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84 4 Radioactive Decay

where c is an arbitrary constant of integration, fixed by the initial conditions. If we
specify that N0 atoms of the radionuclide are present at time t = 0, then Eq. (4.4)
implies that c = ln N0. In place of (4.4) we write

ln N = –λt + ln N0, (4.5)

ln
N
N0

= –λt (4.6)

or

N
N0

= e–λt. (4.7)

Equation (4.7) describes the exponential radioactive decay law. Since the activity of
a sample and the number of atoms present are proportional, activity follows the
same rate of decrease,

A
A0

= e–λt, (4.8)

where A0 is the activity at time t = 0. The dose rate at a given location in the neigh-
borhood of a fixed radionuclide source also falls off at the same exponential rate.

The function (4.8) is plotted in Fig. 4.1. During successive times T, called the
half-life of the radionuclide, the activity drops by factors of one-half, as shown. To

Fig. 4.1 Exponential radioactivity decay law, showing relative
activity, A/A0, as a function of time t; λ is the decay constant
and T the half-life.
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find T in terms of λ, we write from Eq. (4.8) at time t = T,

1
2 = e–λT. (4.9)

Taking the natural logarithm of both sides gives

–λT = ln
( 1

2

)
= – ln 2, (4.10)

and therefore

T = ln 2
λ

= 0.693
λ

. (4.11)

Written in terms of the half-life, the exponential decay laws (4.7) and (4.8) become

N
N0

= A
A0

= e–0.693t/T. (4.12)

The decay law (4.12) can be derived simply on the basis of the half-life. If, for
example, the activity decreases to a fraction A/A0 of its original value after passage
of time t/T half-lives, then we can write

A
A0

=
(

1
2

)t/T

. (4.13)

Taking the logarithm of both sides of Eq. (4.13) gives

ln
A
A0

= –
t
T

ln 2 = –
0.693t

T
, (4.14)

from which Eq. (4.12) follows.

Example
Calculate the activity of a 30-MBq source of 24

11Na after 2.5 d. What is the decay con-
stant of this radionuclide?

Solution
The problem can be worked in several ways. We first find λ from Eq. (4.11) and
then the activity from Eq. (4.8). The half-life T = 15.0 h of the nuclide is given in
Appendix D. From (4.11),

λ = 0.693
T

= 0.693
15.0 h

= 0.0462 h–1. (4.15)

With A0 = 30 MBq and t = 2.5 d × 24 h d–1 = 60.0 h,

A = 30 e–(0.0462 h–1×60 h) = 1.88 MBq. (4.16)

Note that the time units employed for λ and t must be the same in order that the
exponential be dimensionless.
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Fig. 4.2 Graphical solution to example in text.

Fig. 4.3 The average life τ of a radionuclide is given by τ = 1/λ.

τ defines a rectangle, as shown, with area equal to the area under the exponential
curve:

1 × τ =
∫ ∞

0
e–λt dt = –

1
λ

e–λt
∣∣∣∣
∞

0
= 1

λ
. (4.22)

Thus the mean life is the reciprocal of the decay constant. In terms of the half-life,
we have

τ = 1
λ

= T
0.693

, (4.23)

showing that τ > T.

Activité	
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  nucléide	
  :	
  A(t)	
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  l N(t)	
  

A	
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  nombre	
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  par	
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Unité	
  :	
  Bq	
  (Becquerel)
(1Ci(Curie)	
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  3.7x1010 Bq	
  =	
  37	
  GBq =	
  Activité	
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  de	
  226Ra	
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Activité	
  Spécifique	
  	
  	
  	
  𝐀𝒔 = 𝓝	
  𝒍𝒏𝟐
𝑴	
  𝑻	
  𝟏/𝟐

f	
  	
  	
  Bq/g
𝒩=	
  nombre	
  d’Avogadro	
  =	
  6.023	
  x1023	
  atomes/mole
M	
  =	
  Masse	
  atomique	
  g
T1/2 =	
  période	
  ou	
  demi-­‐vie	
  s
f =	
  taux	
  d’embranchement	
  de	
  la	
  décroissance	
  considérée

