor	
determined	 in	 Section	 5.4.3.	 In	 the	 first	 part	 of	 the	 expansion,	where	 both	ne(z)	 and	
n0(z)	 follow	 equation	 (5.2),	 the	 ionization	 ratio	 is	 around	 15%.	 For	 z	 >	 7	 cm,	where	
n0(z)	 starts	 deviating	 from	 equation	 (5.2),	 the	 ionization	 ratio	 decreases	 due	 to	 the	
invasion	 of	 neutrals	 into	 the	 valley.	 The	 ratio	 falls	 towards	 2%	 just	 in	 front	 of	 the	
skimmer	entrance.	Behind	the	skimmer,	the	value	decreases	further	with	z	from	1.5%	
to	0.5%.	
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Figure	5.9:	On‐axis	ionization	ratio	ne/no	as	a	function	of	distance	from	the	source.	The	values	are	
calculated	by	dividing	 the	measured	electron	density	by	 the	 simulated	neutral	gas	density.	Three	
data	sets	are	shown;	TS	data	(open	squares),	corrected	LP	data	(open	circles)	and	LP	data	behind	
the	skimmer	(closed	circles).	The	distance	between	the	source	and	the	skimmer	zsk	 is	30	cm.	The	
argon	flow	was	5	Pa	m3	s‐1.	
	

5.5			 Conclusion		
	
In	Magnum‐PSI,	a	differential	pumping	scheme	 is	 implemented	 to	control	 the	neutral	
gas	density	near	the	target.	To	remove	the	large	quantities	of	neutral	gas	being	released	
by	the	high	flux	plasma	source,	the	vacuum	vessel	is	divided	into	three	parts	separated	
by	skimmers.	Since	most	neutrals	are	on	the	edge	of	the	expansion,	the	skimmers	are	
effective	 in	 blocking	 the	 neutral	 flow	 towards	 the	 next	 chamber.	 Each	 chamber	 is	
pumped	by	a	large	roots	pump	system.	

	
The	expansion	of	5	Pa	m3	s‐1	(3	slm)	argon	in	a	low	background	pressure	was	studied	in	
the	absence	of	a	magnetic	field.	The	density	profiles	in	the	plasma	expansion	and	in	the	
vicinity	 of	 the	 first	 skimmer	 have	 been	 measured	 with	 Thomson	 scattering	 and	 a	
double	 Langmuir	 probe.	 DSMC	 simulations	 of	 the	 neutral	 gas	 content	 and	 Rayleigh	
scattering	measurements	have	been	done	for	the	same	conditions.	It	was	found	that	the	
expansions	of	the	neutrals	and	electrons	are	not	completely	coupled	in	the	shock	front	
and	that	the	jump	in	temperature	occurs	before	the	jump	in	density.	These	results	are	
in	accordance	with	earlier	work	[31],	which	was	done	at	higher	background	pressures.	
The	flat	skimmer	forms	a	blockade	of	the	flow	and	moves	the	shock	front	forward.	The	
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neutral	fraction	shows	clear	signs	of	inflow	of	background	gas.	This	has	also	an	effect	
on	the	ionization	ratio,	which	decreases	in	the	expansion.		

	
The	DSMC	code	has	been	validated	against	Rayleigh	scattering	measurement	and	well	
established	expansion	formulas.	The	differential	pumping	design	 leads	 to	 low	neutral	
density	 in	 the	 third	 chamber,	 allowing	 ITER	 relevant	 experiments	 when	 using	 a	
magnetized	plasma	beam.	
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Abstract	
	
Intense	 magnetized	 hydrogen	 and	 deuterium	 plasmas	 have	 been	 produced	 with	
electron	 densities	 up	 to	 3.6×1020	m‐3	 and	 electron	 temperatures	 up	 to	 3.7	 eV	with	 a	
linear	plasma	generator.	Exposure	of	 a	W	 target	has	 led	 to	average	heat	and	particle	
flux	densities	well	in	excess	of	4	MW	m‐2	and	1024	m‐2	s‐1,	respectively.	We	have	shown	
that	the	plasma	surface	interactions	are	dominated	by	the	incoming	ions.	The	achieved	
conditions	correspond	very	well	to	the	projected	conditions	at	the	divertor	strike	zones	
of	fusion	reactors	such	as	ITER.	In	addition,	the	machine	has	an	unprecedented	high	gas	
efficiency.	
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6.1		 Introduction	
	
The	magnetic	 topology	 of	 fusion	 devices	 such	 as	 ITER	 guides	 the	 heat	 and	 particles	
from	the	plasma	towards	an	area	called	the	divertor.	Close	to	the	divertor,	the	electron	
density	ne	 in	 the	plasma	 is	very	high	and	amounts	 to	~1020	–	1021	m‐3	at	an	electron	
temperature	Te	of	1	–	5	eV,	leading	to	time‐averaged	particle	and	energy	flux	densities	
of	 1024	 m‐2	 s‐1	 and	 10	 MW	 m‐2,	 respectively	 [1,2].	 On	 top	 of	 that,	 magneto‐
hydrodynamic	instabilities	in	the	plasma	edge,	commonly	called	Edge	Localized	Modes	
(ELMs)	 [3],	 can	 deposit	 an	 estimated	 2	 ‐	 4	 GW	m‐2	 for	 0.5	 –	 1	ms	 on	 these	 divertor	
strike	 zones.	 These	 extreme	 particle	 and	 heat	 fluxes	 place	 severe	 demands	 on	 the	
material	 surfaces	 and	 challenges	 our	 ability	 to	 control	 and	 predict	 plasma‐surface	
interactions	(PSI).	The	densities	and	fluxes	are	so	high	that	the	system	has	entered	the	
so‐called	strongly	coupled	regime,	where	molecules	and	dust	particles	that	come	off	the	
surface	are	confined	and	remain	part	of	 the	PSI	 system.	The	wall	material	will	 erode	
and	possibly	 even	melt,	 thereby	 endangering	 the	durability	 of	 the	wall	 elements	 and	
the	condition	to	maintain	a	very	clean	and	pure	plasma.	Due	to	the	major	(3	orders	of	
magnitude	 in	 terms	 of	 ion	 fluence)	 up	 scaling	 between	 ITER	 and	 current	 magnetic	
confinement	devices,	the	need	has	arisen	to	study	these	effects	in	a	well‐controlled	and	
systematical	way.	Dedicated	 tokamaks	 and	 linear	 devices	 are	 needed,	where	 the	 key	
question	is	if	they	can	enter	the	ITER	relevant	regime	in	terms	of	density,	temperature,	
degree	of	 ionization	and	background	pressure.	Linear	plasma	simulators	benefit	 from	
better	 accessibility,	 but	 have	 to	 cope	 with	 the	 fact	 that	 intense	 plasma	 at	 low	
temperature	 can	only	be	made	by	 sources	 that	 co‐exhaust	 large	quantities	of	neutral	
gas.	
	
A	 linear	machine	designed	specifically	 to	reach	 the	 ITER	relevant	regime	 is	Magnum‐
PSI	 (MAgnetized	plasma	Generator	and	NUMerical	modeling	 for	PSI).	A	quasi	 steady‐
state	 axial	 magnetic	 field	 up	 to	 1.9	 T	 is	 generated	 to	 confine	 a	 high	 density,	 low	
temperature	plasma	of	a	wall	stabilized	dc	cascaded	arc	[4‐6]	to	an	intense	magnetized	
plasma	beam	directed	on	a	target.	As	opposed	to	 its	 forerunner	Pilot‐PSI,	 the	present	
experiment	uses	a	differentially	pumped	vacuum	system,	where	 the	vacuum	vessel	 is	
divided	into	two	chambers	which	are	individually	pumped	by	large	roots	pumps	with	
pump	speeds	 in	the	range	of	20.000	m3	h‐1.	A	design	drawing	of	 the	setup	 is	given	in	
Figure	6.1.	A	flow	restriction	(skimmer)	between	the	two	vacuum	chambers,	keeps	the	
neutral	 gas	 flow	 to	 the	 target	 region	 sufficiently	 low	 [7].	 As	 such,	 the	 experiment	
combines	 the	high	 ion	 flux	capabilities	of	Pilot‐PSI	 [8]	with	 low	background	pressure	
and	large	beam	diameter	to	reach	the	strongly	coupled	regime.	It	should	be	mentioned	
that	differential	pumping	has	been	used	before	on	linear	plasma	generators	[9‐12],	 in	
which	it	was	used	to	vary	the	neutral	pressure	in	the	target	chamber	by	means	of	gas	
puff	 to	 study	 detached	 plasmas	 as	 a	 possible	 way	 to	mitigate	 the	 power	 flux	 to	 the	
divertor.	However,	 the	electron	density	and	fluxes	 in	these	machines	were	more	than	
an	order	of	magnitude	lower	as	compared	to	the	conditions	at	the	ITER	strike	zones.	In	
the	present	work,	we	show	that	ITER	divertor	conditions	have	been	achieved	in	a	linear	
machine	together	with	an	unprecedented	high	ionization	efficiency.		
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Figure	 6.1:	 Design	 drawing	 of	 the	 differentially	 pumped	 experiment.	 The	 source	 and	 target	
chamber	are	each	pumped	by	their	own	pumping	station	(S1	and	S2).	The	source	chamber	holds	the	
plasma	source	which	is	mounted	inside	a	movable	water	cooled	tube	(a).	The	magnetic	 field	coils	
(b)	 are	 positioned	 such	 that	 the	 magnetic	 field	 lines	 expand	 a	 factor	 of	 2.6	 before	 reaching	 the	
target.	The	magnetized	plasma	beam	(c)	 flows	through	the	skimmer	(d)	 from	source	to	target	(e)	
while	most	of	the	neutrals	are	scraped	off	and	pumped	away.	Thomson	scattering	yields	ne	and	Te	
profiles	directly	in	front	of	the	target	(f).	The	distance	between	the	source	and	the	target	is	1	m.	The	
skimmer	opening	is	50	mm	in	diameter.	The	target	can	be	rotated	around	two	orthogonal	axes	to	
vary	the	angle	of	incidence.	
		

