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Experimental evidence in PbWQ,, LYSO, CeF,

Exposure of long (10 — 20 cm) crystals to 24 GeV protons - hadron showers

The Light Transmission is changed (LTO - LT), quantified by
the induced absorption coefficient pp
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Experimental evidence in PbWQ,, LYSO, CeF,

Exposure of long (10 — 20 cm) crystals to 24 GeV protons - hadron showers

The Light Transmission is changed (LTO - LT), quantified by
the induced absorption coefficient pp

LT(\)

— o—tND(A)L
LTO(M)

« Damage cumulative: y,\p

— — . ——] increases linearly with fluence
= 13 27
IE L @pzSXIO cm | 4
E 0 L i *  A*dependence of uyp
ER ]
= B ]
1 . . .

400 500 600 700

A (nm)
M. Huhtinen, F.-T. et al., NIM
Ab45 (2005) 63-87

May 2018 G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi

10"

T TTTTHW T TTYTHW T TTYTHW T T TTTT
- M LYSO-SIC ]
[ ¥ LYSO - St.Gobain 13
— W50 =0.46 x 107%™ % ’ 13
0 PbWO, - BTCP o N
£ ® PbWO, - SIC p 1%
-~ uPWO =208 x 100" & 18
[ A CeF, ’ ] 'T
9 Z
L
A 18T
; A 1§ S
Q 1 O N
. 7N
’ -UJ
, = 5 )
o) . - B <+
300 days after irradiation 7 . N
1 llllHM 1 llllHM 1 llllHM 1 llllHA (D <
10  10° 10" 10"
-2
@, (cm™)



Experimental evidence in PbWQ,, LYSO, CeF,

Exposure of long (10 — 20 cm) crystals to 24 GeV protons - hadron showers
The Light Transmission is changed (LTO - LT), quantified by

the induced absorption coefficient pp
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the induced absorption coefficient pp
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Experimental evidence in PbWQ,, LYSO, CeF,

Exposure of long (10 — 20 cm) crystals to 24 GeV protons - hadron showers
The Light Transmission is changed (LTO - LT), quantified by
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The scattering centers are tracks left by fission fragments
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Experimental evidence in PbWQO,, LYSO

Exposure of long (10 — 20 cm) crystals to 24 GeV protons - hadron showers
The Light Transmission is changed (LTO - LT), quantified by
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The scattering centers are tracks left by fission fragments
Tracks have been visualized - see talk today at 10h45

No scattering centers observed in CeF; (NIM A622 (2010) 41-48), @S

expected, since made of light elements, while fission threshold Z>71
(lljinov et al., PR C39 (1989) 1420)
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Mechanism for track formation

Present understanding:
R. Fleischer, J. Mat. Sci. 39 (2004) 3901 and refs. (o)

— Track formation is explained by the ionization
spike model, a 3-stage process
a) a charged particle passage causes ionization
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Mechanism for track formation

Present understanding:
R. Fleischer, J. Mat. Sci. 39 (2004) 3901 and refs.

Track formation is explained by the ionization

spike model, a 3-stage process
a) a charged particle passage causes ionization

b) ions are ejected due to Coulomb repulsion
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Mechanism for track formation

Present understanding: o o o
. . (a) °© o
R. Fleischer, J. Mat. Sci. 39 (2004) 3901 and refs. \
O 0 © ®© o
© 0 0 o o o o

— Track formation is explained by the ionization © 00 00 o0 o
spike model, a 3-stage process
. . . . O O O 0 o o o
a) a charged particle passage causes ionization
o O/{ao o o
b) ions are ejected due to Coulomb repulsion (b) Q/‘\ - 2o
c) aregion of atomic disorder is left behind © Oy © T S~
O O o Of) o\ o

— Main parameter: primary ionization density

N. electrons displaced / unit length

May 2018 G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi



Mechanism for track formation

Present understanding: o o o
. . (a) °© o
R. Fleischer, J. Mat. Sci. 39 (2004) 3901 and refs. \
O 0 © ®© o
© 0 0 o o o o