Unités	
  : Fraction	
  de	
  masse	
   Activité	
  Spécifique

1	
  ppb =	
  	
  	
  10-­‐9 g/g	
   238U	
  	
  	
  	
  	
  	
  	
  	
  	
  12,35	
  mBq/kg	
  	
  
232Th	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4,06	
  mBq/kg	
  	
  	
  	
  

40K	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  31	
  	
  	
  	
  µBq/kg

Activité	
  Spécifique	
   Fraction	
  de	
  masse	
  

238U 81x10-­‐9 g/g	
  	
  =	
  81	
  ppb 1	
  Bq/kg
232Th	
  	
  	
  	
  	
  	
  	
  	
  246x10-­‐9 g/g	
  	
  =	
  246	
  ppb

(1460keV)	
  40K	
   32.3x10-­‐6 g/g	
  =	
  	
  32.3	
  ppm

(Exercice)

1	
  ppm	
  	
  	
  =	
  	
  	
  10-­‐6 g/g	
  ,	
  1	
  ppt =	
  	
  	
  10-­‐12 g/g	
  

http://radiopurity.in2p3.fr/conversion.html

Quelques	
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  et	
  unités	
  :
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14 CHAPTER 2. GALACTIC COSMIC RAYS

Figure 2.3: Differential energy spectrum of galactic cosmic rays.
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Spallation,	
  photodésintégration,	
  absorption	
  de	
  neutrons,…

Au	
  niveau	
  de	
  la	
  mer	
  :
• Composante	
  muonique :	
  µ+ µ-

• Composante	
  EM	
  :	
  e-­‐ e+ g
• Composante	
  hadronique	
  :	
  p	
  n	
  N	
  …

3 Background characterization in underground experiments

3.1 Background Sources

Figure 3.1: Schematic representation of cosmic-ray induced shower. Among the secondary cosmic-

rays there are muons interacting with the rock nuclei producing neutrons [75].

orders of magnitude. Most of them are stopped by the terrestrial atmosphere, in

interactions that produce a cascade of secondary particles from a single energetic

particle, as is shown in Fig. 3.1. Natural radioactivity due to the contamination

present in any material is the other background source. In Fig. 3.2 a schematic

representation of background sources for dark matter experiments is given.

63

+	
  	
  	
  Activation	
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Rayonnements	
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Flux	
  neutrons	
  à	
  la	
  surface	
  :
• 1x10-­‐8 – 4	
  MeV	
  	
  f ~	
  20	
  n/m2/s
• En	
  >	
  1	
  MeV	
  	
  	
  	
  	
  	
  	
  	
  	
  f ~	
  80	
  n/m2/s
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Fig. 1. The surface neutron energy spectra adopted in the evaluation. The black
curve is the air shower simulation result using MCNPX package [29]. The red dots
are the measured neutron spectrum at the surface [30]. The black curve is normalized
to the data for E

n

> 4 MeV. The blue line is a default input spectrum used by
ACTIVIA package.

the neutron spectrum at the Earth surface shown by the blue curve in Fig. 1.
Since this blue curve, the default neutron energy spectrum in ACTIVIA, is
di↵erent from the input energy spectrum used in the Geant4 simulation, we
also carried out ACTIVIA calculations using the neutron energy spectrum
from the “NY” data as in the Geant4 simulation, in order to evaluate any
di↵erence between the two energy spectra. Therefore, “ACTIVIA1” stands for
ACTIVIA calculation results with the blue line as the input neutron energy
spectrum. “ACTIVIA2” represents ACTIVIA results with the red dots as its
input neutron energy spectrum.

One of our goals is to compare ACTIVIA and Geant4 calculation of activa-
tion. In addition we compare ACTIVIA calculations of activation using two
di↵erent neutron energy spectra. Since ACTIVIA is widely used in the field of
low-background experiments for calculating cosmogenic activation, this study
may be useful for future evaluation of activation of materials and estimating
associated uncertainties. The overall di↵erence in the neutron flux is about a
factor of 3 between these two input fast neutron spectra.