6.2		 Experimental	results	
	
The	 measurements	 presented	 here	 were	 performed	 with	 an	 electrically	 floating,	 W	
target	 in	 the	perpendicular	position	with	 respect	 to	 the	plasma	beam	as	 indicated	 in	
Figure	6.1.	ne	and	Te	profiles	have	been	determined	with	Thomson	scattering	(TS)	25	
mm	 in	 front	 of	 the	 target	with	 a	 spatial	 resolution	of	 1.6	mm	 [13].	 The	purity	 of	 the	
plasma	 just	 in	 front	 of	 the	 target	 was	 monitored	 with	 wide	 spectral	 range	 optical	
emission	 spectroscopy	 (OES).	 Temperature	 and	 flow	 sensors	 are	 installed	 inside	 the	
cooling	circuits	to	enable	calorimetric	measurements	with	an	accuracy	of	10%.	Figure	
6.2	shows	the	radial	ne	and	Te	profiles	measured	with	the	source	running	on	5	Pa	m3	s‐1	
H2	and	D2	for	a	source	current	Is	of	225	A.	The	FWHM	diameters	of	the	beams	are	about	
25	mm.	For	H2,	 the	maximum	ne	amounts	to	1.3×1020	m‐3	at	an	Te	of	3.7	eV,	 for	D2	ne	
rises	to	3.6×1020	m‐3	at	an	Te	of	2.0	eV.	The	lower	ne	and	higher	Te	for	H2	as	compared	to	
D2	were	recorded	 for	all	 source	and	 field	settings.	The	higher	density	 for	D2	 is	partly	
attributed	to	the	sonic	flow	condition	at	the	exit	of	the	source,	 i.e.	a	 lower	flow	speed	
due	 to	 the	 higher	mass.	 To	 understand	 the	 differences	 in	 detail,	 however,	 dedicated	
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modeling	will	 be	 required	 since	 the	 plasma	 production	 in	 the	 source	 as	 well	 as	 the	
transport	to	the	target	is	different	for	the	two	species.	For	both	gases,	ne	and	Te	are	well	
within	 the	 regime	 relevant	 for	 the	 ITER	 divertor	 of	 1020	 –	 1021	 m‐3	 and	 1	 –	 5	 eV,	
respectively.		
	

	
	
Figure	6.2:	Radial	ne	(a)	and	Te	(b)	profiles.	The	H2	and	D2	flow	was	5	Pa	m3	s‐1	and	the	magnetic	
field	was	0.87	T	at	the	source	and	0.15	T	at	the	TS	position.	Source	current	Is	was	set	at	225	A.	
	
During	 the	experiments,	 the	background	pressures	 in	 the	 source	and	 target	 chamber	
have	been	recorded	at	positions	where	the	neutral	gas	is	 in	thermal	equilibrium	with	
the	 water	 cooled	 vessel	 (see	 Figure	 6.1).	 The	 results	 for	 5	 Pa	 m3	 s‐1	 D2	 for	 several	
source	currents	and	two	magnetic	field	settings	are	shown	in	Figure	6.3.	The	pressures	
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in	 the	source	and	target	chambers	without	magnetic	 field	are	respectively	1.0	Pa	and	
0.2	Pa,	independent	of	Is	(depicted	with	dashed/dash‐dotted	lines	in	the	figure).	Upon	
application	 of	 the	magnetic	 field	 and	 with	 increase	 of	 Is,	 the	 pressure	 in	 the	 source	
chamber	 significantly	 drops	 whereas	 the	 pressure	 in	 the	 target	 chamber	 rises	 by	
approximately	the	same	amount.	
	

	
	
Figure	6.3:	Neutral	pressure	in	the	source	chamber	(SC)	and	target	chamber	(TC)	as	a	function	of	
source	current	Is	 for	no	applied	magnetic	 field	as	well	as	 for	magnetic	 fields	of	0.43	T	and	0.87	T.	
The	D2	flow	was	5	Pa	m3	s‐1.	Dashed	lines	between	the	data	points	to	guide	the	eye	only.	
	

6.3		 Flux	to	the	target	chamber	
	
Without	 magnetic	 field,	 the	 plasma	 forms	 a	 supersonic	 expansion	 in	 a	 neutral	 gas	
background	with	 the	 shock	 position	well	 before	 the	 skimmer.	 The	 on‐axis	 ionization	
decreases	quickly	 and	 almost	 no	plasma	 enters	 the	 target	 chamber	 [14].	 This	means	
that	virtually	all	of	the	gas	flow	in	the	target	chamber	arises	from	neutral	background	
gas	diffusing	into	the	chamber	via	the	skimmer.	This	gas	flow	(expressed	in	Pa	m3	s‐1)	
was	determined	by	multiplying	the	pressure	in	the	target	chamber	with	the	(measured,	
pressure	dependent)	effective	pump	speed	(expressed	in	m3	s‐1).	The	gas	flows	in	the	
source	and	target	chamber	without	magnetic	field	correspond	to	respectively	85%	and	
15%	of	the	total	gas	flow.	Turning	the	magnetic	field	on	has	two	effects:	1)	the	plasma	
source	efficiency	increases	due	to	the	lower	radial	heat	loss	causing	ne	to	increase	and	
2)	 the	 ionized	 particles	 are	 confined	 to	 a	magnetized	 beam	with	 a	 diameter	 smaller	
than	the	skimmer	opening.	As	a	result,	 the	 ionized	particles	are	transported	from	the	
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source	 to	 the	 target	 chamber,	 where	 they	 are	 neutralized	 at	 the	 target	 plate	 and	
contribute	to	the	neutral	gas	load	in	the	target	chamber.	Increasing	Is	increases	ne	and	
the	amount	of	transported	ions.	The	resulting	total	particle	flux	to	the	target	chamber	
Γp,	as	deduced	from	the	gas	flow	measurements	and	assuming	the	gas	behaving	as	an	
ideal	 gas,	 is	 presented	 in	 Figure	 6.4(a).	 Although	 their	 ne	 and	 Te	 profiles	 are	 quite	
different,	 the	H	and	D	 fluxes	are	strikingly	equal.	Γp	 increases	as	a	 function	of	 source	
current	and	magnetic	 field	to	a	maximum	of	1.9×1021	s‐1.	Γp	without	magnetic	 field	 is	
constant	 at	 4.0×1020	 s‐1	 for	D2	 and	 4.1×1020	 s‐1	 for	H2.	Note	 that	 this	method	 cannot	
distinguish	between	ions	and	neutrals.	
	
In	addition	to	the	pressure	measurements,	calorimetry	on	the	target	cooling	water	was	
carried	 out.	 From	 the	 results,	 the	 total	 plasma	 flux	 on	 the	 target	 can	 be	 deduced	 by	
taking	 the	 ratio	 of	 the	 calorimetric	 power	 and	 an	 estimated	 average	 energy	 Êpair	
deposited	by	an	electron‐ion	pair.	For	a	drifting	Maxwellian	velocity	distribution	[15],	
Êpair	would	be	the	forward	power	flux	plus	the	ionization	energy	of	the	ion	plus	half	the	
dissociation	energy,	i.e.	Êpair	=	5/2	kTe	+	5/2	kTi	+	½	mvi2	+	Eionization	+	½	Edissociation.	This	
formula	would	 hold	 for	 the	 situation	where	 the	 ions	 are	 all	 absorbed	 by	 the	 target,	
where	they	neutralize	and	recombine	to	molecules.	In	fact,	it	is	known	that	a	significant	
fraction	of	the	ions	reflect	from	the	target,	for	H	on	W	approximately	60%	[16]	thereby	
taking	with	them	a	large	part	of	their	kinetic	energy	and	not	releasing	the	dissociation	
energy.	We	therefore	corrected	the	above	formula	by	including	only	40%	of	the	kinetic	
energy	of	the	ions	as	well	as	only	40%	of	the	dissociation	energy.	The	ionization	energy	
on	 the	 other	 hand	 was	 fully	 taken	 into	 account	 since,	 for	 absorption	 as	 well	 as	 for	
reflection,	 the	 probability	 for	 neutralization	 is	 very	 large.	 In	 the	 analysis	 we	 have	
assumed	that	the	electron	and	ion	temperatures	are	equal	(Te	=	Ti),	which	was	verified	
experimentally	for	similar	exposure	conditions	as	used	here	[17].	
	
