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Demand	for		the	radia,on	tolerant	detec,ng	
materials	and	designs	

•  LHC	with	high	luminosity	starts	in	2025			
•  FCC		became	an	aEracFve	strategy	for	future	
study	in	HEP	

	
There	 is	 a	 crucial	 demand	 for	 radiaFon	 resistant	
materials	 surviving	 in	 a	 complex	 irradiaFon	
environment	(	electromagneFc	+	 	charged	and	neutral	
hadrons	)			
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Have	scin,lla,on	materials	a	chance	to	be	
applied		in	new	designs?		

•  Inorganic		crystalline	materials	
•  Composite	inorganic/organic	materials	
•  Light	materials	(inorganic	and		organic)	
•  Induced	radio-isotopes			in	scin,llators	
•  Addressing	to	,me	resolu,on	
•  Effects	prior	to	scin,lla,on		
•  Concluding	remarks			
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Irradiation environment at collider experiment. Case of 
CMS at LHC. 
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Energy	spectrum	of	ionizing	radia,on	
In	collider	experiment	(	example	of		

CMS	at	LHC)				

	

Fluence	of	protons	in	different	parts	of	the	CMS	detector	at	different	luminosity	

	

	

20S-1	

500S-1	

3000S-1	



5 

Energy resolution:  
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Charged	
hadrons	

Neutral	hadrons	

1	 Change	of	the	thermodynamic	equilibrium	due	to		
creaFon	of	colour	centers	

✔	 ✔	 ✔	

2	 CreaFon	of	new	defects	and	dedicated	colour	centers	 +/-	 ✔	 ✔	

3	 CreaFon	of	non	recoverable	damages		 ✔	 ✔	

4	 Change	of	the	material	composiFon	due	to	nuclear	
reacFons	(radio	isotopes	and	fragments)	

✔	 ✔	
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Systema,c		study	of	the	radia,on	damage	effect	in		
inorganic	scin,lla,on	materials		
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List	of	the		scin,lla,on	materials	studied	
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ϒ-quanta	
60Co(1.22MeV),	
absorbed	doses	10-2000Gy	

24	GeV		
&	

150	MeV	protons	

reactor	
neutrons	

PWO,	PWO-II	
LSO:Ce(LYSO:Ce)	
LuAG:Ce	
BSO	
PbF2	
BaF2	
GSO:Ce	
YSO:Ce	
YAG:Ce(Pr)	
YAP:Ce	(Pr)	
DSB:Ce(glass	and	glass-
ceramics)	
Y2O3	(micro-ceramics)	
LiF	
	

PWO,	PWO-II	
LSO:Ce(LYSO:Ce)	
LuAG:Ce	
BSO	
PbF2	
BaF2	
GSO:Ce	
YSO:Ce	
YAG:Ce(Pr)	
YAP:Ce	(Pr)	
DSB:Ce(glass	and	glass	
ceramics)	
Y2O3	(micro-ceramics)	
LiF	

PWO,	PWO-II	
		
plas,cs	



Similarity		and	difference	of	the		colour	centres		created	
under	ϒ-quanta	and		hadrons		
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Point	defects	due	to	crystal	growth	 Stars	created	by	fission	products	

Point	defects	and	their	clusters	which	are	created	by	knocked	ions		

-VA	
	
-VC	
	
-
IntersFFal	
sites	

Van	Lint	
1980	

M.Humenen	
2001	

L.T.Chadding,		1965	
!Set	of	isotopes	iden,fied	in	PWO	crystal	:	measured	ac,vity		

4	months	ager	irradia,on	and	the	extrapolated	values	at	
	24	h	and	7	months	ager	the	end	of	irradia,on.	



Shig	of	absorp,on	spectrum	cutoff	ager	irradia,on	with	protons	is	a	
general	property	of	the	damage	op,cal	transmission	damage	in	a	

heavy	inorganic	materials		
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Laser	beam	scahering	in	a		
PWO	crystal	ager	proton		
irradia,on		and	thermal	
	treatment		

Ager	
irradia,on	

50oC	50oC	 100oC	

80oC	



Recoverable	and	unrecoverable	damage	of	the		op,cal	
transmission		in	PWO	crystals	under	irradia,on	with	24GeV	

protons(3,6x1013p/cm2)	
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!!

