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Present	and	planned	QA	Program	
•  Incorporate	lessons	learned	into	design	(ICARUS,	MicroBooNE,	35	

ton,	...)	

•  Perform	comprehensive	stress	analysis	from	component	level	to	full	
detector	structure	

•  Fiberglass	material	mechanical/thermal	tests	
•  Ash	River	full	scale	mockup	assembly		

•  2D	and	3D	electrostaMc	studies	of	the	electric	field	in	the	high	field	
regions	of	the	TPC	

•  Transient	analysis	of	CPA,	FC	electrical	behavior	in	a	HV	discharge	
•  CPA	resisMve	material	selecMon	and	thermal/HV	tests	
•  Small	scale,	full	E	field,	tests	of	FC	concept	in	50l	LAr-TPC	
•  Electrodes	material	HV	tests	
•  FC	end	cap	HV	tests	
•  Divider	component	and	assembly:	thermal	and	electrical	tests	
•  Full	voltage	HV	test	in	35ton	cryostat	
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EvaluaMon	of	ResisMve	Materials	for	CPA	
•  InvesMgated	materials:	

–  NORPLEX,	Micarta,	phenolic	laminate	with	graphite,		
•  Intrinsic	bulk	resisMvity	in	the	required	range	(few	MOhm/cm)	
•  Density	comparable	to	LAr	

–  FR4	coated	with	resisMve	ink	(~100kOhm/square)	printed	with	specific	
pa]erns	to	increase	average	resisMvity;	

–  FR4	laminated	resisMve	kapton	foil	Dupont	100XC10E7	(25	µm	thickness,	
graphite	loaded,	available	with	resisMvity	in	the	0.5	to	50	MOhm/square	
range	available	in	1.2	m	wide	rolls)		

–  Graphite	loaded	(outer	layers)	FR4		
–  Thin	films	of	Germanium	Coated	Polyimide	(vacuum	deposited)		

•  Kapton	on	FR4	preferred	according	to	selecMon	criteria:	
–  Bonding	strength	
–  ResisMvity	uniformity,	stability	
–  Resistance	to	sparks,	abrasion	
–  Cryogenic	compaMbility	
–  Radio-purity	(tests	at	LNGS	low	counMng	rate	material	test	facility)	 3	



Laminated	resisMve	Kapton	foils	on	FR4	
•  Standard	PCB	technique	applied	at	CERN	to	

develop	resisMve	thick-GEM’s:		
–  Available	for	dimensions	amply	larger	than	1.2	m	

x	2.1	m	
–  Double	sided	laminaMon	

•  Several	large	area	samples	(0.6	x	0.7	mq	,	3mm	
thick)	produced	for	performance	evaluaMon:	
–  High	resisMvity	uniformity:	2-3	MOhm/square	

•  Small	resisMvity	variaMon	at	LAr	temperature	
(+50%)	

–  CompaMble	with	standard	cleaning	with	alcohol		
–  Long	term	immersions	in	LAr	(weeks)	with	

several	thermal	cycle	from	room	to	LAr	
temperatures		

•  No	delaminaMon	observed.	
•  No	planarity	deformaMon	in	LAr	observed.	
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Prototypes	for	LAr-TPC’s	

•  ResisMve	cathode	planes	for	the	50-
liter	LAr-TPC	fabricated.		
–  Already	operated	in	LAr	several	Mmes		
–  No	delaminaMon	
–  No	electric	field	distorMons	observed		
–  No	LAr	purity	degradaMon		
	

•  Full	size	1.2	m	x	2.1	m	double	sided	
prototype	panel.		
–  Industrially	produced	and	machined	to	be	

installed	in	the	35	ton	HV	test	at	FNAL		
•  ResisMve	strips	for	CPA	frame		

–  A	first	set	produced	and	machined	for	the	
35	ton	HV	test	at	FNAL	
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Robustness	to	sparks	
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•  Dedicated	set-up	to	induce	sparks	and	evaluate	resisMvity.	
•  ResisMve	material	(cathode)	kept	in	posiMon	by	SS	frame.		
•  Emispheric	anode	movable	along	axis	to	change	distance	from	cathode	plane.	

