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Outline

 Motivations

O monitoring of fast neutron backgrounds in Dark Matter detection
1 Basic principles

O (SLiF) bolometers and neutron capture

Q Conventional fast neutron detectors

O Spectrometric performances of a 0.5g 6LIF bolometer
O Calibration at IRSN, Cadarache (AMANDE facility)
O Discussion

 Massive LiF scintillating bolometers
O A 169 natural LiF detector

O A 32g natural LiF detector
O A 32g enriched SLiF detector

O Alternative Li-targets
U Future steps ?

Iabove and underground



Neutron Background in « Dark Matter » experiments

Q Evidence for Dark Matter at all scales The Universe content

O Nature ? | | e ey
— Supersymmetric particles (y) ?

O Detectable through scattering

(measuring the nucleus recoil)

oy-n<10-2 pb
U Fast neutrons are the ultimate Dark matter Dark energy
background ! 2504, 70%
- TR = et Neutrinos
2. 107 st s = EvELWESSI 0.01% 0.3%
5 T , Criv — — XENON1oo | S
o, 5 17 DAMA chan. | N
% 10 oS \ e, DAMA E
@ ‘I‘\ e CoGeNT o
o Y L i
! N akic g
[ 10 L ] T :||
E % Y \I - X
§ 1'DT 3 “: i _:F____:‘__._,__P_,M’. >3 x
5 L Y o i = T
= BN e and n...
= 10 jz fizid: sherd=
. .
10 10 100 1000 recoll

WIMP mass [GeV]



Bolometers

Pros
Crystal T<1K = solid target = detector
\ — no straggling
N\ — high efficiency

= high resolution achieved.

| ﬁ
| Vi l j - Ex.: for insulators,
M | @ Energy quantum=phonon
RN | < | ~kT<10* eV at T <1K
s \ z @ AN = a wide choice of targets
\\ = record of all particles

BP filtered | i Fibre-optics
nner source
E— : 2‘=|§2|E)Er?m Contras
Thermistor R(T) = cryogenics are needed
Ge-NTDs = {ime constants > ms
AE e ultimate = EJKT?C(T) o (MT®)'2 for insulators
low M —>T<1K IS sufficient

O High flux —
U Rare events - high M —»T<100 mK is needed



Fast neutron spectroscopy in °LiF bolometers

— En easily recovered, in principle
— background from alphas only

T
Thermal neutron (25 meV) .

o K ®.
oL &

/ t
Fast neutron (1keV-20MeV-...) /

E, & E,

/ L E

4.78 MeV

n+Livo+t E=4.78 MeV + E

neutron

n

amplituas (V; < T, E)

1000 2000 \ 3000 4000 0

> 1




Elastic scattering(n,n) 1. Principles
kinematics
R = 1A ~-C0s” Ox E,
(A+1)
n :
‘ > A - En = En - ER
e then
" E; max = 4A2En (ziEnsiA>>l)
(A+1) A
Theoretical responsivity
dN/dEg = WG
Hyp: isotropic diffusion
isotrope in center mass He 4 0.64
referential. .
\ / ~true at low E for 1H, L 6 0.49
En<l10MeV...
C 12 0.28
\/<\_ O 16 0.22
F 19 0.19
Spectroscopy !
(by edge position) Ge 74 0.053
Er

Ermax

o~ barn, VA, E,



Elastic scattering (n,n) 2. Real recoils spectra

ROSPEC (kit of 6 proportional counters )

E

Theory

Mesure
Sphere filled with H,, 10 atm

Réponse du compteur SP2-10 & des neutrons de 1,2 MeV
300 ;
— MCNPX

—degradation of the theoretical “rectangular s ey N
responsivity” by instrumental effects: edge
effects, resolutions,...