Spontaneous																																																																		Thermally	s,mulated																

Non	recoverable	part	of	the	transmission	which	is	caused	by	unrecoverable	defects	

Recoverable	part	of	the	transmission	which	is	caused	by	single	defects	and	clusters		



Comparison	of	damage		of		light	and	medium		inorganic	crystalline,	glass	and	glass	ceramic	
materials	ager	irradia,on	with	150MeV	protons	and	ϒ-	irradia,on				
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Induced	absorpFon		in	several	inorganic	scinFllaFon	materials:	
•  ager	ϒ-	irradiaFon	(60Co,	1,2	MeV,	100Gy),		
•  in	3	months	ager	150	MeV	proton	irradiaFon	
•  repeated	ϒ-	irradiaFon				



Colour	centers	in	the	wide	band	gap	oxide	materials	suitable	
for	doping	with	Ce	
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Colour	centers	in	wide	band	gap	oxide	materials	suitable	for	
doping	with	Ce	
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Proton-irradia,on-induced	absorp,on		spectrum	of	YAG	sample		and	its	
	approxima,on	by	a	set	of	Gaussian	type	bands.	

YAG-undoped	Luminescence	band	



YAG:Ce	scin,llator	versus	YAG:Ce	based	composite		
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Prerequisites	for		damage	under	protons-	
secondary	par,cles	(EXFOR	и	ENDF	data		
bases)	

Challenge	:	
	
Any	polymerized	organics	will	be	damaged	under		
	high	energy	hadron	irradiaFon	.		
		
No	plasFc	or	polymerized	glue	may	be	survived	in	a	high	
	fluence	of	hadron	irradiaFon,	parFcularly	in	a	high		
pseudorapidity	regions.	
.	 15	

7Be		radio-isotope	was	
clearly	detected	in	4	

months	ager	irradia,on	
by	Ge	detector	in	EJ260		

Fragments	of	the	nuclear	reacFons		and		
secondaries	destroy	polymer		matrix		

Lightweight	of	the	material	does	not	mean	tolera,ng	to		
proton	irradia,on	



Lightweight	of	the	material	does	not	mean	tolera,ng	to		
proton	irradia,on	
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Comparison	of		induced	absorp,on	in	LiF	crystal		ager		
irradia,on	with	150MeV	protons	(green	)		and	ϒ-	irradia,on	(red)	

Comparison	of		induced	absorp,on	in	EJ260		plas,c	ager		
irradia,on	with	150MeV	protons		



Set	of	the		radio-isotopes	generated	in	some	inorganic		
scin,lla,on	crystals	ager	irradia,on	with	24GeV	protons	
	with	fluence	3*1013	p/cm2	
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43.2	GeV/
(s⋅cm3)	

	from	β+γ	
emihers		

	

6.4	GeV/(s⋅cm3)		
from	β+γ	
emihers	

	

Total	energy,	
deposited	in	

1cm3			
by	induced	

radioisotopes		

Lightweight	of	the	material	brings	less	radio-isotopes	



Long-lived	radioisotopes	generated	in	absorbing	materials		
(Pb	or	W)	ager	irradia,on	by	24GeV	protons	with	fluence	3*1013	p/cm2	

	Pb	plate(25*25*3mm3)	

Dominating Isotope : 121Te 

	W	plate(25*25*3mm3)	

Dominating Isotopes : 169Yb, 175Hf, 
127Xe 

Isotopes measured in Pb and W plates  6 months after irradiation with protons. 
This set can be used  as a starting point to simulate set of short-living isotopes.    
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Expected	contribu,on		of		different		damage	effects	in	deteriora,on	of	the		scin,lla,on	material		proper,es		
at	their	opera,on	in	a	high	dose	rate	irradia,on	environment	with	a	strong		energe,c	hadron	component		
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Energy	deposit	due	to	pairs	crea,on	in	an	ini,al	part	
of		the	shower	development	