In	Figure	6.4(b),	the	ion	flux	to	the	target	as	determined	from	calorimetry	Γcal	is	shown	
as	function	of	the	particle	flux	to	the	target	chamber	Γp	as	obtained	from	the	pressure	
measurements.	Except	 the	values	 for	H2	at	B	=	0.87	T,	 the	data	points	 follow	a	 linear	
trend.	 The	 estimated	 error	 in	 Γcal	 is	 a	 combination	 in	 the	 uncertainties	 of	 the	
calorimetric	measurement	and	the	determination	of	an	average	Te	for	all	particles.	The	
estimated	 error	 in	 Γp	 is	 smaller	 than	 the	 symbol	 size.	 The	 dashed	 line	 represents	 a	
linear	 least‐squares	 fit	 to	 the	 data	 points,	 excluding	 the	 deviating	 points.	 The	 fit	
intercepts	the	horizontal	axis	at	a	flux	of	4.3×1020	s‐1,	which	is	very	close	to	the	fluxes	
found	 without	 magnetic	 field	 (Figure	 6.4(a)).	 The	 solid	 line	 illustrates	 the	 situation	
where	the	ion	flux	to	the	target	is	taken	identical	to	the	flow	to	the	target	chamber	(Γcal	
=	Γp).	 The	 conditions	 at	 the	 ITER	divertor	 are	 represented	by	 this	 line:	 the	 total	 flux	
being	by	far	dominated	by	the	ion	flux.	The	fit	to	the	measured	data	points	has	an	offset	
to	 the	 solid	 line	which	 slightly	 decreases	 for	 higher	 fluxes.	 Concerning	 the	 deviating	
results	for	H2	at	B	=	0.87	T,	all	four	data	points	seem	to	be	shifted	with	respect	to	the	
other	experimental	results.	This	shift	may	be	related	to	the	target	potential	during	the	
experiments	 that	 was	 measured	 to	 be	 significantly	 lower	 for	 all	 four	 data	 points	
(gradually	changing	from	‐45	V	to	‐25	V	with	 increasing	current	 instead	of	the	rather	
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constant	values	in	the	range	of	‐10	V	to	0	V	for	all	other	data	points).	Although	we	are	
not	sure	about	the	exact	cause	of	the	shift,	an	important	conclusion	valid	for	all	data	at	
higher	fluxes	can	be	drawn	from	Figure	6.4(b):	the	PSI	at	the	target	is	dominated	by	the	
incoming	 ions	 and	 not	 by	 neutrals	 coming	 from	 the	 plasma	 source,	 thereby	
approaching	the	ITER	divertor	conditions	very	well.		
	

	
	
Figure	 6.4:	 Flux	 to	 the	 target	 chamber	 as	 a	 function	 of	 source	 current	 Is	 (a)	 and	 comparison	
between	 the	 ion	 flux	 to	 the	 target	 determined	 from	 calorimetry	Γcal	 and	 the	 total	 gas	 flux	 to	 the	
target	chamber	determined	from	the	pressure	measurements	Γp	(b).	The	H2	and	D2	flow	was	5	Pa	
m3	s‐1.	
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6.4		 Discussion	
	
The	 average	 ion	 flux	 density	 and	 average	 power	 flux	 density	 to	 the	 target	 can	 be	
estimated	by	dividing	 the	 total	 ion	 flux,	 respectively	 the	 total	power	 to	 the	 target,	by	
the	beam	area.	We	made	 a	 conservative	 estimate	with	 a	 beam	diameter	 of	 twice	 the	
standard	 deviation	 of	 a	 Gaussian	 fit	 to	 the	 ne	 profile.	 This	 yields	 average	 ion	 flux	
densities	 of	 	 ~1024	m‐2	 s‐1	 and	 average	 energy	 flux	 densities	 in	 excess	 of	 4	MW	m‐2.	
These	 conditions	 are	 similar	 as	 what	 is	 expected	 for	 the	 strike	 zones	 of	 the	 ITER	
divertor.	 It	 should	 be	 noted	 that	 in	 the	 center	 of	 the	 target	 the	 peak	 power	 flux	
densities	are	significantly	higher	and	well	in	excess	of	10	MW	m‐2.		
	
Having	shown	that	ne	and	Te	in	the	plasma,	and	the	heat	and	particle	fluxes	to	the	target	
are	close	to	the	ones	expected	at	the	ITER	divertor,	as	well	as	that	the	PSI	is	dominated	
by	the	incoming	ions,	another	question	to	have	ITER	divertor	conditions	is	whether	or	
not	 we	 are	 in	 the	 strongly	 coupled	 regime.	 For	 this	 to	 occur,	 it	 is	 essential	 that	 the	
plasma	 beam	 diameter	 is	 sufficiently	 large	 to	 confine	 the	 particles	 that	 come	 off	 the	
target,	and	that	the	magnetic	field	is	strong	enough.	The	light	particles	will	be	confined	
as	soon	as	they	are	ionized	(Larmor	radius	~2	mm).	For	H	and	D,	the	upper	limit	of	the	
ionization	 length	 can	 be	 estimated.	 If	 we	 consider	 a	 fast	 reflected	 H	 particle	 with	 a	
kinetic	energy	of	5Te	~	15	eV	[18]	it	will	have	a	speed	of	~5×104	m	s‐1.	With	a	charge	
exchange	reaction	rate	[19]	of	~2×10‐14	m3	s‐1	and	a	density	~1020	m‐3,	the	mean‐free‐
path	for	ionization	becomes	25	mm.	Similar	arguments	hold	for	D,	 leading	to	a	mean‐
free‐path	 for	 ionization	of	15	mm.	These	mean‐free‐paths	 for	 the	 fastest	particles	are	
comparable	 to	 the	 diameter	 of	 the	 plasma	 beam.	 Since	 the	 slower	 particles	 have	
smaller	 mean‐free‐paths,	 this	 indicates	 that	 we	 have	 entered	 the	 strongly	 coupled	
regime	for	light	particles.	It	should	be	noted	that	the	direct	ionization	rates	are	roughly	
an	order	of	magnitude	lower	than	the	above	mentioned	charge	exchange	reaction	rate,	
indicating	that	the	role	of	recycling	is	limited	for	these	conditions.			
	
Finally,	 the	 total	 ion	 flux	 normalized	 to	 the	 gas	 flow	 inserted	 in	 the	 plasma	 source	
yields	 the	 total	 ionization	 efficiency	 of	 the	 linear	 plasma	 device.	 For	 the	 highest	
achieved	ion	flux	of	1.7×1021	s‐1	(see	Figure	6.4(b))	normalized	to	the	total	gas	flow	of	5	
Pa	m3	 s‐1	 (which	 equals	 2.7×1021	 s‐1	 D	 or	 H	 particles)	 a	 total	 ionization	 efficiency	 is	
reached	of	63%.	This	 is	 an	unprecedented	high	value	 for	a	 steady‐state	 cascaded	arc	
source	 and	 more	 than	 a	 factor	 of	 two	 higher	 than	 achieved	 in	 Pilot‐PSI	 [20].	 We	
attribute	 this	 high	 efficiency	 to	 low	 transport	 losses	 due	 to	 the	 low	 background	
pressure.	
	

6.5		 Conclusion	
	
We	 conclude	 that	 the	 plasma	 conditions	 relevant	 for	 the	 ITER	 divertor	 strike	 zones	
have	 been	 reached	 in	 the	 linear	 plasma	 generator	Magnum‐PSI.	 Thomson	 scattering	
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just	 in	 front	 of	 the	 target	 yielded	 electron	 densities	 up	 to	 3.6×1020	m‐3	 and	 electron	
temperatures	up	 to	3.7	eV	 for	H2	and	D2	plasmas.	The	average	heat	and	particle	 flux	
densities	 on	 the	 target	 are	well	 in	 excess	 of	 4	MW	m‐2	 and	 1024	m‐2	 s‐1	 respectively.	
Using	pressure	and	calorimetric	measurements,	we	have	shown	that	 the	PSI	near	the	
target	is	mainly	determined	by	the	incoming	ion	flux	and	not	by	neutrals	coming	from	
the	plasma	source.	The	application	of	a	differentially	pumped	vacuum	vessel	has	led	to	
an	unprecedented	high	ionization	efficiency	of	63%.		
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CHAPTER	7	
	

Concluding	remarks	
	
	

7.1		 Conclusion	
	
The	 linear	 plasma	 generator	 Magnum‐PSI	 is	 set	 out	 to	 become	 a	 unique	 facility	 for	
plasma‐surface	interaction	(PSI)	research	relevant	for	ITER	and	fusion	reactors	beyond	
ITER.	The	chosen	system	parameters	will	allow	for	systematic	studies	of	plasma‐facing	
components	 under	 plasma	 conditions	 up	 to	 two	 orders	 of	magnitude	 higher	 than	 in	
most	laboratory	experiments.	Magnum‐PSI	will	provide	a	steady	state	plasma	flux	up	to	
1025	ions	m‐2	s‐1	at	a	temperature	in	the	eV	range,	a	large	beam	area	and	a	continuous	
magnetic	field	of	2.5	T.	With	a	pulsed	magnetic	field,	intense	hydrogen	and	deuterium	
plasmas	 have	 already	 been	 produced,	 leading	 to	 energy	 flux	 densities	 on	 the	 target	
above	10	MW	m‐2	for	tens	of	seconds	and	up	to	2	GW	m‐2	for	milliseconds.	Magnum‐PSI	
is	the	only	linear	device	so	far	to	enter	the	strongly	coupled	regime,	in	which	atoms	and	
molecules	 which	 come	 off	 the	 surface	 are	 trapped	 and	 remain	 part	 of	 the	 plasma‐
surface	interaction	system.		
	
The	work	described	 in	 this	 thesis	 forms	 the	basis	 for	 the	design	of	Magnum‐PSI	 and	
shows	 the	 capability	 of	 the	 device	 to	 reach	 the	 ITER	 relevant	 regime	 of	 PSI.	 It	 has	
provided	the	necessary	insights	into	the	gas	flow	in	the	machine,	which	have	led	to	the	
implementation	 of	 a	 differentially	 pumped	 vacuum	 vessel,	 where	 the	 chambers	 are	
separated	by	skimmers.	The	skimmers	were	designed	 in	such	a	way	 that	most	of	 the	
neutral	gas	 flow	 is	stopped	before	reaching	 the	 target	 region,	without	hampering	 the	
plasma	 beam.	 A	 superconducting	 magnet	 system	 was	 designed	 to	 provide	 the	
necessary	magnetic	field	without	restricting	the	experiment.	A	conceptual	design	study	
has	been	performed	to	optimize	the	design	within	a	large	number	of	constraints:	need	
for	 direct	 radial	 access	 to	 the	 experiment,	magnetic	 field	 strength	 and	 homogeneity,	
good	 diagnostic	 access,	 limited	 ramp	 time,	magnetic	 field	 shielding	 and	 low	 running	
costs.	 The	 result	 of	 this	 conceptual	 design	 study	 has	 formed	 the	 basis	 for	 the	 final	
design	which	was	transferred	to	industry	via	a	call	for	tender.	
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7.2		 Evaluation	
	
The	main	research	question	of	this	thesis	is:	can	we	enter	the	ITER	relevant	regime	of	
PSI	 in	 terms	of	plasma	density,	 temperature,	degree	of	 ionization,	magnetic	 field	and	
background	 pressure	 in	 a	 linear	 machine	 with	 sufficient	 room	 for	 diagnostics.	 The	
machine	should	be	large	enough	to	allow	for	plasma‐facing	component	mock‐ups	to	be	
tested	and	the	achieved	parameter	space	should	be	broad	enough	to	be	able	to	adapt	to	
new	physics	insights.	
	