Recoils protons
= Good for mono-En, but important dilution
of the signal
» strong degeneracy in neutron field -
measurements : for a given signal, one

knows only the minimal neutron energy
deteCted_ ' ' Energie des protons (MeV)

Coups par canal
After J.Groetz & M.Benmsobah, 2007




Nuclear capture reactions (n,p), (n,t), (n,a
1H

SH ‘He _

Cross Section (b)

1 . : .
S : :
E+5 ':"E ..... e ......... |Th?rmalheutr0ns ....... PEREREERRE ......... ......... _. ......... .........
3 . B i . . . . . B . o 5
| 1
E+4 -=- R ™ ! ........... ......... .....
] 108
1 65 C T - (20%) : : : : : :
E4+3 mpeiceeen.. ) T [ . TP Py e . [ [ P A e
3 5I—| : RN : : : : : : :
1. (7.6%) D : : : - : : :
S ! °He
Et2 mpione L L B R T R S SO S
i : : R
i
1 i
E+1 ." ......... ......... L e e L TR T
] I
I
i
E+ S RTRIRTENS I S SR EREEE LR LERIEL IERRER SRLRIEER EERERRE Rl ARTS A - FE-PCLCLL L
i
E-1 .: 3—Li—6{n,t]| ENDFIB—V”l ...........................................................
H—— 2-He-2(n,p) ENDF/BE-YII. 1
M|——5-B-10(n,alpha) ENDFjB-vIL1 | : : : : : ;
E-7 i [ b oo [ b oot -

E-1 E+0 E+1 E+¢2 E+2 E+4 E+% E+& E+7
Incident Energy (eV)

E +Q=E;+E.

known measured

—> E,
deduced 8

Trio of reactions

*He+n—=>°H + p Q =0.764MeV
"Li+ =2.7192MeV
YB+n—oq @ Q
Li'+a Q=2.310MeV
Li+n—>°H +«a Q =4.783MeV

v'The products are high energetic
particles, strongly ionizing, easily
detectables
—incorporation in ~all
traditional detectors
gaz : 3He,1°B (BF3)
solids, liquids:1°B & SLi
v'High cross section for
neutrons ny,
— Neutron counters after moderation
— Ny, capture in screens
v’ Ccross section strongly
decreasing with energy (~1/v,)

types of

thermal

A direct and straightforward measurement of the captured neutron energy !

A,+nh—>B+C

v’ accuracy ?
v efficiency ?



“Conventional” detectors using n-capture reactions

With Hélium-3 With Lithium-6 o) | ’(\Si diodes
Proportional counter | J‘/

| |

Detector D2

Fig. 1. The spectrometer designs. (a) the Sandwiched Target
Spectrometer (STS), (b) the Deposited Target Spectrometer
(DTS) and (c) the Symmetric Neutron Spectrometer (SNS).

81€-0vE (S66%) 99€ VININ |8 18 USIep "M

A. Seghour & J.C. Sens, NIMA 420 (1999) 243-248

8mm
4 5 Spectrometer  Target thickness Spectrometer resolution
Si diodes design (ngem ™ 7) (keV) @ nth (478 MeV)

STS 30 300
{;‘n ]I 2. Ell 1: 142 300
Scale cm DTS 150 126
SNS 20 0_08“m 50
1 Stainless steel window 57 70
65 78
2 Cathode box 97 120

157 0.6 pm 235

3 Ancde wire

4 Back surface barrier detector

5 Front surface barrier detector

for E, : 100keV-15MeV
Resolution FWHM ~50 keV & efficiency (0.1%)



Conventional fast neutrons detectors

Table 1
Neutron spectrometer characteristics

Spectrometer Typical characteristics for

No. Type Ref. Energy range Energy Resolution Detection efficiency
(MeV) (MeV) (FWHM)

1 Recoil proportional counter [27] 0.05-5 1 10%* 3%

2 Organic scintillator [31] 2-150 8 4%* 20%

3 Recoil proton telescope [45] 1-250 60 4%" <0.05%

4 Capture-gated [49] 1-20 5 50%" 1%

5 *He gridded ionization chamber [61] 0.05-10 1 2%" 0.3%

6 *He-semiconductor sandwich [64] 0.1-20 1 50 keV* 0.1%

7 Diamond semiconductor [68] 8-20 14 1%" 1%

8 Time-of-flight [74] 1-15 2.5 5%°¢ 0.05cm™—?

9 Foil radioactivation [79] 0.2-20 — — —

10 Superheated drop (bubble) [82] 0.1-20 — — —

11 Multisphere [91] 10~-200 — — —

*Pulse height resolution.
®Energy resolution.
“Time-of-flight resolution.