— Track formation is explained by the ionization © 00 00 o0 o
spike model, a 3-stage process
. . . . O O O 0 o o o
a) a charged particle passage causes ionization
o O/{ao o o
b) ions are ejected due to Coulomb repulsion (b) Q/‘\ - 2o
c) aregion of atomic disorder is left behind °© %y ° /7 S~
O O o Of) o\ o

— Main parameter: primary ionization density

N. electrons displaced / unit length

— This is bulk damage, it can be studied in
simulations of track lengths and densities
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Tracks are caused by heavy fragments

R. Fleischer, Intermetallic Compounds, Wiley Ed. 2002

From experimental data

Track formation is observed above a material-specific ionization density threshold
Common threshold for all projectile hadrons in a given material
Higher thresholds for inorganic crystals than for organic materials

naturally exposed to energetic
ENERGY / NUCLEON (MeV) hadrons from outer space
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lonisation rate thresholds in minerals
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E/A =2 MeV/amu <= dE/dx = 1.5x10°> MeV/cm in PbWO,

E/A =7 MeV/amu <= dE/dx = 1x105 MeV/cm in PbWO,
> 1x10° MeV/cm needed to create a track !
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The structure of tracks

» Fission tracks are usually revealed through
etching, that removes the disordered regions and
makes them visible under the microscope
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The structure of tracks
1.6 19" p/lem?

» Fission tracks are usually revealed through
etching, that removes the disordered regions and
makes them visible under the microscope

» However: calorimeter light is scattered by tracks
which are latent
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The structure of tracks
1.6

» Fission tracks are usually revealed through
etching, that removes the disordered regions and
makes them visible under the microscope

X702 plom?,

U
~
~

» However: calorimeter light is scattered by tracks
which are latent

» Track studies tell us that :

« Tracks can be composed by regions of extended etched core zone (i)
defects (core zones, “segments”), with gaps of limited track\ : :
damage in between'2)

* The gaps are etched more slowly

« Core diameters a few nm? and lengths depending on
projectile dE/dx

gap  segment

« Light in calorimeter material scatters against segments
«  We follow a pragmatic approach:

dE/dx 2 1x10° MeV/cm

1) E. Dartyge et al., Phys. Rev. B23 (1981) 56213
2) L. T. Chadderton, Nature 195 (1962) 987

3) K. Yada et al., Phys. Chem. Minerals 7 (1981) 47-52
May 2018 G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi 16



Rayleigh scattering

Rayleigh scattering (RS) cross section: 76 1
ORS x )\4 (

n2 4+ 2

d = dimension of scatterers
Moo = 420 nm, A yso =425 nm
npwo= 2.2, niyso=1.82 , indexes of refraction
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Rayleigh scatterlng

Rayleigh scattering (RS) cross section:

d6
ORS x )\4

d = dimension of scatterers
Moo = 420 nm, A yso =425 nm
npwo= 2.2, niyso=1.82 , indexes of refraction

Fraction of Rayleigh scattered light: FR g
(N = density of scatterers)

May 2018

G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi

(5

—1
n2 4+ 2

=N X ORS

18



Rayleigh scattering

Rayleigh scattering (RS) cross section: 6 |
TRS %3 (n2 — 2)
d = dimension of scatterers
Moo = 420 nm, A yso =425 nm
npwo= 2.2, niyso=1.82 , indexes of refraction
Fraction of Rayleigh scattered light: FRS — N X ORS
(N = density of scatterers)
Intensity of transmitted light:
—uL Iy—1
I = Ige " :FRS:OI ~ ul
0
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Rayleigh scatteri ng
« Rayleigh scattering (RS) cross section:
d® —1
ORS %1 n2 +2
d = dimension of scatterers
Moo = 420 nm, A yso =425 nm
npwo= 2.2, niyso=1.82 , indexes of refraction

* Fraction of Rayleigh scattered light: Fre = N X opgg
(N = density of scatterers)

* Intensity of transmitted light:
—uL Io—1
I = Ige " :FRS:OI ~ ul
0

* Induced absorption ratio between PbWO, and LYSO:

PWO PWO PWO \ 6
H N X ( d ) measured: R, =4.5+ 0.2"

——e~ = 1.8 X ——c~
pLYso NLYSO dLY SO

R, =
- Can simulations reproduce this ratio?