GEANT4	simula,on	of	the	100GeV	e-	interac,on	with	virtually		
sliced	LSO:Ce	scin,llator.	(	10	slices	of	3mm	long	wafers,		
each	wafer	is	equivalent		to	10	ps	of		parFcle	flight)					
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RelaFve	error	of	the	amplitude	measurement	at	the	
	beginning	of	the	100	GeV	electron		shower	development		

+/-10%		is	reachable	at	30ps	with	scin,llator	like	LSO:Ce			
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The	scin,llator	Internal	Time	Resolu,on	(ITR)	at	registra,on		of	
100GeV	electrons		
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Induced	phosphorescence	and	induced	radioluminescence		due	to	radioisotopes	in	the	crystal	contribute	
to	noise	terms	of	Fme	resoluFon:		σt		degradaFon		in		proton	irradiated		LSO:Ce		bulk	crystal	with	volume	
300	cm3	(25Xo)	

LSO	 YSO	

𝛔tscint:	Pure	photosta0s0cs	tscint:	Pure	photosta0s0cs	
𝛔tphos:	Induced	phosphorescence	tphos:	Induced	phosphorescence	
𝛔tradio:	Radioluminescence	fromtradio:	Radioluminescence	from

					induced	radioisotopes	

tradioltphostsct σσσσ ⊕⊕= int

Noise	terms	

Effect	of	phosphorescence	&	induced	radio-luminescence	due	to	
radioisotopes	on	the	,me	resolu,on	

Time	resolu,on	σt		
of	a	scin,llator:	



	 	Alterna,ve	solu,on.	Two–photon		
absorp,on	probing	of	the	radia,on	excited	media		

23	

ElasFc	polarizaFon		of	the	dielectric	due	to	the	local	lamce	distorFon	caused	
by	the	displacements	of	electrons	and	holes	generated	by	the	ionizaFon.		

This	local	distorFon	in	the	lamce	results	in		
redistribuFon	of	the	density	of	states	(DOS)	of		
electron	in	the	conducFon	band	in	close	vicinity	of	
the	hole.		

The	key	feature	of	the	elasFc	polarizaFon:		
short	response	Fme	

Fragment	of		track	of	the	ionizing		parFcle	
SpaFal	separaFon	of	holes	and	electrons		
leads		to	creaFon	of	electric	field	which	
distortscrystal	lamce.		
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•  One-photon	absorp,on	is	not	convenient	to	explore	changes	
						in	the	DOS	due	to	strong	absorpFon	of	single	photons	via		
						electronic	transiFons	between	valence	and	conducFon	bands.		
•  Two-photon	absorp,on	becomes	preferable			due	to	change		
							of	the	selecFon	rules		for	interband		transiFons			

electron	 hole	
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	Two–photon	absorp,on	in	PWO	

24	

-5 0 5 10 15
-0,02

0,00

0,02

0,04

0,06

0,08

0,10

0,12

Δ
D

Δt,	ps

	420	nm

Two	photon(2,97+3.16eV)	absorpFon	in	1	cm	thick	PWO		.	
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E.	Auffray,	O.Buganov	et	al.,	New	detecFng	
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Spectra	of	differen,al	op,cal	transmihance	in	PWO	
induced	by	500	mJ/cm2	pump	at	395	nm	
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Pump	polarized	along	the	crystal	axis	b	(blue	lines)	and	polarized	at	75°	to	the	crystal	axis	b	(red	lines)		
under	(dashed	lines)	and	without	(solid	lines)	gamma	irradiaFon.	Delays	of	probe	pulse	are	indicated.		