Note that proton activation of materials is also included in the simulation

4

C.Zhang et	
  al.	
  

(M.S.	
  Gordon	
  et	
  al.)

Rayonnements	
  cosmiques Flux	
  de	
  muons	
  et	
  neutrons	
  au	
  niveau	
  de	
  la	
  mer

Flux	
  muons	
   à	
  la	
  surface	
  :
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  100-­‐200	
  µ /m2/s	
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FIG. 1. Vertical differential momentum spectra of conventional muons at sea level calculated by Volkova et al. [80], Dar [81],
Butkevich et al. [82], Lipari [83], Agrawal et al. [84], and in present work.

Thunman et al. [5] apply a state-of-the-art model to simulate charm hadroproduction through pQCD processes.
To leading order in the coupling constant, αs, these are the gluon-gluon fusion (gg → cc) and the quark-antiquark
annihilation (qq → cc). The next-to-leading order, O(αs), contributions are taken into account by doubling the cross
sections. To simulate the primary and cascade interactions, the authors use the well-accepted Monte Carlo code
PYTHYA. Without going into details of their approach, we emphasize that the PM flux predicted by Thunman et al.
is one of the lowest ones. It overcomes the vertical π, K-muon flux at energy of about 2 × 103 TeV and therefore is
undistinguished in present-day ground-based and underground/water muon experiments.

In the paper by Battistoni et al. [96], a new Monte Carlo calculation of the PM fraction in atmospheric showers
was made using the DPMJET-II code based on the two-component DPM and interfaced to the shower code HEMAS.
The calculation does not yield the absolute PM flux but, from the estimated prompt-to-conventional muon ratio,
one can see a leastwise qualitative agreement with the result of Ref. [5]. In particular, according to the DPM, the
prompt component overcomes the conventional one in the region of a thousand TeV (not reachable with the simulated
statistics).

In our previous works [3,93,94], the two different phenomenological nonperturbative approaches to the charm-
production problem have been applied, the Recombination Quark-Parton Model (RQPM) and the Quark-Gluon
String Model (QGSM). In the present calculation, we use just these two models. For this reason, the most salient
features of them will be outlined below in this Section. The RQPM will be discussed at greater length, considering
that the QGSM is well accepted and covered adequately in the literature [98] (see also Ref. [1] and [99] for reviews).
As an example of a calculation giving a particularly high PM flux, we will also sketch a semiempirical model put

9

E.V.	
  Bugaev et	
  al.	
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IV. RESULTS 

A.  Neutron Spectrum 
Fig. 4 shows the neutron spectrum measured outdoors on a 

concrete roof in Yorktown Heights, NY. Neutron energy, , 
times the fluence rate energy distribution 

E
dφ dE , also called 

differential flux, is plotted on the vertical axis versus  in 
MeV with a logarithmic scale on the horizontal axis. The 
spectrum has three broad peaks: a high-energy peak centered 
at about 100 MeV and extending up to about 10 GeV, a 
"nuclear evaporation" peak centered around 1 or 2 MeV, and 
a thermal peak (neutrons that have been slowed down by 
scattering until they are in thermal equilibrium with atoms in 
surrounding materials). Between the evaporation peak and 
the thermal peak, there is a plateau region where 

E

dφ dE  is 
approximately proportional to 1 E . The evaporation peak has 
fine structure from nuclear resonances in the nitrogen and 
oxygen of the atmosphere and in materials in the concrete 
roof. Most of this structure is finer than the resolution of the 
spectrometer, and it appears in the measured spectrum 
because it is present in the calculated spectrum [26], [27] 
used as the default spectrum for the unfolding. 

Fig. 4: The neutron spectrum measured on the roof of the IBM T. J. Watson 
Research Center in Yorktown Heights, NY. 