* uncertainty inferred from publication
May 2018 G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi 20



simulations

A. Ferrari, PR. Sala, A. Fasso, J. Ranft, "FLUKA: a multi-particle transport code”, CERN-2005-10 (2005)

Experimental irradiation setups reproduced

 Irradiation facility IRRAD1 of the CERN PS T7 beam line
* Proton beam of 20, resp. 24 GeV, 700000 events generated

« Crystal shapes and compositions: PbWO, 24x24x230 mm3, Ce:LYSO 25x25x100 mm?3

« Scoring of quantities of interest inside the crystal performed according to experimental
measurement conditions

PRELIMINARY

|
h m B N h
bl |

=TT
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Features of infinitesimal steps

» In FLUKA, at every infinitesimal step Ax; of a particle, calculate dE/dx = AE/AX;
» Plot <AE/Ax; >, averaged over all steps, for each bin of Ekn

» Band = RMS

P i r i i

£ L C

s  Pbwo, | LYSO '

> 105__ _________ R L R o - =
QO 3 I 3

E_ : S A : lesa-8 |F A=6
» s - i ? _ _

. \ : A =30 K&A=30 A =30
< 10': et %A:SG - L~ A-56 A =56
w s A=100 | = A =100 A =100
< :/\\‘\d\' "/‘\\

5 I I I
10 - PRELIMINARY o . |E PRELIMINARY o _ |E PRELIMINARY o |
10" 1 10 ' 102 10" 1 10 102 10" 1 10 102
EN" (MeV) EN" (MeV) EN" (MeV)

» In PbWO, and LYSO, dE/dx > 10° MeV/cm reached for heavy fragments only

» In PbWO,, heavy fragments populate higher dE/dx region than in LYSO

> |In CeF3, dE/dx > 10° MeV/cm region is not populated = in agreement with
experimental evidence of no hadron-specific damage
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A E,/A x, (MeV/cm)

Features of segments

» Contiguous steps with dE/dx > 10° MeV/cm are joined to build a segment
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Fragments with A > 40 and highest E,, are the

ones that reach a sufficient dE/dx
Entries at E,;,~ 0 ?

May 2018

<)

> 140

- PoWQ," ” -

| Entries 69636 |

AE
—'>10> MeV/cm

AX. —

Loy Ly il i pion o |

20 40 60 80 100 120 140 160 180 200 220

mass number A

- LYSO

| Entries 58908 |

AE
—>10°> MeV/cm
AX;

PRELIMINARY

s b by oy by by Ly i
20 40 60 80 100 120 140 160 180 200 220

G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi

mass number A
23

PRELIMINARY | —

35

30

25

20

15

10

35

30

25

20

15

10

5

0



Features of segments

» Contiguous steps with dE/dx > 10° MeV/cm are joined to build a segment

6

€ - ! 3 140, - = [Entries 54339 | 7
§ | PbWO | £ POWO," T .
% 10°F - - - - - _4 ______ g m"%120:_ A_xii>105 MeV/iem | |,
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< - N 401 10
o
10° £ PRELIMINARY ) . B ¥
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kin - "
S ey) E 1400 | YSO [Entries a1150] ||
> Low-A fragments exhibit dE/dx below the = 120F - AE s
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» Fragments with A > 40 and highest E,;, are the - %> 10keV || 7%
ones that reach a sufficient dE/dx 805_ . PRELIMINARY [f =20
» Entries at E,;,~ O disappear by requiring 601 15
E.. /A> 10 keV aof o
« They are fragments that do not move from o0 .
their location in the lattice -
0