The	 design	 philosophy	 was	 to	 strive	 for	 maximum	 flexibility,	 which	 has	 led	 to	 a	
modular	 approach.	 A	 determining	 factor	 in	 the	 design	 is	 the	 type	 of	 plasma	 source,	
since	 it	 has	 a	 large	 impact	 on	 the	 rest	 of	 the	 machine.	 For	 Magnum‐PSI,	 the	 wall	
stabilized	cascaded	arc	was	chosen	since	this	plasma	source	is	well	established	both	in	
high	 power	 applications	 and,	 in	 a	 scaled	 down	 version,	 for	 plasma	 deposition	 in	
industrial	processes.	It	produces	a	high	plasma	flux	at	low	plasma	temperature	with	a	
high	 purity,	 good	 stability	 and	 long	 lifetime.	 The	 source	 has,	 however,	 an	 ionization	
efficiency	well	below	100%,	leading	to	the	co‐injection	of	a	large	quantity	of	neutral	gas	
into	 the	 vacuum	 vessel.	 This	 issue	 was	 identified	 by	 external	 experts	 as	 a	 potential	
show	stopper	at	the	start	of	the	project	since	the	plasma	beam	would	extinguish	in	too	
high	 a	 neutral	 background	 pressure.	 The	 removal	 of	 the	 excess	 neutral	 gas	 before	 it	
reaches	the	target	region	was	one	of	the	key	challenges	dealt	with	in	this	thesis	and	has	
led	to	the	implementation	of	a	differentially	pumped	vacuum	vessel.	This	approach	has	
proven	 to	 be	 very	 successful	 despite	 the	 fact	 that	 it	 was	 never	 used	 before	 in	 this	
pressure	 regime.	 The	 unprecedented	 ionization	 efficiency	 of	 the	 plasma	 source	
(defined	as	the	total	ion	flux	normalized	to	the	gas	flow	inserted	in	the	plasma	source)	
of	up	to	63%,	as	shown	in	this	thesis,	is	attributed	to	the	lower	transport	losses	due	to	
the	lower	background	pressure.		
	
An	effect	which	 is	closely	related	to	differential	pumping,	but	not	discussed	earlier	 in	
this	thesis,	is	the	so‐called	plasma	plugging.	This	plasma	plugging	effect	is	based	on	the	
probability	 that	 neutrals	 impinging	 on	 the	 plasma	 column	 will	 be	 ionized.	 This	
ionization	acts	as	an	effective	pump	and	blocks	neutrals	from	directly	passing	through	
areas	which	have	plasma	present.	 It	 can	be	assumed	 that	 the	 ionized	particle	will	be	
transported	along	the	magnetic	field	lines	"downstream"	to	the	target.	In	principle,	this	
pumping	 can	 be	 calculated	 as	 an	 effective	 mean‐free‐path	 (mfp),	 set	 by	 the	 plasma	
density	and	electron	temperature.	In	an	idealized	case,	the	ionization	mfp	would	be	<<	
plasma	diameter	and	the	plasma	diameter	=	size	of	the	skimmer	opening.	Then	all	the	
particles	which	 arrive	 downstream	 to	 the	 target	 arrive	 as	 ions	 by	 plasma	 transport.	
Note	that	this	does	not	mean	that	the	downstream	chamber	has	zero	neutral	density.	
The	ionized	particles	will	neutralize	in	the	target	and	produce	a	finite	neutral	pressure	
near	 the	material	 target.	 This	 idealized	 case	 is	 essentially	what	 happens	 in	 the	 ITER	
divertor:	 the	hot	 tokamak	plasma	acts	 as	a	nearly	perfect	pump	 for	neutrals	 and	 the	
neutral	 density	 in	 the	divertor	 is	 set	 through	 its	 own	 fuel	 recycling	 loop,	 and	 not	 by	
neutral	 gas	 input	 from	 a	 fuelling	 valve.	 So	 obtaining	 this	 situation	 in	 a	machine	 like	
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Magnum‐PSI	 is	 desirable.	 At	 present,	 the	 ratio	 between	 the	 diameter	 of	 the	 plasma	
beam	and	 the	skimmer	diameter	 is	 too	small	 for	 this	effect	 to	become	measurable.	 It	
would	be	interesting	to	try	to	quantify	this	effect	by	a	stronger	matching	of	the	shape	of	
the	plasma	profile	and	skimmer	opening.	In	that	case,	care	would	have	to	be	taken	to	
avoid	overheating	of	the	skimmer.		
	
Another	 essential	 topic	 was	 the	 design	 of	 the	 magnet	 system	 including	 the	 tender,	
fabrication	 and	 test	 process.	 From	 a	 first	 analysis	 it	 was	 readily	 shown	 that	 the	
requirement	 for	 steady	 state	 operation	 could	 only	 be	 met	 by	 implementing	
superconducting	 coils.	 A	 conceptual	 design	 study	 was	 performed,	 exploring	 several	
technical	 solutions,	 their	 feasibility,	maintenance,	 and	 capital	 and	 running	 costs.	This	
has	 led	 to	 the	 design	 of	 a	magnet	 that	 provides	 a	 high	 enough	magnetic	 field	while	
having	 a	 minimum	 impact	 on	 the	 experiment	 in	 terms	 of	 diagnostic	 access	 and	
operational	 aspects.	 Together	with	 industry,	 the	 results	 from	 this	 conceptual	 design	
study	were	worked	out	to	a	call	for	tender	based	on	a	magnet	design	best	representing	
our	needs	while	staying	within	budget.		
	
The	magnet	 system	has	been	 completed	but,	unfortunately,	 failed	 to	pass	 the	 factory	
acceptance	tests	and	was	severely	damaged	during	the	last	test.	After	a	meeting	with	a	
group	of	internationally	renowned	experts	in	the	field	of	superconducting	magnets	and	
the	manufacturer,	it	was	concluded	that	the	damage	was	caused	by	insulation	faults	on	
the	 wiring	 board	 and	 not	 by	 faults	 in	 the	 design.	 The	manufacturer	 has	 started	 the	
repair	 in	which	 all	 the	 coils	will	 be	 rewound.	 It	was	 further	 decided	 to	 improve	 the	
wiring	board	and	to	lower	the	maximum	magnetic	field	to	2.5	T	to	minimize	risks.	Since	
we	 have	 demonstrated	 to	 reach	 already	 a	 tenfold	 higher	 density	 than	 originally	
anticipated	at	half	of	the	field	in	Pilot‐PSI,	i.e.	ne	>1021	m‐3	at	B	=	1.6	T,	the	decrease	of	
the	field	from	3	to	2.5	T	is	of	no	significance	in	this	respect.	For	a	given	plasma	density	
at	 the	 target,	 lowering	 the	 field	 decreases	 the	 Hall	 factor	 and	 thereby	 increases	 the	
diffusion	rate.	This	effect	can	be	cancelled	by	decreasing	the	collision	 frequency	via	a	
decrease	of	the	density.	In	addition,	other	recent	experiments	on	Pilot‐PSI	have	shown	
that	strong	recycling	for	carbon	targets	already	occurs	at	lower	fields	as	well,	due	to	the	
high	 plasma	 density	 [1].	 It	 is	 therefore	 concluded	 that	 the	 original	 physics	 program	
foreseen	at	a	magnetic	field	of	3	T	will	not	be	hampered	by	a	reduction	to	2.5	T.	
	
In	light	of	the	resulting	significant	delay	in	delivery	of	the	magnet	system,	the	choice	for	
a	modular	design	 really	paid	off	 since	 it	 enabled	 the	 implementation	of	 conventional	
electromagnets.	 This	 has	 led	 to	 the	 first	 experimental	 results	which	 have	 shown	 the	
capability	of	the	device	to	reach	the	ITER	relevant	regime	of	PSI	and	which	have	led	to	
the	start	of	the	scientific	program.	After	delivery	of	the	superconducting	magnet,	it	can	
readily	be	installed	on	the	machine	with	minimum	impact	on	the	construction,	budget	
and	time	schedule.		
	
Looking	back	at	the	research	question	of	this	thesis,	it	can	be	concluded	that	the	main	
goal	to	reach	the	ITER	relevant	regime	of	PSI	in	a	linear	plasma	generator	while	having	
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good	 diagnostic	 access	 has	 been	 achieved.	 The	 capability	 of	 the	 device,	 already	
demonstrated	with	 conventional	 electromagnets,	will	 be	 extended	 in	 the	 future	with	
steady	state	operation	after	the	installation	of	the	superconducting	magnet.	Regarding	
the	vacuum	system,	it	can	be	concluded	that	the	differential	pumping	scheme	performs	
well,	according	to	expectations.	The	unprecedented	source	efficiency	makes	the	chosen	
solution	for	the	pumps	sufficient.	On	the	other	hand,	heating	of	the	plasma	beam	with	
electromagnetic	wave	power	in	the	radio	frequency	(RF)	range	has	proven	to	be	much	
more	difficult	 than	 originally	 anticipated	 (outside	 scope	 of	 this	 thesis).	However,	 the	
source	 has	 been	 shown	 to	 produce	 plasma	 temperatures	 significantly	 higher	 than	
originally	anticipated,	which	has	decreased	the	need	for	additional	plasma	heating.	This	
means	that	the	heating	chamber	may	not	be	necessary	and	this,	together	with	the	high	
efficiency	of	the	plasma	source,	raises	the	question	if	a	two	stage	differentially	pumped	
vacuum	system	instead	of	the	installed	three	stage	system	would	have	been	sufficient.	
For	the	answer,	we	have	to	extrapolate	the	achieved	results	to	a	10	cm	diameter	beam.	
Putting	 in	 the	 numbers	 and	 assuming	 that	 the	 high	 source	 efficiency	 can	 also	 be	
reached	for	this	wide	beam,	we	indeed	end	up	with	pressures	below	1	Pa,	i.e.	pressures	
which	 are	 sufficiently	 low.	 It	 is	 good	 to	 note	 here	 that,	 in	 case	 of	 a	 three	 stage	
differentially	pumped	system,	the	pressure	in	the	target	chamber	would	be	a	factor	4	
lower.	
	