•  Sparks	induced	above	40	kV	@	1cm	(in	air),	Hz	rate,	long	term	(minutes)	

•  Ink	print	pa]ern	on	FR4	
•  Sparks	develop	along	direcMon	of	less	

resisMvity,	following	the	strip	pa]ern	
•  Status	ajer	test:	degradaMon	with	

some	material	evaporaMon	

•  ResisMve	Kapton	on	FR4	
•  Sparks	are	point-like	
•  Localized	“carbonizaMon’’	on	

material	surface,	at	the	spark	
posiMon	

•  No	change	in	average	resisMvity	



Small	field	cage	test	
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•  To	validate	the	field	cage	concept	in	pure	LAr	
•  Designed	to	fit	in	the	ICARUS	50	liter	cryostat	

(60	cm	diameter,	1.1	m	height)	
•  Roll-formed	metal	profiles	with	UHMW	PE	caps	

•  Choice	of	metal	(Al,	SS)	and	surface	finish	
•  Pultruded	fiberglass	I-beams	form	4	mini	

panels	
•  All	profiles	are	at	same	potenMal	to	simplify		

HV	connecMon	
•  Perforated	ground	planes	66mm	away	
•  Requires	1/3	of	FD	bias	voltage	to	reach		

same	E	field	(~	60	kV)	
•  Corona-discharge	monitor	on	Power	supply	

cable	(based	ICARUS	scheme)	
•  Video	camera	to	visually	detects	light	flashes	

for	from	arching/discharges	and	monitor	LAr	
thermal	stability	(LED	illuminated)		



Small	field	cage	in	purified	LAr	
•  Aluminum	roll	formed	Profiles	
•  HV	applied	in	thermalized	ultra	pure	LAr	(visual	

inspecMon	though	camera):	
–  “slow”	ramping	up	(	~5	kV/min	at	start	with	

step	decreasing	at	higher	voltage)	
–  Current	limitaMon	set	to	~	“zero”	on	PS	

•  Long	tern	test	
–  HV	kept	conMnuously	ON	for	several	days.	

•  Two	regimes	have	been	studied:	
–  Thermalize	LAr	(no	visible	bubble	formaMon):	

no	sparks	recorded	up	to	100	kV.	
–  With	bubbles	appearing	to	form	around	the	

detector	elements,	few	random	sparks	(one	
every	few	hours)	appear	but	only	above	80	kV	

–  Sparks	develop	around	the	HV	cable	(at	hot	
points)	and	not	between	the	field	cage	and	the	
ground	plates.	 8	



Small	Field	Cage	Tests	E	field	
-100kV	on	the	profiles,	6.6cm	to	ground	plane.	Clean	argon.			



AddiMonal	HV	tests	
•  ComparaMve	measurement	in	
commercial	LAr	with:	
–  intenMonally	scratched	surface	of	
one	wall	of	aluminum	profiles	

•  scratches	depth	measured	to	be	up	to	
100	um	>>	scratches	depth	(tens	of	um)	
due	to	assembly	procedures	in	the	test
		

–  stainless	steel	roll-formed	profiles	
installed	in	one	full	wall	

–  Extruded	aluminum	profiles	installed	
in	other	full	wall	

•  Within	the	tested	HV	range	(100	kV,	no	
bubbles)		surface	material	do	not	affect	
the	HV	performance.	
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Specific	HV	test	on	surface	finish	
•  Material	for	comparison	test:	

–  Extruded	aluminum	(from	ICARUS	cold	body:	~	5	μm	residual	
roughness)	

–  Polished	SS	(<	1	μm	residual	roughness)	

•  NegaMve	HV	applied	in	LAr	on	flat	test	surface	against	
grounded	polished	semi-sphere	(4.5	cm	radius,	1	μm	
residual	roughness)	to	minimize	edge	effects.	

•  Adjustable	gap	between	electrodes	(sub-millimetric	
regulaMon)		

•  Test	finding	in	LAr		
–  In	stable	thermal	condiMons	(without	bubble	formaMon),	HV	

values	up	to	10	kV/mm	can	be	safely	applied;	
–  linear	behavior	in	gap	ranging	from	1	mm	to	5	mm	
–  Long	term	stability	verified	(up	to	2	days	at	the	5	mm	gap)	
–  Instability	building	up	in	the	10-11	kV/mm	range	
–  Strong	dependence	on	LAr	thermal	condiMon;	evident	

performance	degradaMon	ajer	sparks:	several	hours	
thermalisaMon	of	the	LAr	bath	required	before	re-applying	HV		

–  No	apparent	dependence	on	material	and	surface	finish.	
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Test	of	PE	endcaps	in	LAr	
•  Thermal	behaviour:	more	than	50	endcaps	suffered	several	thermal	cycles	to	Lar	

temperature:	
•  No	cracks	or	mechanical	degradaMon	observed	

•  HV:	endcaps	(6	mm	thick)	facing	ground	plane	at	5	mm	distance	
•  HV	applied	on	profiles	
•  Stable	up	to	150	kV	in	LAr	over	several	hours	provided	no	bubbles	are	formed	

•  IN	AIR:	
•  Arching	for	HV>40	kV	
•  from	metal	profile	to	

ground	along	endcap	
surface		



R&D	on	aluminum	field	cage		
•  Malter	effect	in	Liquid	Argon?	