All techniques ...

..excepts cryodetectors !

Neutron spectrometry—historical review and present status,
F.D. Brooks , H. Klein, NIMA 476 (2002) 1-11

found ~ everywhere (ISS, satellites, poles, mountains,
undergrounds...)

10



Conventional fast neutrons detectors and cryo-ones

A 3D figure (with En) is missing here !

100 4 ,~ 7777 TTTTTTTTTTT T
1 | '
1 Ideal : =
4 : Organic scintillator (8 MeV) )
I Detector : o 2150 Mev S
= N S ® Time of Flight (2.5 MeV) &
= 10 3 e . 1-15 MeV o
- — - e
o ] |" \l. —
o . : : o
© . : i ® Recoil prop. counter (1 MeV) |:
. ~ TES based 0.05-5 Mev
c : : @
Q —] I ! Diamond SE-I‘I'iiCOI‘IdUCtOfI:14 ME‘V]
- I - i * . ’ | —
5 ] - Calorimeter : 8 - 20 MeV Capture Gated (5 MeV) >
% . : | 1-20 MeV g
E - ' (1+ MEV) I # 3He gridded ionization chamber (1 MeV) —
2 i i ! 0.05-10 MeV )
c i J 8
s . ] “-. 4 3He semiconductor sandwich (1 MeV) =
£ 01 : TTTTTTTTTTT ® 01-20 Mev Z
. . & Recoilproton telescope (60 MaV) —
) US goals in 2003 1-250 MeV =
4 =
@®
0.01 —
| LI | 1 1 LI I UL L L] 1 L I LA | L] T | L | LA | 1 1 | |
0.01 0.1 1 10 100

data from F.D. Brooks, H Klein /NIM 4 476 (2002) 1-11

Energy Resolution (%)

11



A transportable neutron spectrometer
(Ph.D thesis, J. Gironnet, 2010)

__ IS =

A 0.5¢g SLiF (°Li~95%) bolometer...

oy

(RO

...In a 300mK cryostat...

.

241Am

+ 2 3
IR |

B

'+ Ag disk
(optional)

% 4

O

Thermal link 6

3He sorption cooler



Calibration @ AMANDE facility (IRSN, Cadarache)

E : = g | 14 ¥ s T
) / ? g = n -
4 i K e M
M Monitors Al
(N S\ <
> 1
{ : = 3

f
by

".\I g\ ]
N

Neutron spectrometer
0.5g SLiF @ 430mK

source shadow cone
=.::.-::::::::::::::::—:_ — ]

detector




Neutron peaks are observed

4.316 MeV

En=

10

Enargy (Mav)

B/ 5jun0g

fan}
—

Energy (Met)

80

EIUNOS

1650 s

[ABNGEFC) W LT

LASMETE 40 U3y

&0

ELUMNOD

10

Energy (MeV)



General trend (calibration from thermal peak)
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AE (keV)

Energy « defect »

&00

450

400

350

300

250

200

150

100

a0

Recovering the neutron energy with accuracy...

- e
1T~ — Accuracy AE/E<1.7% AN
@""6\
¥
I
1

+ Low bias data

—— Linear fit

=  High hias data

E n (MeV)

12 13 14 1% 1w 17 18

19 20



Resolution AEgyum

350
300 |

250 |

S
(D)
=
=
T
=
LL
LL
<]
A0
29 keV
0

200 |
150 |

100 |

Base line noise (25 keV) substracted

+ Low bias data
— Curve fit ax*h
= High hias data

En=17 MeV |

En=4316 keV

i
1
v

En=1200 keV

100 keV
«--Alpha particles line L.
"/ «---En=2415 keV " poor St.atIStICS
f <= Thermal neutrons line = + physics !
2 4 5] & 12 14 16

18



Efficiency of capture (%)

Detection efficiency In LIF

1. Tabulated

(ENDF/B-VII)

100.00

10.00

0.01

Ffficiency of neutron capture in

LiF ingle interaction)

I \\II1I|

I

T

I

thermal neutrons —..