The representation of the neutron spectrum in Fig. 4 is 
standard in the field of radiation protection, but not in the 
literature on SEUs or cosmic-ray physics. It is conceptually 
simpler to plot dφ dE , but for neutrons, that typically 
requires a log–log plot covering many orders of magnitude 
on both axes, making details difficult to see. The large range 
of neutron dφ dE  stems from its characteristic 1 E  
dependence when neutrons slow down in a scattering 
medium. E dφ dE( ) is relatively flat and can be plotted on a 
linear scale. E dφ dE( ) is mathematically identical to 

dφ d ln E( )( ). In a plot of E dφ dE( ) against log E( ), equal 
areas under the spectrum in different energy regions 
represent equal integral fluxes. In Fig. 4, it is visually 
apparent that about 30% of the neutron flux in the measured 
spectrum is at energies above 10 MeV.  

The total neutron flux at this location was 0.0134 cm −2  
s , which is 6% higher than an earlier measurement by 

Goldhagen et al. at sea level in Hampton, VA, and about 250 
times lower than the flux measured on an airplane at 12 km 
altitude over Oakland, CA [14]. 

−1

B. Trends in the Neutron Flux 
The intensity of cosmic-ray induced neutrons (and other 

secondary cosmic radiation) in the atmosphere varies with 
altitude, location in the geomagnetic field, and solar magnetic 
activity [17]-[20]. Atmospheric shielding at a given altitude 
is determined by the mass thickness per unit area of the air 
above, called atmospheric depth. The geomagnetic field 
deflects low-momentum primary cosmic particles back into 
space, lowering the neutron flux produced in the atmosphere. 
The minimum momentum per unit charge (magnetic rigidity) 
that an incident (often, vertically incident) particle can have 
and still reach a given location above the Earth is called the 
geomagnetic cut-off rigidity (cut-off) for that point. The 
varying magnetic field carried outward from the Sun by the 
solar wind plasma that permeates the solar system also 
reduces the cosmic-ray intensity at Earth. This solar 
modulation has been measured for decades by a number of 
neutron monitors on the ground at various locations, [30]- 
[32] for example. The cosmic-ray induced neutron flux is 
highest when solar activity is at a minimum (solar minimum), 
and lowest during solar maximum. 

As will be shown below, the shape of the outdoor ground-
level neutron spectrum above ~5 MeV does not change 
significantly with altitude, cutoff, or solar modulation. To 
account for the effects of these variables on the total flux, the 
neutron fluence rate spectrum outdoors at any location can be 
expressed as follows:  

 ( ) ( ) ( ) ( ) ,,,cBSYDalt
0 IdRFdF
dE

Ed
dE

Ed
⋅⋅=

φφ  (3) 

where dφ0 E( ) dE  is the fluence rate spectrum at a reference 
location (e.g. New York City at sea level and mid-value solar 
modulation),  is the atmospheric depth,  is the vertical 
geomagnetic cutoff rigidity, 

d Rc

I  is the relative count rate of a 
neutron monitor measuring solar modulation, Falt d( ) is a 
function describing the dependence on altitude (i.e. on 
atmospheric depth) and  is a function 
describing the dependence on geomagnetic location and solar 
modulation (and also depth). Atmospheric depth is given by 

FBSYD Rc,d ,I( )

d = h g , where  is the barometric pressure and h g  is the 
acceleration of gravity. Vertical cutoff depends primarily on 
the horizontal component of the Earth's magnetic field. It is 
near zero at the poles and has a maximum of 15 to 17 GV at 
the equator. (GV is a unit of rigidity, GeV is a unit of 
energy.) Consequently, the cosmic-ray induced neutron flux 
is higher at the poles and lower at the equator. Values of  
for cosmic rays reaching the atmosphere have been calculated 
by Shea and Smart [33] for a grid of locations covering the 
globe and updated for the Federal Aviation Administration 
[34]. 