–  Emission	of	electrons	from	Al	into	LAr	
due	to	high	e-field	built	across	charged-
up	oxide	layer	on	Al	surface	

•  Uncoated	Aluminum	field	cage	installed	
in	the	50	liter	LAr-TPC	
–  FR4	spacing	column	
–  ResisMve	Cathode	
–  Max	local	E-field	on	Al	surface	~	26	kV/

cm	(for	Vcath=-25	kV,	500	V/cm	drij	
field)	similar	to	ProtoDUNE	SP	case	

•  Long	term	operaMon	to	measure	possible	
effects	of	electron	emission	in	LAr	
(charging-up	by	cosmic	rays)	
–  HV	stability	
–  Increase	of	electronic	noise	on	wires	

close	to	FC	
–  producMon	of	scinMllaMon	light		
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QA	Plan:	HV	
	
	

•  HV	feed-through	
–  HV	prototype	developed	by	ETH	already	tested	at	300	kV	(required	180	kV)	
–  Follow/contribute	to	construcMon	and	further	tests	in	collaboraMon	with	the	

DP	ETH/CERN	group.	

•  Perform	HV	test	at	35-ton	facility	at	FNAL,	including	the	following:	
–  Test	ability	to	hold	voltage	at	full	scale;	
–  Test	expected	current	and	stability	of	current	at	all	monitoring	points;	
–  Test	mechanical	integrity	of	all	components	ajer	full	cool-down,	warm-up	

cycle;	
–  Test	discharge	miMgaMon	system	using	induced	HV	discharges.	
–  Study	of	charging	up	effects	on	HV	insulators	(FRP/G10/FR4)	in	LAr	

14	



Charging-up	of	insulators	
•  Charge-up	of	insulator	surfaces	occurs	when	the	

electric	field	has	a	component	perpendicular	to	the	
surface.			

•  ICARUS,	MicroBooNE,	and	35-ton	used	G10/FR4	in	
detector	supports	running	from	ground	to	cathode	
potenMal	over	short	distances,	with	field	mostly	
parallel	to	the	edges	of	the	supports:	

–  sustained	high	voltage	achieved.			
–  for	some,	not	full	design	voltage,	but	no	indicaMon	

this	is	due	to	charge-up	effects	due	to	charge	up	not	
observed			

•  In	ProtoDUNE	FC		thin,	flat	secMons	of	FRP	intercept	
the	electric	field	running	almost	perpendicular	to	
the	surface.			
–  This	is	a	potenMal	concern	if	the	FRP	is	

completely	non-conducMve.	
–  The	CERN	“small-field-cage"	use	a	similar	

arrangement	without	problem	(100kV,	6.6	cm).	
–  This	will	be	tested	in	the	35ton	test	over	long	

term	operaMon	(weeks).	
15	

MicroBooNE	

35-ton		

ICARUS	
75/150	kV,	15	cm	
	



Proto-DUNE	SP	FC-CPA-HV	Test	at	FNAL	PC4	
•  MoMvaMon	

•  EvaluaMon	of	the	design	of	ProtoDUNE	from	
a	high	voltage	perspecMve	

•  Design	verificaMon	
•  Expose	any	design	weaknesses.	

•  Test	performed	in	ultra-pure	LAr	in	the	
membrane	cryostat	of	the	35	t	facility	

•  Cryostat	available	
•  Cryogenic	system	available	
•  LAr	purificaMon	system	available	
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The	field	cage	for	the	HV	test		
•  The	full-sized	ProtoDUNE	TPC	components	do	

not	fit	in	the	cryostat	
•  However,	the	test	will	be	a	full-field	test.	
•  The	device	will	have	the	first	10	profiles	of		the	

FC	and	a	resisMve	cathode	at	their	planned	
voltages.	