2 5mm LiF (95% 6Li)
2 5cm LiF (7.6% 6Li)
2.5cm LiF (95% 6Li)
limiting curve for LiF (95% 6Li)

| I | | | I |

19F resonances

T

\\\II@

i
11

1 MeV

107

1072 10° 107
Energy of neutron (eV)



Detection efficiency in LiF 2. Fluences

700000 e g ) =
Efficiency of neutron capture in Lif
loooazxu TTTT T TTT T T T T
600000 i <
500000 —
S
I o
-
&
é 400000 s
S 2
< I
= .
5 o
i 300000 =
:_’
o
200000 . AMANDE Counter = 2.5mm LiF (95% 6Li)
L 0.10F i
. . o o E 2.5cm LiF (7.6% 6Li)
6Li capture line in bolometer o amsniur ot an
100000 i P b a
limiting curve for LiF (95% 6Li) \
[
0.0
0 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' TkeV  10keV 100keV TMeV 10MeV
0 1 2 3 4 =3 53 7 8 9 10 1" 12 13 14 15 16 17 18 = , _ ”
Energy of neutran

Energy (MeV)

= a lot of « useless » matter
= neutrons lost in line with the beam
» detailed simulations missing

— cold finger needed




Discussion / Resolution
sources of AEqyyuy 1 ?



Discussion

effects

» to compare with the
ranges of alpha & tritium:

Range Thermal E.=20
(max) neutrons MeV

Alphas 6 um 160 um
e
O
G
(D)
D]
G
~7
tritium -
O
escape ? O
=
Slow neutrons interactions

Fast neutrons interactions

100m

Tm

Tcm

100um

Tum

thermal neutrons

T T T T
oL 95;; capture reaction |
all reactions
®Li 7.6% capture reaction
all reactions

| | | I I

1074

1072

10°

102 10 10°

Energy of neutron (eV)

Above 100eV, mean free paths > 1 cm



Discussion

2.

Kinetic energy partition

20 MeV
——)
n
5.9 MeV 18.9 MeV
t o
3.2MeV  21.6 MeV —~
T
o t =
)
O
()
(D
O
2
— >
o
Pn o
-
L]

(E, p) conservation laws
— one free parameter (0,...)
= probably the main cause of energy
dispersion, if alphas & tritium are not
equally thermalised in the crystal
— AEq T With En T

10

4

En+Q

n+°Li —» Alpha-+Tritium
Q=4.783 MeV

—» forward

10

emission
backward emission

Tritium

1

I\H‘ | I\IIHIl | 1 1111 ‘ | \\I\II\‘ W

TkeV

100eV

10keV  100kev  TMeV
Energy of neutron, En



Discussion 3. Thermal conversion at 100% ?

241Am 1904 ' ' ' ' ] ' ' ' ]
: I
G’SE 100 - ~0.6% Iost* ~7% lost :
Ag _
50 ]
LiF 0 Volts
1.2 1,3 1.4 1.5 1,6 1,7
% ny,+°Li—>a+t in LiF a in LiF
252C 4,78 MeV ? 5.49 MeV ? 5.49 MeV
« thermalized »

» an energy loss was expected !
LiF is thermoluminescent @ 300K
(dosimeters...)...

& trapping is worse at low T !

Counts

» + [ight emission ? YES, at low T !

Scintillation of LiF under X-rays

300 400 £00 €00 OO anz 00 1000 1100
Wavelength [nm]

*our paper in NIM A 337 (1993) 95-100



Scintillating bolometers

(Scmtlllgu'ng) Optical detector (Ge
crys disk)
Vieat Viioht
0 | ldoo | 2600 | 3600 40000 \ 4e 0 ‘ 1600 ‘ 2600 ‘ 3600 ‘ 4600 0
Reflecting cavity 1 Fibre-optics
- Inner source
(Ag coated Cu) - N_lR LED BGO, sapphire, LiF...
— A=820 nm
Ge'NTDS 3000
thermistor

2000

1000

0 1000 2000 3000 4000 O



Light output (V)

A 16g natural LiF (2003)

+ 2°*Cf source

I
[E—
-}

Collected light (keV)

!
<
n

. = [ow light yield for LiF

~0.0 " buta very good

| | | | | | ] discrimination of particles

0 1 9) 3 4 5 6 —f) htope t? measuge the rargst
E (MeV) (fast) neutrons undergroun




A 32g natural LiF (2007)

paraffin ] | | E
30keV FWHM |
f Thermal n’s, _
B ~normal rate E
c) 3 E =
lead e E
Backgrounds at Canfranc * WE ' E
underground lab k: P |
~ 1 night R T S S
LiF _HEAT (V) Heat
Measuring Neutrons IN SITU ! "0 Sapphlre
252Cf calibrations showed .
6l ; . . 0 > L
B o phire that °Li enrichment in LiF : ;
. 50g was needed to conclude .