The	 cascaded	 arc	 source	 as	 used	 in	 our	 experiments	 is	 still	 under	 development.	
Although,	as	mentioned	above,	the	source	is	well	established,	it	should	be	noted	that	we	
use	 it	 under	 conditions	different	 to	 those	 it	 is	 usually	 employed,	 and	 in	particular	 in	
high	magnetic	fields.	It	has	been	found	that	increasing	the	power	output	of	the	source	
without	increasing	the	impurity	concentration	in	the	plasma	beam	is	not	trivial.	This	is	
especially	 an	 issue	 at	high	magnetic	 fields,	where	 the	heat	 load	on	 the	 anode	 is	 very	
high.	In	addition,	it	may	well	be	that	the	pulsed	nature	of	the	magnetic	field	plays	a	role.	
Care	 must	 be	 taken	 not	 to	 limit	 the	 lifetime	 of	 the	 source	 more	 than	 necessary,	 in	
particular	 since	 its	 replacement	 is	 very	 time	 consuming.	 Part	 of	 the	 source	
development	 is	 directed	 to	 increasing	 the	 lifetime,	 either	 by	 using	 a	 molybdenum	
insert,	 or	 by	 using	 cascaded	 plates	 manufactured	 from	 titanium‐zirconium‐
molybdenum	(TZM)	alloy.		
	
The	 decision	 to	 set	 up	 a	 new	 research	 facility	 in	 which	 the	 interaction	 between	 an	
intense	magnetized	plasma	beam	and	a	material	can	be	 investigated	in	the	context	of	
fusion	energy	has	been	very	 timely.	This	 is	 illustrated	by	 the	 fact	 that	other	research	
labs	 have	 developed	 activities	 in	 the	 same	 direction.	 The	 PSI	 group	 at	 the	 Sichuan	
University	in	Chengdu	has	made	operational	a	linear	plasma	generator	for	divertor	PSI	
studies	 with	 a	 design	 similar	 to	 Pilot‐PSI	 and	 Magnum‐PSI.	 The	 (~30	 cm)	 vacuum	
vessel	 is	 water	 cooled	 and	 located	 inside	 a	 conventional	 magnetic	 coil	 producing	 a	
continuous	field	of	0.4	T.	It	also	uses	a	cascaded	arc	to	produce	close	to	sonic	hydrogen	
plasma	 flows.	 At	 Oak	 Ridge	 National	 Laboratories	 there	 are	 well‐advanced	 plans	 to	
develop	a	Plasma	Material	Test	Stand	(PMTS)	based	on	the	use	of	an	intense	RF	plasma	
source.	 It	 is	a	 linear	machine	where	the	plasma	is	directed	onto	a	target	using	strong	
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magnets,	similar	 to	Magnum‐PSI.	Additionally,	 there	are	plans	 to	 turn	 the	Tore	Supra	
tokamak	into	a	test	bed	for	ITER	divertor	target	testing.	In	this	WEST	project	[2],	 the	
magnetic	 field	profile	of	 the	 tokamak	will	be	adapted	to	be	comparable	 to	 that	of	 the	
ITER	 divertor.	 The	 project	 will	 focus	 on	 testing	 actively	 cooled	 plasma	 facing	
components	 consisting	mostly	 of	 tungsten.	 The	 research	 goal	 is	 the	 preparation	 and	
risk	 minimization	 (manufacturing	 and	 operation)	 on	 ITER	 relevant	 technology.	 A	
conceptual	study	is	underway.	It	can	thus	be	concluded	that	there	is	a	large	demand	for	
machines	with	 the	capabilities	of	Magnum‐PSI.	However,	 the	capabilities	of	Magnum‐
PSI	are	likely	to	remain	unmatched	for	some	time.	
	

7.3		 Valorisation	
	
The	major	merit	of	the	linear	plasma	generator	Magnum‐PSI	is	the	contributions	it	will	
make	 to	 understand	 and	 to	 control	 the	 plasma‐surface	 interactions	 in	 future	 fusion	
reactors.	The	capability	of	Magnum‐PSI	to	reach	the	PSI	parameter	regime	relevant	for	
the	ITER	divertor	provides	an	important	tool	for	the	scientific	community	to	tackle	this	
important	issue,	which	critically	determines	the	lifetime	of	the	device.	It	is	identified	as	
a	 possible	 show	 stopper	 on	 the	 road	 to	 make	 clean	 and	 safe	 nuclear	 fusion	 energy	
available	worldwide.	Additionally,	the	Magnum‐PSI	experiment	will	be	used	to	develop	
and	test	diagnostic	techniques,	which	can	potentially	be	used	to	operate	fusion	reactors	
more	efficiently.		
	
The	interaction	of	energetic	particles	with	a	material	is	at	the	core	of	numerous	other	
applications	such	as	thin	film	deposition	and	materials	processing.	Those	applications	
usually	 involve	 ions	 with	 energies	 above	 100	 eV	 where	 ion‐induced	 damage	 and	
physical	sputtering	are	expected.	The	question	arises	if	the	plasmas	in	Magnum‐PSI	can	
also	 be	 used	 for	 such	 other	 applications.	 While	 the	 ion	 energy	 in	 Magnum‐PSI	 is	
generally	below	 the	 threshold	 for	physical	 sputtering,	 the	particle	 fluxes	of	over	1024		
m‐2	s‐1	are	high	enough	to	cause	so‐called	local	supersaturation	of	mobile	gas	particles	
within	 the	 implantation	 zone.	 This	 has	 been	 shown	 to	 lead	 to	 strong	 surface	
morphology	changes	as	growth	of	cavities	and	blisters.	With	its	combination	of	a	high	
efficiency	plasma	source	and	a	strong	magnetic	field,	Magnum‐PSI	is	ideally	suited	for	
fundamental	 studies	 of	 plasma‐induced	 surface	 modifications	 under	 high	 heat	 and	
particle	fluxes.	Recent	experiments	have	already	demonstrated	the	catalyst	free	growth	
of	 carbon	nanotubes	 [3],	 In	 addition,	 unprecedented	 deposition	 rates	were	 observed	
during	pulsed	source	operation.	
	
The	achieved	energy	flux	densities	up	to	10	MW	m‐2	at	low	pressure	might	be	suitable	
for	thermal	protection	system	(TPS)	material	studies	[4].	TPS	materials	are	vital	to	the	
integrity	 of	 systems	 subjected	 to	 severe	 heating	 environments,	 such	 as	 hypersonic	
entry/re‐entry	 vehicles,	 rocket	 engine	 nozzles	 and	 combustion	 chambers.	 Especially,	
the	 process	 of	 controlled	 entry/re‐entry	 of	 space	 vehicles	with	 the	 goal	 to	 reach	 the	
planetary	 surface	 intact	 is	 demanding	 due	 to	 the	 severe	 aerodynamic	 heating	 while	
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coping	 with	 strict	 mass	 constraints.	 For	 the	 effective	 design	 of	 a	 TPS,	 it	 is	 very	
important	to	understand	the	behavior	and	underlying	physics	and	chemistry	of	the	TPS	
subjected	to	relevant	heating	and	its	coupling	to	the	environment.		
	
In	 this	 thesis	 it	 has	been	 shown	 that	differential	pumping	 can	be	used	effectively	 for	
large	gas	flows.	For	industrial	processes	using	similar	large	gas	flows,	such	as	heating	
processes	 (e.g.	 hardening,	 tempering	 and	 annealing),	 the	 use	 of	 differential	 pumping	
could	 potentially	 lead	 to	 a	 significant	 cost	 saving.	 Since	 large	 amounts	 of	 gas	 are	
pumped	 more	 effectively	 at	 a	 higher	 pressure	 in	 the	 first	 stage	 of	 the	 differentially	
pumped	vacuum	system,	the	total	required	pump	capacity	would	be	lowered.		
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APPENDIX	A	
	

Pump	solution	
	
This	 Appendix	 provides	more	 background	 information	 about	 the	Magnum‐PSI	 pump	
solution.	 The	 pump	 choice	 for	 the	 source	 and	 heating	 chamber	 was	 rather	
straightforward	 due	 to	 the	 high	 gas	 load.	 For	 the	 target	 chamber	 it	 was	 more	
complicated	due	to	additional	demands	on	the	resulting	pressure.	Four	pump	options	
were	found	to	be	compatible	with	the	requirements	for	the	target	chamber,	and	their	
advantages	 and	 drawbacks	 are	 discussed.	 The	 performance	 of	 the	 chosen	 pump	
solution	will	be	presented,	as	well	as	the	measurements	to	verify	the	calculated	pump	
speeds.	Finally,	the	measured	pressures	in	the	differentially	pumped	vacuum	chambers	
as	 a	 function	 of	 the	 gas	 flow	 will	 be	 given.	 It	 will	 be	 shown	 that	 the	 chosen	 pump	
solution	reaches	its	requirements.	
	