•  Individual	components:	
–  High	field	areas	à	corners	near	cathode	
–  New	aspects	of	the	design:	FC	profiles	and	FRP	

beams,	resisMve	plate	cathode,	ground	planes		
–  However:	dedicated	HV	feed	through	(UCLA)	
–  NP	beam	plug	in	the	first	phase	

•  And	the	integraMon	of	the	pieces	
–  Do	the	pieces	of	the	design	work	together?	

From	
B.	Yu	

Cathode	

Resistor	to	
ground	

Rela6ve	
Anode	

Poten6al	
(kV)	
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How	to	Evaluate:		Planned	Monitoring	

•  Current	monitoring	and	logging	
–  Monitor	the	current	out	of	the	

power	supply	
•  Field	cage	terminaMon/Pick-off	

point	
–  Monitor	the	voltage	near	the	

end	of	the	resistor	network	to	
look	for	acMvity	in	the	chain	

•  Toroid/Corona	monitor	
–  SensiMve	to	a	change	in	current	

flowing	through	the	HV	cable	
just	outside	of	the	cryostat	

•  Cameras	
–  William	&	Mary	are	working	on	

installing	cameras	that	can	help	
diagnose	potenMal	issues.	

Spike	in	
current	
monitoring	

Voltage	spike	FCT	

Toroid	signal	

Plots	from	A.	
Hahn	of	35T	
Phase	2	
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Schedule	for	Stage	1	test	
•  Completed	acMviMes:	

–  Design,	fabricaMon	and	delivery	of	
components	to	William	&	Mary	

•  Now	on-going:	
–  Clean	and	preassemble	parts	
–  Parts	delivery	to	Fermilab	
–  Test	installed	in	cryostat	
–  Purge,	cool	down,	fill	the	cryostat	
–  Perform	test	(January	2017)		

•  In	Mme	for	ProducMon	Readiness	
Review	(February	2017)	

Assembled	CPA	
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Stage	2	plans	(~	Spring	2017)	

•  In	parallel	with	Stage	1,	the	beam	plug	will	be	tested	separately	In	
LAr	and	at		HV	in	a	dedicated	set-up	

•  Ajer	compleMon	of	stage	1	test,	replace	one	field	cage	end-wall	
with	one	that	has	beam	plug	a]ached		

GOAL:	
	
•  Verify	beam	plug	does	

not	interfere	with	the	
operaMons	of	the	TPC	
(i.e.	same	HV	
performance	with	and	
without	the	beam	plug)	
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QC	Plans	
•  Full	QC	plan	and	procedural	documentaMon	is	under	development	

and	will	be	finalized	for	the	ProducMon	Readiness	Review		
•  TesMng	and	inspecMons	to	be	performed	during	producMon,	

acceptance	at	CERN,	installaMon	and	commissioning	are	being	
defined.	These	will	include:	
–  Visual	InspecMon	of	all	the	components	CPA/FC.		
–  InspecMon	of	CPA	panels	and	field	strips	for	scratches	or	delaminaMon;	

resisMvity	sampling	on	panel	surfaces	
–  InspecMon	of	all	FC	profile	surfaces	and	in	case	of	any	dents	and	scratches,	->	

profile	replacement.	
–  Check	of	all	the	screw	connecMons	using	a	calibrated	torque	screw	driver.	

These	screws	will	be	Mghtened	to	a	low	torque	spec	and	can	become	loose	due	
to	vibraMons	during	shipping.	ReMghtening	of	screws	may	be	required.	

–  Electrical	conMnuity	checks	between	adjacent	profiles	field	cage	when	resistor	
divider	is	mounted.	
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QC	Plans	for	FC	resistor	divider	(LSU)	
•  Develop	large	scale	component	

(resistors,	varistors)	tesMng	&	
recording	setup	

•  Perform	thermal	cycles	of	all	
components	to	accelerate	
mortality	due	to	fabricaMon	
defects	

•  Perform	thermal	cycle	of	the	
assembled	divider	board	

•  Develop	test	procedure	for	
mounted	divider	boards	

22	

Resistors:		
Ohmite	Slim-Mox	
SM104031007FE	
1	G	Ohm,	1%	tolerance,	
1.5	W	
Metal	Oxide	Varistors:			
Panasonic	
ERZ-V14D182		
1800V	clamping	voltage	



Component	QC	Test	Board	

PCB	schemaMc	
For	MO	Varistors	tests		

100k	Ohm	

1k	Ohm	

8	channel	ADC	 8	channel	ADC	

Sample	test	
board	
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Large	Scale	Component	QC	Test	Stand	