. about a neutron originto ¢ - ]
the background INn 0_56 ‘ « recoils » zone
sapphire... [ L ommissinn

pp R

SAPPHIRE_HEAT (V)



Typical backgrounds

SAPPHIRE_LIGHT (V)

2.5

Q0.5

0.0F

Nov. 2007
~ 1 night

pa raf{‘in

¥

Sapphire
Al,O,

Q[T

2.0

Sapphire _*,:. ’§

SAPPHIRE_HEAT (V)

LiIF_LIGHT (V)

BGO_Light (V)

1 2 3 4 5
LiF_HEAT (V)

= running together

BGO_Heat (V)



Thermalized neutrons

SAPPHIRE_LIGHT (V)
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Fast neutrons e

lation !

LIF_LIGHT (V)
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Lea

T

LiF_LIGHT (V)
()
Wﬁmmmm"m

LiF, fast n

39 evts

rning from LiF & sapphire ?

0
0 1 2 3 4
LIF_HEAT (V)
3.0 : LI LN B B N B N B T L
L L]
... = Sapphire, fast n
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< L
=
T |
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Hyp: n spectrum ~2>2Cf
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* 0.27 evts expected ‘
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2007 run in Canfranc

Neutron spectrometry with scintillating
bolometers of LiF and sapphire

Noél Coron, Clara Cuesta, Eduardo Garcia, Carlos Ginestra, Johann Gironnet, Pierre de Marcillac,
Maria Martinez, Ysrael Ortigoza, Alfonso Ortiz de Solérzano, Jorge Puimedon, Thierry Redon,
Tomas Rolon, Maria L. Sarsa, Lidia Torres, and José A. Villar

Abstract—Two scintillating bolometers of LiF (33 g) and ALO3
(50 g) at 20 mK, inside a lead shielding at the Canfranc
underground laboratory, were irradiated with neutrons from a
source of *®2Cf. The analysis of nuclear recoils registered by
sapphire and (n,a) captures by °Li shows the feasibility of these
cryogenic devices to measure the spectral flux of a neutron field.
Data unfolding was done by two models: first one assumes the
spectral flux as a function of three parameters and second one as
a piecewise constant function defined on energy groups. Latter
can be solved by non-negative least squares without additional
assumptions on the neutron flux. Both models provide consistent
results with the spectra of the observed events in bolometers, due to low SLi
giving a fast neutron flux of @ (E> 0.1 MeV)=0.20ns"!cm™ content & confusion
with a 10% uncertainty after 3 hours of live time. After our with the n-thermal
analysis, it can be concluded that nuclear recoils in sapphire are / peak
more useful than (n,a) captures in LiF for spectrometry of fast
neutrons.

submitted to IEEE, 2014



Amplitude (V)

Amplitude (V)

2 thermal n, 1 fast n and 1 y in the LiF detector
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Counts /10 keV /s

o
o
{7

e
o
B

0.03
0.02

0.01

o

A 329 CLiF (2011)
aboveground

= resolution 50keV FWHM @ n thermal peak

= target grown at ICMCB (Bordeaux, France)

= escapes from surfaces observed, complicating
the analysis !

= anomalous specific heat encountered

for a reason not yet known

— a slow detector, but « fast neutrons sensitive »
— tested underground in 2012

——— 22Cf not thermalized

- | | —— ™cfthermalized
............ . : . . , , V=0.64e?? +0.29 "0
> 1
n+eli -
Thermal ms "l __________________ e i e .