. 0"I"'I"'I'"I"'|'II|---|---|...I...I...
¢ AX.,. = 10 keV/ (10° MeV/cm) = 10 A ~lattice 20 40 60 80 100 120 140 160 180 200 220
cell size mass number A
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Segment and track length distributions

» Track = one or more track segments separated by gaps where dE/dx falls
below threshold

» Densities and average track length for comparison with observed ones

x10° x10°
a = — _ o 2.5
3 0.6¢ PowO, [ Entries 54338 ~ [ 0] Pppwo, [enties s3302]| 700000 events generated
5 o5k Mean 1712 g o N\ 4 |Mean 1.306
~ oL \ ~ [ N
7] F N AE, r '
€ 04f A > 10° MeV/em % 1s£ N\ i—f_' >10° MeV/cm
£ F \ Q ' E gt NN i c
g,'," 0.3; "> 10keV 1 —h > 10 keV
0.2 . §  PRELIMINARY PRELIMINARY
0.1 Y 0.5
F ) R NN ;;\\Z;\, AR T N N RN T T T D T B
100-2 107! 1 10 G0 1 2 3 4 5 6 7 8 9 10
B segment length L (um) segments / track
x10
o r — o
z T Lysom™ Entries  41151] | > Lyso [emries a7673]| > |n average, 1.3 segments
5 I N\ Mean  0.9763 g Mean  1.236 . e
S osf \ e S per track, in qualitative
t C —'>10° MeV/cm $ AE; S 10° Meviem .
S 0.6 e 8 M agreement with
8 ol o A 10k experimental
. 2i PRELIMINARY PRELIMINARY observations#:°)
0. - R
10

segments / track

4) E. Dartyge et al., Phys. Rev. B23 (1981) 5213

5) L.T. Chadderton, Nature 195 (1962) 987
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Compare observed and simulated densities

Tracks visualised in PbWO, (2 see talk today at 10h45): Fission tracks are usually
revealed through etching. The etching process dissolves also gaps between segments
and joins segments into tracks.

Measurement: the density of etched tracks
crossing a surface is

¢ = 1.8x10 tracks/p

FLUKA: the density pg., of segments produced
in the crystal is

Pseq = 3.4 x 103 seg cm™ /(p cm2)

With 1.3 segments/track, the density p,. Of tracks produced in the crystal is :
Prack = 2.6 x 10-3 tracks cm= /(p cm2)

» The average track length <L> is given by: Pirack <L> =@

- [<L>=7 ym , ~ as observed

—> |the simulated track densities agree with the observed ones
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Can we predict the Rayleigh Scattering ratio?

6

measured ratio: R“ =45+0.2

-> Look at quantities as a
function of L, ~ 0 (M10)

* Induced absorption ratio between PbWO, and LYSO:
PWO PWO PWO
R — M— — ]_ 8 X N— X d—
K MLYSO NLYSO ALY SO
l_'_l \_'_I
Caveats: Ry R,
RS assumes spheres. Here: dipole-shaped tracks, randomly oriented
* RS occurs if scatterer dimension < (A/10)
« Cannot determine a sharp maximum segment length L
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Can we predict the Rayleigh Scattering ratio?