à Can	stack	up	to	5	PCBs	high		
à Can	have	2	stacks	on	mechanical	mount	

à 16	MOVs	per	board	
à Can	test	up	to	160	MOVs	per	cool	down	cycle	

ParMally	populated	test	stand	

	

Use	very	similar	setup	to	test	resistors	(based	on	same	PCB)	
àcan	test	up	to	80	resistors	per	cool	down	cycle		

Components	are	individually	bagged		
and	serialized	
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QC	measurement	setup	(mounted	boards)	
Insert	screws,	washers	and	nuts	into	divider	board	to	serve		
as	a]achment	points	
If	mounted	to	profiles,	a]ach	alligator	clamp	directly	to		
profile	instead	

HV	power	supply:	used	at	1000	V	

100kΩ	pick-off	resistor	

QC	procedure:	
Measure	voltage	drop	for	each	individual	stage,		
convert	to	current,		
calculate	equivalent	resistance	RA	(nominal:	500	MΩ)	
Results:		see	separate	spreadsheet	



Sample	spreadsheet	for	resis6ve	divider	board	
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*MOV	pos	measured	from	lej	to	right	of	each	goup	
*Resistor	pos	measured	from	top	to	bo]om	on	each	group	

Board	Layout	

LSU	 Resistor	pos	1	(R1)	 Resistor	pos	1	(R3)	 Resistor	pos	1	(R5)	 Resistor	pos	1	(R7)	 Resistor	pos	1	(R9)	 Resistor	pos	1	(R11)	 Resistor	pos	1	(R13)	 Resistor	pos	1	(R15)	 		

physics	
MOV	pos	
3	 		

MOV	pos	
3	 		 MOV	pos	3	 		 MOV	pos	3	 		 MOV	pos	3	 		 MOV	pos	3	 		 MOV	pos	3	 MOV	pos	3	 		

&	 MOV	pos	2	 		 MOV	pos	2	 		 MOV	pos	2	 		 MOV	pos	2	 		 MOV	pos	2	 		 		 MOV	pos	2	 		 MOV	pos	2	 		 MOV	pos	2	 		 		
Astronom
y	 MOV	pos	1	 MOV	pos	1	 MOV	pos	1	 MOV	pos	1	 MOV	pos	1	 		 MOV	pos	1	 MOV	pos	1	 		 MOV	pos	1	 		 		
		 Resistor	pos	2	(R2)	 Resistor	pos	2	(R4)	 Resistor	pos	2	(R6)	 Resistor	pos	2	(R8)	 Resistor	pos	2	(R10)	 Resistor	pos	2	(R12)	 Resistor	pos	2	(R14)	 Resistor	pos	2	(R16)	 board	#	

group	1	(-1)	 group	2	(-2)	 group	3	(-3)	 group	4	(-4)	 group	5	(-5)	 group	6	(-6)	 group	7	(-7)	 group	8	(-8)	

Each	test	circuit	consists	of	two	1	GΩ	resistors	in	parallel	connected	to	a	100.0	KΩ	pickoff	resistor.	
A	DMM	with	a	10	MΩ	input	impedance	is	connected	in	parallel	with	the	pickoff	resistor	
The	equivalent	circuit	from	above	consists	of	two	resistors	in	series:	Ra	=	500M	and		Rb	=	99.0099K	

A	test	voltage	of	1	kV	(Vi)	is	applied	across	Ra	and	Rb.			
The		current	is	calculated	by	dividing	the	DMM	voltage	across	the	pickoff	resistor	by	Rb.	(Ic=Vp/Rb)	

For	the	tables	below,	columns	1-8	are	referenced	to	the	first	stage	at	R1/R2	on	the	
lej	side	of	the	PCB	and	move	sequenMally	to	the	right.	