E.	Auffray,	O.	Buganov,	M.	Korjik,	A.	Fedorov,	S.	Nargelas,	G.	Tamulai,s,	S.	Tikhomirov,	A.	Vaitkevicius,	
	Applica,on	of	two-photon	absorp,on	in	PWO	scin,llator	for	fast	,ming	of	interac,on	with	ionizing	radia,on,	
	Nuclear	Instruments	and	Methods	in	Physics	Research	Sec,on	A,	2015.	
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Kine,cs	of	differen,al	absorp,on	in	PWO	scin,lla,on	crystal	
for	394(3.17eV)	nm	pump	at	different	probe	wavelengths.	
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Leading	edge	of	the	differenFal	absorpFon	is	limited	by	laser	pulse	shape	rather		
than	by	material	properFes		
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Absorber	Fiber	

EmiEer	
&	

Pulse	
analyzer	

Fme,	ns	0	 20	

burst	

bunch	
of	laser	
pulses		

Arrival	to	detector	 Fme,	ps	1ps	

1.   Fibers	can	have	different	
							refrac,on	index	to		
							control	light	speed	
	
2.   Fibers	can	be	also		
							scin,lla,ng	
	
3.   Registra,on		can	be		
							managed	in		a	regime	
							of	standing	or		
							travelling	wave	
	

The	light	propaga,ng	along	the	scin,lla,on	crystal	and	reflected	from	the	front	face	
	of	the	crystal	could	be	used	to	observe	the	two-photon	absorp,on.		

How	it	may	be	implemented		in	the	detec,ng	cells	

The	second	harmonic	of	their	radia,on	can	be	used	to	produce	the	light	in	the		
wavelength	range	of	500-530	nm,	which	is	op,mal	for		PWO.	
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Conclusions.	Damage	
1.   Irradia,on	with	charged	hadrons	produces	a	sort	of	the	damage	of	the	

ordered	structure	(crystalline	or	polymer)	which	is	different	from	those	
which	is	produced	by	gamma-quanta	irradia,on.	

2.   Heavy	 self-ac,vated	 materials,	 ac,vely	 developed	 earlier	 for	
electromagne,c	calorimetry	and	HEP		applica,ons,	are	most	vulnerable	
in	 terms	 of	 the	 damage	 effects	 from	 high-energy	 protons.	 Fluence	 of	
the	order	of	 	1.1014p/cm2	seems	to	be	the	limi,ng	value	for	the	use	of	
such	crystals	as	PWO	in	homogeneous	calorimeters.	

3.   Medium	 heavy	 self-ac,vated	 materials	 have	 an	 advantageous		
combina,on	of	damage	effects.	The	most	extensively	studied	material	-
YAG:Ce,	 has	 demonstrated	 the	 least	 damage	 of	 op,cal	 transmihance	
under	 24GeV	 of	 all	 studied	 crystals.	 YAG:Ce	 also	 is	 the	 best	material	
combining	good	radia,on	hardness	and	commercial	availability.			

4.   Compact	 homogeneous	 calorimeters	 opera,ng	 in	 the	 vicinity	 of	 the	
vertex	at		further	high	luminosity	collider	experiments,	especially	in	the	
detector	 	 near-beam	 region,	 	 will	 give	 way	 to	 	 segmented	 detector	
modules		incorpora,ng	small-sized	middle	heavy	scin,lla,on	elements.		
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Conclusions.	Timing	

1. 	The	recently	 	observed	effects,	appeared	prior	to	 	scin,lla,on,	 	might	
	 be	 exploited	 for	 ,ming	 of	 the	 	 detector	 material	 interac,on	 with	
	ionizing	radia,on	in	parallel	with	the	detec,on	of	scin,lla,on		signal	in	
	the		same	material.		

	
2.   The	change	in	two-photon	absorp,on	can	be	used	to	form	a	,me	mark	

to	 	 detect	 the	 ini,al	 moment	 of	 the	 interac,on	 of	 the	 ionizing	
radia,on	 with	 the	 	 detector	 material,	 while	 the	 scin,lla,on	 signal	
provides	the	informa,on	on	 	absorbed	energy.	

	
3. 	Meanwhile,	the	effect	is	quite	strong	 	in	PWO	 	and	 	BGO	and	sensi,ve	

	to	the	presence	of	ionizing	radia,on.			
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