* Induced absorption ratio between PbWO, and LYSO:
PWO PWO PWO
R — M— — ]_ 8 X N— X d—
K MLYSO NLYSO ALY SO
l_'_l \_'_I
Caveats: Ry R,
RS assumes spheres. Here: dipole-shaped tracks, randomly oriented
* RS occurs if scatterer dimension < (A/10)
« Cannot determine a sharp maximum segment length L
P 1-8?E>REL|M|NARY " € [FPRELIMINARY eosal
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measured ratio: R“ =45+0.2

-> Look at quantities as a

u (PbWO4) / 1 (LYSO)

function of L, ~ 0 (M10)
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From FLUKA: R, =2.5
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Uncertainties

Uncertainties are mainly due to simplified assumptions:

1) Acommon L, has been used on both, PboWO, and LYSO - ARy =% 0.4
2) Uncertainty on lenght ratio AR = + 5%—> AR, =+ 0.8

3) Uncertainty on the dE/dx threshold > AR, =+ 0.2

4) A common dE/dx has been used on both, PboWO, and LYSO ->ARuy =% 0.3
5) Total estimated uncertainty ARy = 1.0

FLUKA result:
R“ =25+1.0
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Uncertainties

Uncertainties are mainly due to simplified assumptions:

1) Acommon L, has been used on both, PboWO, and LYSO - ARy =% 0.4
2) Uncertainty on lenght ratio AR = + 5%—> AR, =+ 0.8

3) Uncertainty on the dE/dx threshold > AR, =+ 0.2

4) A common dE/dx has been used on both, PboWO, and LYSO ->ARuy =% 0.3
5) Total estimated uncertainty ARy = 1.0

FLUKA result:
RSe=s0 FLUKA simulations yield a Rayleigh

. Scattering amplitude ratio between PbWO,
Measured ratio: and LYSO that is consistent, within the
R,=4.5%£0.2 uncertainties, with the measured one
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Conclusions

From a simulation study of long crystals irradiated by 24 GeV protons producing
hadron showers we have learned that:

1) FLUKA simulations yield no heavy, highly ionizing fragments in CeF;, as would be
needed for track creation, in agreement with the absence of hadron specific
damage

2) FLUKA simulations yield heavy, highly ionizing fragments in PbWQO, and LYSO, as
needed for track creation, in agreement with the observed hadron specific damage

3) FLUKA simulations in PboWOQO, yield track densities in agreement with
experimentally observed ones

4) FLUKA simulations yield a Rayleigh Scattering amplitude ratio between PbWOQO,
and LYSO that is consistent, within the uncertainties, with the measured one

5) | FLUKA simulations can be used to estimate the order of magnitude of damage
amplitude to be expected from hadrons in inorganic crystals
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Laser light in p-irradiated LYSO and CeF,

Polaroid filter

G. Dissertori, F..N.-T. et al., NIM A745 (2014) 1-6

PRELIMINARY

Laser
beam

* InLYSO, Laser light is scattered. The scattered light is polarised
* In CeF3, no scattering is visible (aside reflections on chipped edges)
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Track segments reconstruction

» A track might be composed by several track segments which are
separated by gaps where dE/dx falls below the required threshold for
track formation

» Segments are the “objects” against which light can scatter (“core zones”
in literature)

« Merge consecutive steps into one track segment if requirement on
dE/dx is satisfied in all of them

« Determine the length of each segment, number of segments in a
track, number of segments per incoming proton
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Segment length distributions

» Densities and average track length are plotted here also for different dE/dx
threshold values
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Observed and simulated densities - details

Tracks visualised in PbWO, (2 see talk today at 10h45): Fission tracks are usually
revealed through etching. The etching process dissolves also gaps between segments
and joins segments into tracks.

Measurement: For a fluence of 1.6x1072 p cm2,
the density of etched tracks crossing a surface is

@ =2.8x10°cm=2,i.e. ¢ =1.8x10° tracks/p

FLUKA: 700000 protons simulated
— fluence ®, = 1.22x10° p cm™
The density p., of segments produced by @, in the crystal is:

Pseq = 94338/(2.4 x 2.4 x 23 cm?®) = 410 seg cm™ = 3.4 x 10 seg cm= /(p cm™)
With 1.3 segments/track:
Pirack = 2.6 x 1073 tracks cm= /(p cm?)