DMM	voltages	(Vp)	measured	across	100.0	KΩ	pickoff	resistor.	 Unit	=	mV	
Board	#	 V-1	 V-2	 V-3	 V-4	 V-5	 V-6	 V-7	 V-8	Measurement	

010	 196.2	 196.1	 196.0	 196.8	 196.5	 196.0	 196.4	 196.1	Bench	
010	 196.0	 195.6	 195.6	 195.6	 196.2	 195.6	 196.0	 ***	 Profile	

Calculated	current	from	above	pickoff	voltages	 Ic	=	Vp*1000/99009.9	 Unit	=	µA	
Board	#	 i-1	 i-2	 i-3	 i-4	 i-5	 i-6	 i-7	 i-8	Measurement	

010	 1.982	 1.981	 1.980	 1.988	 1.985	 1.980	 1.984	 1.981	Bench	
010	 1.980	 1.976	 1.976	 1.976	 1.982	 1.976	 1.980	 ***	 Profile	

Calculated	resistance	from	Ic	 Ra	=	(Vi	-	Vp)/Ic	 Unit=MΩ	
Board	#	 R-1	 R-2	 R-3	 R-4	 R-5	 R-6	 R-7	 R-8	Measurement	

010	 504.5	 504.8	 505.1	 503.0	 503.8	 505.1	 504.0	 504.8	Bench	
010	 505.1	 506.1	 506.1	 506.1	 504.5	 506.1	 505.1	 ***	 Profile	

***	-	No	measurment	made	due	to	shorMng	of	profiles	at	posiMons	7	and	8	when	Al	bracket	is	
mounted	!	



QC	Plans	for	HV	bus,	frame-biasing	
•  InspecMon	of	fabricated	part	of	the	HV	system	to	make	sure	they	

meet	the	dimensions	and	tolerances	on	the	fabricaMon	drawings:	
–  HV	bus	cables	
–  Inter-CPA	connectors	
–  ConnecMon	points	on	CPAs,	with	capMve	screws	
–  Resistor-to-frame	and	frame-to-FC	connectors	

•  InspecMon	of	each	completed	HV	bus	cable	segment	for	curvature	
or	damage.	

•  Check	HV	cable	post-annealing	cooling	test.	
•  Measure	HV	bus	end-to-end	and	bus-to-CPA	conMnuity	and	

resistance	ajer	HV	bus	installaMon,	compare	to	design	values.	
•  Measure	HV	bus	to	frame	conMnuity	and	resistance	ajer	frame	

electrode	installaMon,	compare	to	design	values.	
•  HV	test	at	CERN	for	evaluaMng	side	to	side	and	top	to	bo]om	

resistance	for	each	completed	CPA,	including	HV	bus,	cup,	and	
frames,	but	ajer	final	assembly	and	ajer	hanging	during	
installaMon.			
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Back-up	
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Radiological	measurements	(@	LNGS	
low	counMng	rate	facility)	

Current	Inc.,	C770	ESD	(Electro-StaMc	
DissipaMve	material),	G10/FR4	(glass/epoxy)	

	89.0	g	
	830876	s			
	Ge	

	
	
	
(54	+-	8)	mBq/kg	<==>	(13	+-	2)	E-8	g/g	
(49	+-	6)	mBq/kg	<==>	(12	+-	2)	E-8	g/g									
	
	
(47		+-	5)	mBq/kg	<==>	(3.8	+-	0.4)	E-9	g/g	
<	0.52	Bq/kg	<==>	<	4.2	E-8	g/g	
	
<	6.9	mBq/kg	<==>	<	1.2	E-8	g/g	
	
(4.9	+-	0.3)	Bq/kg	<==>	(1.6	+-	0.1)	E-4	g/g	
	
<	3.7	mBq/kg									
	

FR4	is	preferable:	MiCarta	is	worse	by	orders	of	
magnitude	for	most	relevant	radioac?ve	chains	March	7th,	2016	
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NORPLEX,	Micarta,	NP	315,	phenolic	laminate	
with	graphite,	black	

	23.0	g	
	328991	s		 		
	Ge	

	
	

		
(15.2	+-	0.5)	Bq/kg	<==>	(3.74	+-	0.13)	E-6	g/g	
(15.8	+-	0.5)	Bq/kg		<==>	(3.88	+-	0.13)	E-6	g/g									
	
	
(9.1		+-	0.3)	Bq/kg	<==>	(7.4	+-	0.2)	E-7	g/g	
(6	+-	3)	Bq/kg	<==>	(5	+-	2)	E-7	g/g	
	
(<0.24)	Bq/kg	<==>	(<	4.2)	E-7	g/g	
	
(7.6	+-	0.6)	Bq/kg	<==>	(2.5	+-	0.2)	E-4	g/g	
	
<	50	mBq/kg									
	

Sample:		
		
	weight:	
	live	Mme: 	 		
	detector:	

	
Radionuclide	concentra6ons:	
Th-232:	

	Ra-228:	 		
	Th-228:	