A.1		 Requirements	
	
Magnum‐PSI	 is	 designed	 to	 give	 access	 to	 the	 ITER‐relevant	 parameter	 regime	 of	
plasma	surface	 interaction	(PSI).	Plasma	parameters	 just	 in	 front	of	 the	target	should	
be	comparable	to	those	at	the	ITER	divertor	strike	zones,	where	a	fully	ionized	plasma	
impinges	 on	 a	 surface	 at	 low	 pressure,	 low	 temperature	 and	 high	 flux.	 The	 neutral	
pressure	in	the	ITER	divertor	region	is	estimated	to	be	1‐10	Pa,	almost	purely	due	to	
recycling.	Therefore,	 the	PSI	 at	 the	 target	 of	Magnum‐PSI	 should	be	 governed	by	 the	
incoming	 ions	 and	 not	 by	 neutrals	 coming	 directly	 from	 the	 source.	 This	 is	 a	
challenging	demand	because	intense	plasma	at	 low	temperature	can	only	be	made	by	
gas	 inefficient	 sources.	 In	 order	 to	 achieve	 this	 demand,	 the	 vacuum	 system	 should	
minimize	the	influx	of	neutrals	into	the	target	chamber,	while	leaving	the	plasma	beam	
undisturbed.	We	aim	to	keep	the	neutral	pressure	in	the	target	region	well	below	1	Pa	
due	 to	 the	 cold	 neutral	 gas	 inlet	 coming	 directly	 from	 the	 source.	 Furthermore	 it	 is	
beneficial	to	be	able	to	vary	the	neutral	pressure	in	the	target	region	to	explore	the	full	
pressure	 regime	 of	 the	 tokamak	 divertor.	 This	 implies	 the	 need	 for	 a	 variable	 pump	
speed.	We	aim	to	reach	a	total	pressure	of	3	Pa	at	full	performance.	Higher	pressures	
can	be	achieved	by	lowering	the	pump	speed.	
	
In	the	Magnum‐PSI	experiment	a	strong	steady	state	magnetic	field	is	used	to	confine	
the	 high	 density,	 low	 temperature	 plasma	 of	 a	wall	 stabilized	 dc	 cascaded	 arc	 to	 an	
intense	 magnetized	 plasma	 beam.	 The	 experiment	 will	 mainly	 use	 hydrogen	 and	
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deuterium,	but	also	argon	and	helium	will	be	used	at	 lower	 intensity.	The	amount	of	
gas	needed	to	produce	the	projected	ion	flow	of	1024	m‐2	s‐1	depends	on	the	ionization	
degree	of	the	plasma	source.	With	an	estimated	ionization	degree	of	10%,	this	gas	flow	
can	be	up	 to	40	 standard	 liter	per	minute	 (slm)	of	 neutral	 gas	 for	 a	10	 cm	diameter	
beam.	The	minimum	required	gas	flow	to	operate	the	plasma	source	is	3	slm.	
	
In	 Chapter	 4	 it	was	 shown	 that	 the	 downstream	 neutral	 density	 can	 be	 significantly	
reduced	using	a	differential	pumping	scheme,	where	 the	vacuum	vessel	 is	divided	by	
skimmers	into	separate	chambers	which	are	individually	pumped.	It	was	found	that	a	
3‐stage	 differentially	 pumped	 system	 is	 capable	 of	 reaching	 low	 enough	 neutral	
densities	 in	 the	 target	 region,	 even	 for	 the	 highest	 expected	 gas	 load	 of	 40	 slm.	 The	
resulting	 hydrogen	 gas	 loads	 for	 this	 solution	 were	 approximately:	 32	 slm	 for	 the	
source	chamber,	6	slm	for	the	heating	chamber	and	2	slm	for	the	target	chamber.	Note	
that	the	total	gas	load	for	the	target	chamber	will	be	higher	due	to	the	contribution	of	
ions	which	neutralize	at	the	target.		

	
In	order	to	avoid	contamination	of	the	target	after	the	beam	is	switched	off,	the	partial	
oil	pressure	should	be	 lower	 than	10‐6	Pa.	This	pressure	corresponds	 to	a	monolayer	
formation	time	of	5	minutes,	assuming	a	100%	sticking	probability.		
	
The	requirements	for	the	vacuum	system	are	summarized	in	Table	A.I.			
	
Table	A.1:	Requirements	for	the	vacuum	system.	

Neutral	pressure	in	the	target	chamber	due	to	the	cold	neutral	inlet	 <	1	Pa	
Total	neutral	pressure	in	the	target	chamber	at	full	performance	 <	3	Pa	
Range	of	gas	loads	from	the	plasma	source	 3	–	40	slm	
Gases	to	be	pumped	at	full	performance	 H2,	D2	
Gases	to	be	pumped	at	low	performance	(~	25%	of	max.	gas	load)	 Ar,	He	
Variation	of	pumping	speed	in	the	target	chamber	 25	–	100%	
Partial	oil	pressure	in	the	target	chamber	 <	10‐6	Pa	
Pulse	length	 continuous	
	

A.2		 Pump	choice	source	and	heating	chamber	
	
Due	 to	 the	 high	 gas	 loads	 (~32	 slm)	with	 the	 plasma	 source	 running	 on	 40	 slm,	 the	
most	straightforward	pump	solution	for	the	source	chamber	is	a	set	of	two	large	roots	
blowers.	The	calculated	pump	speed	(a)	and	throughput	(b)	for	hydrogen	at	the	inlet	of	
two	pump	trains	of	an	Edwards	HV30000	plus	SN7000	backed	by	rotary	piston	pump	
(E2M275)	is	given	in	Figure	A.1	as	a	function	of	pressure.	This	type	of	pump	has	its	best	
performance	in	the	pressure	range	1	to	80	Pa.	
	
For	the	heating	chamber	the	situation	is	comparable.	Here	the	gas	load	is	expected	to	
be	around	6	slm	depending	on	the	effectiveness	of	 the	 first	skimmer	(see	Chapter	4).	
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This	gas	load	can	be	pumped	by	the	two	roots	blower	pump	trains	considered	earlier	
or	by	one	large	vapor	booster.	However,	due	to	the	uncertainty	in	the	effectiveness	of	
the	skimmer,	the	pressure	might	become	too	large	for	the	vapor	booster	since	its	pump	
speed	decreases	significantly	 for	pressures	above	1	Pa.	Therefore,	the	combination	of	
two	roots	pumps	is	also	chosen	for	this	chamber.	
	

	
	
Figure	A.1:	Calculated	hydrogen	pump	speed	(a)	and	throughput	(b)	at	the	inlet	of	two	roots	pump	
trains	as	a	function	of	inlet	pressure.	Figures	courtesy	of	Edwards	Vacuum.	
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A.3		 Pump	choice	target	chamber	
	
The	 total	 gas	 load	 in	 the	 target	 chamber	 consists	 of	 two	 contributions:	 1)	 the	 cold	
neutral	influx	coming	directly	from	the	source,	and	2)	the	neutralization	of	ions	at	the	
target.	 It	 is	 important	 to	know	 the	amount	of	both	of	 these	 contributions	 in	order	 to	
meet	 the	 requirements	 given	 in	 A.1.	 Based	 on	 the	 simulation	 result	 for	 a	 3‐stage	
differentially	 pumped	 vacuum	 system,	 the	 expected	 cold	 neutral	 influx	 to	 the	 target	
chamber	 is	 3.8	Pa	m3	 s‐1	 (see	Chapter	4)	 for	 a	 gas	 inlet	 of	 40	 slm.	When	 the	 ionized	
particles	arrive	at	the	target	they	will	neutralize	and	produce	a	neutral	pressure	near	
the	target.	This	gives	an	extra	contribution	to	the	gas	load	in	the	target	chamber	of	6.7	
Pa	m3	s‐1	at	 full	performance	(defined	as	1024	 ions	m2	s‐1	 in	a	10	cm	diameter	beam).	
This	makes	the	total	gas	load	in	the	target	chamber,	consisting	of	the	cold	neutral	influx	
and	the	neutralization	at	the	target,	6.7	+	3.8	=	10.5	Pa	m3	s‐1.	

	
The	pressure	demands	introduced	in	Section	A.1	now	translate	into:	1)	pressure	below	
1	Pa	with	a	cold	neutral	influx	of	3.8	Pa	m3	s‐1,	and	2)	pressure	around	3	Pa	with	a	total	
gas	 load	of	10.5	Pa	m3	s‐1.	 It	 follows	from	these	demands	that	 the	minimum	required	
effective	pump	speed	S	=	3.8	m3	s‐1	 (~13.700	m3	h‐1),	with	a	minimum	throughput	of	
10.5	Pa	m3	s‐1	at	3	Pa.		
	
Four	pump	systems	have	been	identified	which	comply	with	the	requirements	stated	in	
Table	A.1:	
	
1. Roots	pumps	
	
As	discussed	earlier,	the	mechanical	roots	blower	is	the	preferred	pump	option	for	the	
source	and	heating	chamber.	However,	the	target	chamber	operates	at	lower	pressures	
where	 the	pump	performance	decreases.	This	 is	 especially	 important	 since	 the	 roots	
pumps	have	 to	be	placed	outside	 the	 iron	shielding	due	 to	 their	 limited	 tolerance	 for	
magnetic	 field	 (50	 mT	 maximum).	 This	 requires	 long	 pump	 ducts	 which	 lower	 the	
effective	pump	speed,	especially	at	low	pressures.	
	
Advantages:	
	

- Robust	pumping	solution.	
- Low	maintenance.	
- Ease	of	use.	
- Frequency	control	enables	variable	pump	speed.	