» The average track length <L> is given by: Pirack <L> =@

- [<L>=7 ym , ~ as observed

—> |the simulated track densities agree with the observed ones
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About observed and simulated tracks

Caveats:

Observed etched tracks can be longer than latent ones

The length from FLUKA in PbWOQO, is 2 ym, compatible
with the above for the shorter, latent tracks

satisfactory agreement in order of magnitude

Observed track length in literature:

From observation in meteorites, tracks up to ~10 um,
peaked at short lengths if due to spallation recoils®,
with a tail of very long tracks due to VERY high
energy heavy projectiles

Consistent shape of track length distributions

6) R. L. Fleischer et al., J. Geophys. Res. 72 (1967) 331-366
May 2018 G. Dissertori, C. Martin Pérez, F. Nessi-Tedaldi

Entries 54338
Mean 1.711

1> 10° MeViem

B
.5 10 keV

| PREITIMII\{ARY

~750 60

segment length L (um)

NUMBER OF TRACKS PER LENGTH INCREMENT

3

100 120
TRACK LENGTH (MICRONS)
ESTHERVILLE

140

(HEAVY COSMIC RAY PRIMARIES)

Fig. 5. Track length distribution in Estherville compared to the typical fission track length
distribution observed in the iron meteorite Odessa. The existence of tracks of up to 160 u in
length implies the presence of cosmic-ray nuclei of charge considerably greater than 26.




n (cm” p

n(cm'p)

Details about uncertainties

5103 —
4 PRELIMINARY gununs 5
350 © PbWO4 a" X
F ®m LYSO [ d
3? guunm L
2.5
2F "
& o0*
e XL E AN
= u b %>10 keV
E o AE
0.5 T > 7-5%10" MeViem
- [ ] i
C " ® . ! ooy
0= —o% 805 0.15 0.2 025
L cut (um)
x107° —
05 PRELIMINARY " g
F e PbwO4 a" 5
0_4} m LYSO - u Tl/
E | | " [ ] ® ¢
0.3 u o
r [}
C [ ®
0.Zj [ ]
- Hoe E,
r —kin », 10 keV
0.1 A
n e AE 5
r L A—)('> 1.25x10° MeV/cm
C T B B
O-— ol mage 0.15 0.2 0.5
L cut (um)

May 2018

0.12- PRELIMINARY °®
r e PbWO4 mEE
0.1 m LYSO o'°...=.‘
C amE ]
0.08] ittt
C | |
0.06[— °
0.04[— o E
i L %> 10 keV
0.02- AE, .
r A—X'>7.5x10 MeV/cm
.. ®m .
0=0.05 0.1 0.15 0.2 0.25
L cut (um)
0.16F
r PRELIMINARY o®®
0.14F e PbWO4 ...:...-
C L4 ]
0120 m LYSO ‘:..l
F n"®
0.1 ]
0.08
0.06
E E,
0.04F 22> 10keV
F AE
0.021- T > 1:25x10° MeV/em
C A-“‘l‘i“‘l““
0 055' iy 0.15 0.2 0.2
L cut (um)

G. Dissertori, C. Martin Perez, F. Nessi-Tedaldi

2.2

1.8
1.6
1.4
1.2

—_

0.8
0.6
0.4
0.2

u (PbWO4) / 11 (LYSO)

2.2

1.8
1.6
1.4
1.2

(PbWO4) / 11 (LYSO)

0.8
= 06
0.4
0.2

= PRELIMINARY 4

E ) [ ]

E °

2 .

£ ) [ J

= °

= °

= °

= ° °®

E E,

e %>10 keV

- s A

E ) K>7'5X10 MeV/cm

E R B B .

0.85 0.1 0.15 0.2 0.25

L cut (um)

= PRELIMINARY ce®

= o ° °

3 .

g E

= $> 10 keV

3 AR 5

E ° R>1'25X10 MeV/cm

F. . e 0o 0006e . . .« | ' . 1

0.05 =~ 0.1 0.15 0.2 0.25

L cut (um)
40