	
U-238:	

	Ra-226:		
	Pa-234m	

	
U-235:	
	
K-40:	
	
Cs-137:									
	



Polymer	ResisMve	kapton	foils	
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ResisMvity	measurements	on	sample	kapton	foils	provided	by	CERN.	
Room	temperature:	6	MOhm/square	
Immersed	in	LAr:	9	MOhm/square	(no	change	ajer	several	days	immersion)	
	
Measurements	not	changing	ajer	repeated	immersions	
Measurements	taken	with	HP-4329A	High	Resistance	Meter	
V=100V	(cross-checks	at	50	V	and	250	V)	

Roll	width	=	1.2	m	



ResisMve	ink	deposiMon	on	FR4		
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•  Developed	for	resistors		on	PCB:	
•  ResisMvity	range:	100	Ohm/square	to	

1	MOhm/square	
•  Desidered	average	resisMvity	can	be	

obtained		with	specific	ink	pa]erns	
	(up	the	hundreds	Mohm/square)	

•  AcMve	area	limited	by	prinMng		
machine	and	oven	for	curing	at	170°	
(<	0.6x2	mq	at	CERN	PCB	workshop)	

•  A	silver	paste	for	soldering	electrical	
contacts	and	adapted	to	this	ink	is	
also	available	from	the	same	
company	(cured	at	170°	as	well)	



Ink	print:	resisMvity	measurements	at	room	
and	LAr	temperatures	
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•  No	variaMon	in	resistance	values	
measured	at	LAr	and	room	
temperatures	ajer	long	term		(days)	
immersion	in	LAr.	

•  No	visible	damage	to	the	screen-print	
pa]ern.	

1	1	

2	 3	 4	

LAr		
level	

Measurements	taken	with	HP-4329A	High	Resistance	Meter	
V=100V	(cross-checks	at	50	V	and	250	V)	
		 Room	Temp	(25°C)	 Cold	(-180°C,	LAr	quiet)	

1-2	 1,5	 3,7	
1-3	 3	 6	
1-4	 6	 9.9	
2-4	 6	 10.5	

All	values	are	expressed	in	10^7	Ohm	

average	resisMvity	obtained	with			
parallel	strips	(~250μm	thick	~	250μm	
spacing)	linked	together	every	~cm.		



Germanium	Thin	film	

March	7th,	2016	
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ResisMvity	measurements	on	a	40x25	cm2	foil	provided	by	Rui.	
Room	temperature:	4.5	MOhm/square	
Immersed	in	LAr:	70	MOhm/square	(no	change	ajer	several	days	immersion)	
	
Measurements	not	changing	ajer	repeated	immersions	
Measurements	taken	with	HP-4329A	High	Resistance	Meter	
V=100V	(cross-checks	at	50	V	and	250	V)	

Discarded	mainly	due	to	the	very	thin	Resis?ve	layer		
(	<	1	um)	that	can	be	easily	scratched	away	



Reliability	of	silver	paste	for	electrical	
contacts	

March	7th,	2016	
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•  DeposiMon	by	painMng	
and	curing	in	oven	at	
170°	(including	copper	
pad)	

•  High	stability	at	
cryogenic	temperature	
– No	peel-off	ajer	many	
thermal	cycles	

•  Very	robust	against	
mechanical	scratches	

~	2	cm	



The	50	liter	LArTPC	test	set	up	

March	7th,	2016	
35	



36	
March	7th,	2016	



Possible	effect	of	Al	surface	oxidaMon	
•  Alumina	oxide	is	known	to	build	rapidly	on	Aluminum	

surface	in	few	nm	layers.	
•  Due	to	the	good	insulaMon	properMes	of	Alumina,	

charging	up	of	its	surface	could	occur	producing	high	
electric	field	through	the	insulaMon	layer.	

•  This	could	result	in	electron	emission	through	the	
surface	(similar	to	Malter	effect	in	drij	chamber)	which	
in	turn	could	induce	noise	on	FE	electronics	

•  InvesMgaMon	with	the	surface	treatment	experts	at	
CERN,	seems	to	indicate	that	this	effect,	if	any,	should	
be	highly	miMgated	by	density	of	LAr	that	strongly	
reduces		the	electron	mean	free	path	in	the	liquid,	
making	the	electrons	stop	near	the	insulator	surface	
contribuMng	to	fast	ion	neutralizaMon.	