0.6 ‘ T;2207ms
e

0.4
ol T4,= 600 Ms
L N_
B _ : _ . L : : _ o0 .
00 4200 4400 4800 4800 5000 52005400 5600 5800 6000 0 “s00 1000 1500 '20|00' — '25|00'

Energy (keV) time (ms)



A 32g SLiF (2012)

underground

v ROSEBUD @ LSC 2012 (new lab)
v’ Calibration by alphas: 2**Am+ mylar (24um foil)
v irradiating both SLiF and a Ag spot (Z~1.6mm, 30um thick)

— An important background is found at the alpha level

Activity~300 mBq/kg
— could be traced to the original 6LiF powder thanks to LSM gamma
measurements: 238U> 235U> 232Th

— A useless detector for fast neutrons monitoring in DM experiments !

Livetime 10.9h | “jinq)tn___ (324 events)

IAS 05/06/2012 <E>=4781.2+1.3 keV

Unknown events (852 events)
<E>=4771.5+18.6 keV
. e AN

Eo

0.06 -

6Li(n,m)t resonance (461 events)
<E>=4941.2+10.9 keV

)

1740 events
2.9-10.6 MeV

LSC_NOV0005
2012

328 events

2.9-10.6 MeV

0.07 ————T 7171

[ | Live time 9.45 h

0.06 -

0.05 -

e By events
0.04 :

0.03

0.02

Unknown 328 events
<E>=4626.3+21.3 keV | |

s

& in °LiF (482 events)
<E>=1808.1+0.2 keV E

0.01

« absorbed in °LiF (390 events)
<E> ="1808.1£0.2 keV
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Alternative neutron targets

= good resolutions obtained

32 keV FWHM on 241Am
13 keV FWHM at 2.3MeV (1°B)

= good light yield

= poor resolutions observed

= light yield ~ best LiF

= an a priori interesting poison
effect from 1°’Gd on thermal n’s

. . 1
s another « fresh » sample to be tested — a promising material !
old °Li;Gd(1°BO,); from ICMCB LisEu(BO3); from INR Kiev
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n+°B=>0+7Li +y (Q=2.31 MeV) (94%) — See also 6.15g LEB detector @ LNGS



Scintillating bolometers Alternative neutron targets

v Li,MoO, crystals
a CSNSM/ICMCB collaboration (CLYMENE project, submitted to ANR):
Czochralski growth of Li,M0O, crYstals for the scintillating boloMeters used in the

rare EveNts sEarches
Goals

1. BBOv of 1%%Mo...
2. ...with fast neutrons spectroscopy
3. 400g — kg single crystals

1. a-~105 g Li,M00, crystal grown at ICMCB-Bordeaux.
The most massive LMO grown at birth date (sept 2013),
but cleaved in two parts.
— M~20g available for detector mounting (2cm cube)
GDMS analysis — “°K content <3.2 mBqg/kg
2. another LMO available (cut - M~579)
but with a higher 4°K content (42+10 mBqg/kg)

— other LMO crystals & detectors
see talks by Vladimir Schlegel, Luca
Pattavina & Michele Mancuso




Alternative design ?

Light detector
=% 1. Design a « full containment » detector

I'LiF, 99%

LMO using a combination of enriched/depleted
Dy | °Li material

|

|

l

' 6LiF, 95% 2. Add a cold finger and reduce all non
: 5LMO necessary material in the detector
l

|
A

surroundings (for calibration)

Cadmium filter

___-_'__?'L\____

glue 3. Conceive a transportable T<50mK fast
neutron monitor for field measurements

-~ -
=_— \

[




Conclusions...

v no hope of substantial fundings for these detectors up to now:
people more proned to invest in the signal (DM, DBD isotope) than in the noise
(neutrons) ...

v'but we will have the fast neutron spectroscopy for free with Bp0v
experiments incorporating Lithium in scintillating bolometers !

— the ability to monitor the neutron background in (future ?) mixed experiments
will be apreciated and can be offered as a bonus in the (future ?) discussions

v prototypes still to be built to convince the neutron detectors community
= simulations needed (MCNPX,...) due to the complexity of neutron interactions
— choice of the targets, sizes, surroundings
» necessity of the scintillating part not always obvious
» simplified and compact cryogenics needed

« UltraSpec » US
ADR + pulsetube 150mK
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