	
Drawbacks:	
	

- Decrease	of	pump	speed	with	lower	pressure.	
- Pumps	need	to	be	placed	in	a	closed	room	to	reduce	noise.	
- Long	pump	ducts	necessary	due	to	the	magnetic	field.	
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2. Cryopumps	
	
Cryopumps	provide	very	high	pump	speeds	at	low	pressures	and	they	can	be	located	at	
the	 target	 chamber	 due	 to	 their	 reasonable	 tolerance	 to	 magnetic	 fields	 (100	 mT	
maximum).	The	pumps	are	clean	(no	oil)	but	are	limited	in	throughput	and	capacity.	An	
array	 of	 12	 pumps	 is	 needed	 to	 reach	 the	 required	 throughput	 and	 can	 handle	 the	
expected	gas	load	at	full	performance	for	approximately	20	minutes.	After	this	time	the	
pumps	are	 full	 and	have	 to	be	 regenerated.	Continuous	operation	 is	only	possible	by	
increasing	 the	 number	 of	 pumps	 to	 allow	 for	 some	 to	 be	 in	 regeneration	 during	
experiment.	An	estimated	total	of	16	pumps	are	required	to	achieve	this.	

	
Advantages:	
	

- Very	high	pump	speeds.	
- Clean.	

	
Drawbacks:	
	

- A	large	number	of	pumps	are	needed	due	to	their	limited	throughput.	
- Safety	issues	with	hydrogen	when	vacuum	is	broken.	
- Limited	capacity	makes	regeneration	necessary.	
- Further	increase	in	number	of	pumps	needed	for	continuous	operation.	
- Each	pump	must	be	fitted	with	its	own	valve.	
- Variation	of	pump	speed	is	complex.	
- Expensive.	

	
3. Turbo	pumps	
	
For	turbo	pumps,	the	rotation	speed	of	the	rotor	decreases	for	pressures	higher	than	1	
Pa.	 This	 leads	 to	 decreasing	 capacity	 and	 compression	 especially	 for	 light	 gases.	
Recently	a	new	type	of	turbo	pump	has	been	developed	with	increased	performance	for	
H2.	However,	 in	 order	 to	 reach	 the	 required	 throughput	 still	 12	pumps	 are	 required.	
Furthermore,	due	to	their	low	tolerance	to	magnetic	fields	(7	mT	maximum)	they	have	
to	be	placed	outside	the	iron	shielding	which	leads	to	long	length	tubing,	lowering	the	
effective	pump	speed.	
	
Advantages:	
	

- High	pump	speeds	at	low	pressures.	
- Pump	speed	can	be	varied	by	changing	the	rotation	speed.	
- Clean.	
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Drawbacks:	
	

- Due	to	the	limited	throughput	a	large	number	of	pumps	are	needed.	
- Long	pump	tubes	necessary	due	to	their	low	tolerance	for	magnetic	field.	
- Possibility	of	a	rotor	crash	when	vacuum	is	suddenly	broken.	
- Increasing	chance	of	failure	with	extended	lifetime.	
- Expensive.	

	
4. Vapor	booster	
	
A	vapor	booster	provides	a	very	high	pump	speed	for	light	gases	in	the	pressure	range	
from	 0.01	 to	 10	 Pa.	 The	 booster	 has	 a	 high	 tolerance	 for	 magnetic	 fields	 (200	 mT	
maximum)	 which	 relaxes	 the	 demand	 for	 long	 length	 pump	 ducts.	 One	 big	 DN	 630	
valve	 with	 variable	 opening	 can	 be	 used	 to	 vary	 the	 pump	 speed.	 Oil	 back	 flow	 is	
prevented	by	a	baffle	 cooled	by	 liquid	N2	or	by	a	 closed	 loop	Freon	 refrigerator.	The	
drop	in	pump	speed	due	to	the	baffle	is	hard	to	estimate	because	the	experiment	will	
operate	 in	 the	 transitional	 flow	 regime.	 If	 there	 is	 a	 significant	 drop	 in	 pump	 speed	
around	3	Pa,	a	second	vapor	booster	might	be	necessary	to	reach	the	full	performance	
specifications.	

		
Advantages:	
	

- High	pump	speeds	at	low	pressures.	
- Only	one	pump	needed.	
- Pump	tubes	can	be	short	due	to	high	magnetic	field	tolerance.	
- Inexpensive.	

	
Drawbacks:	
	

- Oil	contamination:	
o Above	0.5	Pa	very	high	suppression	of	oil	back	flow,	oil	pressure	<	10‐6	Pa.	
o In	molecular	flow	(<10‐2	Pa)	almost	no	suppression,	baffle	necessary.	
o Baffle	stops	up	to	99.9%	of	back	flow	but	reduces	pump	speed	with	60%	at	

low	pressures.	
- Long	start‐up	time	(~1	hour).	
- Outer	 surfaces	 of	 the	 pump	 become	 very	 hot	 during	 operation.	 Guard	 rails	

around	the	pump	are	necessary.	
- Sudden	break	of	vacuum	will	crack	the	diffusion	pump	oil.	
- Lower	pump	speed	for	heavier	gases.	
- Not	user	friendly.	

	
In	Tables	A.2	and	A.3	the	pump	speed	at	the	pump	inlet	and	throughput	for	hydrogen	of	
the	 different	 pump	 options	 is	 given	 for	 four	 pressures	 relevant	 to	 the	 Magnum‐PSI	
experiment.	 The	 cryopumps	 have	 the	 highest	 pump	 speed	 but	 are	 limited	 in	
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throughput.	The	vapor	booster	and	turbo	pumps	are	comparable	in	performance.	The	
roots	blowers	give	the	most	constant	performance	in	this	pressure	regime	but	deliver	
lower	pumps	speeds	at	lower	pressures	compared	to	the	other	pump	options.	
	
Table	A.2:	Hydrogen	pump	speed	for	the	four	pump	options	at	different	pressures.	

	
S	[m3	h‐1]	
0.1	Pa	

S	[m3	h‐1]	
1	Pa	

S	[m3	h‐1]	
3	Pa	

S	[m3	h‐1]	
10	Pa	

Roots	pumps	(2x)	 36.000	 40.000	 42.000	 36.000	
Cryopumps	(12x)	 194.000	 194.000	 ‐1	 ‐1	
Turbo	pumps	(12x)	 71.000	 44.000	 27.000	 14.000	
Vapor	booster	(1x)2	 58.000	 43.000	 27.000	 13.000	

	
Table	A.3:	Hydrogen	throughput	for	the	four	pump	options	at	different	pressures.	

	 Throughput	
[Pa	m3	s‐1]	
0.1	Pa	

Throughput	
[Pa	m3	s‐1]	

1	Pa	

Throughput	
[Pa	m3	s‐1]	

3	Pa	

Throughput		
[Pa	m3	s‐1]	
10	Pa	

Roots	pumps	(2x)	 0.9	 10	 33	 108	
Cryopumps	(12x)	 12	 12	 ‐1	 ‐1	
Turbo	pumps	(12x)	 3.5	 12	 21	 40	
Vapor	booster	(1x)2	 1.7	 12	 23	 40	

	
The	 most	 important	 issues	 concerning	 the	 pump	 choice	 for	 the	 target	 chamber	 are	
summarized	below	and	in	Table	A.4.		

	
Roots	blowers:	this	option	is	identified	as	the	most	reliable	and	user	friendly	solution.	
It	 is	 less	 expensive	 than	 the	 cryopumps	 and	 turbo	pumps	options.	Oil	 contamination	
can	be	easily	avoided	by	using	a	purge	gas.	The	pumps	have	to	be	placed	in	an	area	with	
low	magnetic	field.		
	
Cryopumps:	 this	option	 is	 a	 very	 sophisticated	 solution	which	 requires	 an	 intelligent	
control	system.	Since	many	pumps	are	needed	the	price	is	very	high	and	for	continuous	
operation	the	costs	will	increase	even	further.	Therefore	the	use	of	cryopumps	does	not	
seem	to	be	a	realistic	solution.	
	
Turbo	pumps:	a	large	number	of	pumps	are	needed	to	meet	the	required	performance.	
The	turbo	pump	option	is	a	less	reliable	and	expensive	solution.	The	magnetic	shielding	
of	these	pumps	requires	extra	attention	due	to	their	low	magnetic	field	tolerance.		

                                                 
 
 
 
1	Pump	cannot	operate	at	higher	pressures.	However,	these	pressures	can	be	achieved	in	the	target	
chamber	by	reducing	the	valve	opening	to	the	pumps.	
2	Values	are	for	Helium.	Comparable	values	are	expected	for	Hydrogen. 
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Vapor	 booster:	 a	 good	 alternative	 in	 terms	 of	 performance	 and	 price,	 but	 with	
significant	drawbacks	in	terms	of	oil	contamination	and	user	friendliness.	
	
Table	 A.4:	 Summary	 of	 the	 most	 important	 issues	 concerning	 the	 pump	 choice	 for	 the	 target	
chamber.	

	
Roots	
pump	

Cryopump	
Turbo	
pump	

Vapor	
booster	

Safety	 ++	 ‐	 ++	 +	
Capital	costs	 +	 ‐	 ‐‐	 ++	
Running	costs	 ‐	 ‐	 ++	 +	
Maintenance	costs	 ++	 ‐‐	 ‐‐	 ++	
Performance	@	3	Pa	 ++	 ‐‐	 ‐	 +	
Performance	@	0.1	Pa	 ‐	 ++	 +	 +	
Magnetic	field	 ‐	 ‐	 ‐‐	 ++	
Reliability	 ++	 ++	 ‐	 +	
Oil	contamination	 +	 ++	 ++	 ‐‐	
Noise	 ‐	 ‐	 ‐	 +	
CW	operation	 ++	 ‐‐	 ++	 ++	
Low	maintenance	 ++	 +	 +	 ‐	
Argon	 +	 +	 +	 ‐	
Influence	on	infrastructure	 ‐	 +	 ‐	 +	
Impact	of	vacuum	break	 ++	 +	 ‐‐	 ‐‐	
User	friendly	 ++	 ‐	 +	 ‐‐	
	
For	 the	 target	 chamber,	 a	 pump	 system	 based	 on	 two	 sets	 of	 two	 roots	 blowers	 is	
chosen.	It	is	important	to	note	here	that	it	was	decided	to	initially	install	only	one	roots	
blower	 set	 per	 chamber.	 The	 expected	 gas	 loads	 are	 based	 on	 the	 conservative	
assumption	of	an	ionization	degree	of	10%,	while	there	are	reasons	to	assume	that	this	
number	 will	 increase	 with	 increasing	 power	 of	 the	 plasma	 source.	 If	 necessary,	 the	
experiment	has	the	capability	to	double	the	pump	speed	in	a	later	stage.	
		