•  To	test	the	effect:	requires	long	term	exposure	of	a	LAr	TPC	equipped	with	
Aluminum	electrodes.	

•  Further	miMgaMon	of	this	effect	could	be	however	obtained	with	conducMve	
coaMng.	
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Extruded	aluminum	profiles	for	FC	
•  ProducMon:	

–  OpMmizaMon	of	sMffened	aluminum	
extruded	profiles;	mechanical	properMes	
verified	(with	FEA	calculaMon)	at	CERN.		

–  Same	outer	shape	as	roll	formed	profiles,	
compaMble	with	standard	locking	nuts	and	
tooling	for	mounMng	

–  ProducMon	of	prototypes	started	at	selected	
producers	(ALEXIA-Italy,	MIFA-Netherland)	
with	different	aluminum	alloy	and	with		
conducMve	coaMng	(at	some	cost	increase).	

–  Prototypes	(1.5	m	long)	verified	at	CERN.	
–  First	100	m	available	on	11/15th	(sufficient	

for	second	phase	of	the	35	ton	HV	test):	
50m	with	conducMve	coaMng	(SURTEC).	

–  Full	producMon	(~3km)		for	ProtoDune	SP	
available	in	few	weeks	Mme	

–  Cost	~	1	to	2	Euro/m	
•  Full	compaMbility	between	SS	roll	formed	

and	extruded	aluminum	profiles;	final	
choice	can	be	made	at	very	last	moment	
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Charge build up	

•  FEA with “zero 
perpendicular field” 
boundary condition on all 
surfaces of the I-beams 
except at top and bottom.	

•  This is the condition when 
surfaces have charged just 
enough to repel any further 
incoming charge.	

•  White contour lines: V	
•  Black contour lines: E	
•  High fields at corners.	
•  Charge-up rate depends on 

volume adjacent to surface.	
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Currents, time constants, and effect 
of bulk resistance	

•  Charging of two sides can be asymmetric if 
volume on one side is different from the other.	

•  E.g., for box beams holding field cages, roughly 
20 pA/m2 on one side, 30 pA/m2 on the other.	

•  Approximate analytic calculation gives ~2 day 
time constant to charge one side only if no 
current on other side, ~2 wks for both sides to 
charge, for 1/4” thick material.	

•  A non-infinite bulk resistance would mitigate 
charging:  internal E = J ρ.	

•  E.g.,  if ρ = 1018 ohm-cm, then  
•    E < (30 pA/m2) (1016 ohm-m) = 3000 V/cm.	
•  Attempted to measure resistivity of 12” x 12” x 

1/4” FRP plates at K-State at E = 4.7 kV/cm.  
Saw long, increasing time constants of hours 
then days, slow “self-recharge” after applied 
voltage zeroed or reversed. Done in air at room 
temp.	

•  Need test at full HV and E scale, in LAr.	
40	
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Some	MOV	Test	Results	
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Work	in	progress	

MOV	clamping	voltages	



Mechanical	mock-up	in	Ash	River	

	
•  Full	scale	ProtoDUNE-SP	

components	(FC,	CPA,	
support	structures)	

•  Tests	of	interfaces	and	
handling		

•  Test	of	assembly	
procedures	

	

Presently	underway	
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Ash	River	InstallaMon	components	
•  One	APA	frame	(no	wires)	
•  4	CPA	columns	(without	resisMve	laminaMon)	

–  FR4	Frames	completed	with	FR4	panels	
•  4	Top/Bo]om	FC	Panels:	

–  2	Panels	with	latest	design	(No	splice	joint	and	latest	modificaMons)	
–  2	panels	older	version	with	stainless	hardware	just	for	mockup.	

•  4	End-wall	Panels:	
–  Top	panel	with	hangers	
–  Panel	with	beam	plug	mockup.	
–  2	Regular	End	wall	panels.	

•  Most	panels	fully	populated	with	field	shaping	profiles		
•  Few	end	caps	missing.		
•  AddiMonal	weight	on	the	panels	to	make	up	for	missing	weight	due	to	

missing	ground	planes	(replaced	by	plywood)	.	
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Ash	River	present	Achievements	
•  Phase	1	of	the	ProtoDUNE	

Trial	Assembly		
–  Hanging	the	first	CPA	
–  Ge}ng	elevaMons	in	TPC	

correct	
–  Moving	the	first	CPA	Pair	
–  Hanging	the	first	Field	Cage	
–  RotaMng	the	FC	
–  Packaging	for	shipping	
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