A.4		 Pump	performance	
	
Each	vacuum	chamber	is	pumped	with	a	pump	train	consisting	of	two	mechanical	roots	
blowers	 (Edwards	 HV30000	 and	 SN7000)	 in	 series	 with	 a	 rotary	 piston	 pump	
(Edwards	 E2M275).	 The	 pump	 speed	 of	 the	 largest	 roots	 pump	 (HV	 30000)	 can	 be	
varied	 with	 a	 frequency	 modulator	 between	 15	 en	 60	 Hz	 (25	 –	 100%).	 In	 order	 to	
verify	 the	 calculated	 pump	 performance	 provided	 by	 the	 manufacturer,	 the	 pump	
speed	for	each	of	the	pump	trains	at	50	Hz	was	determined	for	argon	and	helium.	The	
pressure	P	was	measured	as	a	function	of	the	gas	flow	Q	up	to	66	Pa	m3	s‐1	(~40	slm)	
directly	 above	 the	 pump	with	 a	 temperature	 regulated	MKS	 627B	 absolute	 pressure	
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transducer.	The	pump	speed	S	=	Q	/	P	is	plotted	in	Figure	A.2	as	a	function	of	pressure.	
The	 calculated	 curve	 from	 the	 factory	 is	 given	 for	 comparison	 (including	 a	 small	
correction	to	account	for	the	exact	position	of	the	pressure	gauge).	For	the	most	part,	
the	calculated	and	measured	values	are	very	similar.	For	argon,	 the	measured	values	
above	 3	 Pa	 are	 lower	 than	 the	 calculation.	 The	 measured	 values	 below	 1	 Pa	 are	
somewhat	lower	than	the	calculated	curve	for	both	gases.	This	is	most	likely	explained	
by	 the	 fact	 that	 not	 all	 physical	 effects	 are	 accounted	 for	 in	 the	 calculation	 (e.g.	 gas	
adsorbed	onto	the	rotor	surface	and	carried	round	to	the	inlet,	and	gas	caught	between	
the	rotors	and	squeezed	back	through	clearance	to	the	inlet	side).	
	

	
	
Figure	 A.2:	 Calculated	 and	 measured	 pump	 speed	 for	 the	 three	 pump	 trains	 as	 a	 function	 of	
pressure	for	(a)	argon	and	(b)	helium	with	the	HV30000	running	on	50	Hz.	The	amount	of	gas	 is	
varied	between	0.5	to	66	Pa	m3	s‐1.	
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To	 study	 the	 effect	 of	 the	 HV30000	 rotation	 speed	 on	 the	 pump	 speed,	 the	
measurement	 is	 repeated	 for	 four	 different	 rotation	 frequencies	 (15	 –	 60	 Hz).	 The	
results	 are	 given	 in	 Figure	 A.3	 for	 argon	 and	 helium.	 Although	 only	 the	 rotation	
frequency	of	the	largest	roots	pump	is	changed,	a	large	variation	in	pump	speed	for	the	
pump	train	is	realized	for	both	gases.	
	

	
	
Figure	A.3:	Measured	pump	speed	of	the	pump	train	as	a	function	of	pressure	for	different	rotation	
speeds	of	the	HV30000	for	(a)	argon	and	(b)	helium.	The	amount	of	gas	is	varied	between	0.5	to	66	
Pa	m3	s‐1.	
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The	 performance	 of	 the	 vacuum	 system	 is	 of	 course	 dependent	 on	 the	 real	 effective	
pump	speeds.	In	Figure	A.4,	the	calculated	effective	pump	speeds	for	the	three	vacuum	
chambers	 are	 given.	 The	 pump	 speeds	 are	 calculated	 using	 the	 VacTran	 software	
package	 [1]	 which	 is	 capable	 of	 handling	 viscous,	 transitional	 and	 molecular	 flows	
using	the	calculated	curve	provided	by	the	manufacturer	as	input.	For	pressures	below	
80	Pa,	the	effective	pump	speeds	are	significantly	lower	than	the	speed	directly	at	the	
pump.	This	is	a	direct	result	of	the	long	length	of	the	pump	tubes,	needed	to	place	the	
pumps	in	an	area	with	low	magnetic	field.	The	diameters	of	the	pump	tubes	are	chosen	
as	large	as	reasonably	possible	to	minimize	the	loss	of	pump	speed.	Due	to	the	limited	
space	 inside	 the	bore	of	 the	 superconducting	magnet,	 the	pump	 tubes	of	 the	heating	
chamber	 have	 the	 smallest	 diameter.	 The	 effective	 pump	 speed	 of	 this	 chamber	 is	
therefore	the	lowest.	
	

	
	
Figure	A.4:	Calculated	effective	pump	speed	of	 the	three	vacuum	chambers	 for	(a)	argon	and	(b)	
helium	as	a	function	of	pressure	with	the	HV30000	running	on	50	Hz.	The	calculations	are	based	on	
the	curve	provided	by	the	manufacturer	(black	line).		



APPENDIX	A	

140 
 

The	effective	pump	speeds	 for	 the	 source	 (a)	 and	 target	 chamber	 (b)	have	also	been	
measured	 for	 argon,	helium	and	hydrogen	with	 the	HV30000	 running	on	50	Hz.	The	
results	are	given	in	Figure	A.5.	For	both	chambers,	the	effective	pump	speed	for	H2	is	
higher	for	lower	pressures	but	drops	below	the	other	curves	for	higher	pressures	due	
to	the	pump	characteristics	of	a	roots	blower.	The	overall	effective	pump	speed	for	the	
target	chamber	is	higher	due	to	a	larger	diameter	pump	tube.	The	measured	values	are	
somewhat	higher	than	the	calculated	values	presented	in	Figure	A.4.	This	is	attributed	
to	an	overestimation	of	the	conductance	losses	in	the	calculation.	
	

	
	
Figure	A.5:	Measured	 effective	 pump	 speed	 of	 the	 source	 (a)	 and	 target	 chamber	 (b)	 for	 argon,	
helium	and	hydrogen	with	the	HV30000	running	on	50	Hz.		
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Skimmers	 with	 different	 opening	 diameters	 are	 available	 to	 accommodate	 variable	
plasma	beam	diameters.	Figure	A.6	shows	the	result	of	a	pressure	measurement	of	the	
differentially	pumped	vacuum	system,	where	the	chambers	are	separated	by	skimmers	
with	an	opening	diameter	of	30	mm	or	100	mm.	The	amount	of	gas	was	varied	up	to	40	
slm	while	recording	the	pressures	in	the	different	chambers.	It	can	be	concluded	that	
differential	pumping	is	more	efficient	for	the	heavier	argon	as	compared	to	the	lighter	
helium.	This	effect	was	already	 found	and	discussed	 in	Chapter	4.	For	both	gases	 the	
pressure	in	the	target	chamber	rises	above	1	Pa	for	the	higher	gas	loads	with	100	mm	
skimmers.	For	argon	this	happens	at	a	gas	load	above	30	slm	and	for	helium	above	14	
slm.	For	the	skimmers	with	an	opening	diameter	of	30	mm,	the	pressure	in	the	target	
chamber	stays	very	low	(~0.1	Pa)	up	to	40	slm	for	both	gases.	It	 is	 important	to	note	
here	 that	 these	 results	 do	 not	 fully	 represent	 the	 situation	 during	 plasma	 operation.	
The	measurement	 is	 performed	 using	 gas	 at	 room	 temperature,	while	 the	 plasma	 is	
much	 hotter.	 The	 temperature	 has	 a	 profound	 effect	 on	 the	 shape	 of	 the	 supersonic	
expansion.	 A	 hot	 expansion	 is	 broader	 and	 therefore	 the	 skimmer	 will	 stop	 more	
neutrals,	 leading	 to	 lower	pressures	 in	 the	heating	and	target	chamber.	Furthermore,	
recent	results	(see	Chapter	6)	show	a	higher	ionization	efficiency	of	the	plasma	source	
relaxing	the	demand	on	the	pump	system.		
	

A.5		 Conclusion	
	
The	 differentially	 pumped	 Magnum‐PSI	 vacuum	 system	 has	 been	 realized	 and	
successfully	 commissioned.	 The	most	 optimum	 pump	 solution	 for	 the	 three	 vacuum	
chambers	 has	 been	 found.	 The	 measured	 pump	 speeds	 are	 comparable	 with	 the	
calculated	curves	and	the	effective	pump	speeds	have	been	determined.	It	is	shown	that	
the	pump	solution	is	capable	of	reaching	its	requirements.	First	measurements	with	a	
pulsed	magnetic	beam	(see	Chapter	6)	have	shown	that	 the	excellent	performance	of	
the	vacuum	system	has	opened	a	window	for	PSI	studies	in	the	ITER	divertor	relevant	
regime.	
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Figure	A.6:	Pressure	 in	the	three	vacuum	chambers	for	(a)	argon	and	(b)	helium	as	a	 function	of	
gas	 load.	The	gas	 is	 fed	 into	the	source	chamber.	The	chambers	are	separated	 from	each	other	by	
flat	skimmers	with	an	opening	diameter	of	30	or	100	mm.	Lines	between	the	data	points	to	guide	
the	eye	only.	
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