Rc

In (3), the main altitude dependence is exponential 
attenuation: 
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  bombardement	
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  de	
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  et	
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Radioactivité	
  Cosmogénique

Isotopes	
  radioactifs produits dans un	
  cristal de	
  Ge	
  par	
  les	
  
rayons cosmiques

Aucun	
  blindage	
  ne	
  peut	
  éviter	
  cette	
  activation.
Seule	
  solution	
  	
  :	
  laboratoire	
  souterrain

Activation	
  du	
  Cuivre	
  :
§ n+63,65Cu	
  -­‐>	
  56,57,58,60Co	
  +	
  a +Xn
…

émission	
  de	
  	
  g
P. Cennini et al. /Nucl. Instr. and Meth. in Phys. Res. A 356 (1995) 526-529 521 

the ICARUS 3-ton prototype [4], running at the ground 
level at CERN. 

Monitoring the number of contained events that give an 
energy deposit between 2 and 4 MeV in a sensitive volume 
of 18 1 of LAr, we observed a rate of 0.77 Hz. 

This rate can be only partially attributed to the presence 
of 42Ar because it includes a large contribution from the 
radioactivity of the dewar and of many nearby concrete 
blocks used in the experimental set-up. Moreover, a contri- 
bution from cosmic rays surviving the cuts from the 
external trigger system has also to be taken into account. 

An upper limit on the 42Ar concentration could be 
obtained from this measurement considering the total rate 
as entirely due to 42Ar presence. With this assumption, a 
limit of the order of 4 X lo-l8 42Ar atom/40Ar atom can 
be inferred. 

Recently a dedicated search for 42Ar in natural liquid 
argon was performed at the Gran Sasso Laboratory by a 
collaboration between the University of Milan, the 
ICARUS group and the LNGS by means of gamma spec- 
troscopy with a germanium detector [3a]. The resulting 
upper limit on the 42Ar concentration in natural liquid 
argon is 1.2 X lo- is 42Ar atoms/40Ar atom at 90% C.L. 
This is consistent with the other known result [3b]. How- 
ever, the measurement has been accidentally affected by an 
abnormal high concentration of radon, due to a failure of 
the ventilation system in the experimental site. 

This upper limit is equivalent to a specific activity of 
1.8 X lo-” Bq/l-of-LAr, corresponding to a total rate of 
about 6 X lo4 Hz in the 4.7 kton liquid argon ICARUS 
module. The rate in the higher part of the energy spectrum, 
for example between 3 and 3.5 MeV, could be as high as 
200 Hz. In our 3 ton prototype we achieved an energy 
resolution of 7% [4] in this energy range. Supposing a 
similar resolution in the 4.7 kton module, a 5 MeV thresh- 
old is at 7u from the 3 to 3.5 MeV bin. If we assume a 
Gaussian energy resolution function we can estimate that 
the number of expected events over threshold should not 
exceed a few tens of events per year, to be compared to 
about 4200 elastic scattering events and 3800 absorption 
events per year, as foreseen from the Standard Solar Model 
calculations [2]. We can conclude that under these assump- 
tions, 42Ar is not a serious background. However, a more 
stringent upper limit on the “‘Ar concentration would 
permit us to take into account a possibly worse energy 
resolution, the non-Gaussian behaviour of the tails in the 
energy resolution function and the possibility to lower the 
energy threshold. 

In what follows we derive a new estimate of the upper 
limit of the 42Ar concentration in natural argon. We will 
consider 39Ar and 42Ar production according to the follow- 
ing schemes 

38Ar + n 4 39Ar, 

4oAr+n+ 4’Ar + n + 42Ar. 

Table 1 
Parameters used in computations 171 

Nuclide % Abundance Reaction Cross section Half-life 

0.063 

(b) u. 

(n, Y) 0.8 
3“& - 
4oAr 99.6 

“‘A _ 
4?‘& _ 
14N 99.63 

14 c - 

h, Y) 600 269 yr 
(n, Y) 0.64 _ 

(n, Y) 0.5 1.827 h 

Cn, 
_ 32.9 yr 

p) 1.82 _ 
(n, 7) <10-e 5730 yr 

Computations are based on the nuclear data compiled in 
Table 1 [7], on an estimate of the naturally occurring 
atmospheric neutron flux, and on some considerations 
about nuclear explosion effects. 

2. Naturally occurring neutrons - steady state condi- 
tions 

The cross-sections for the reactions of interest are 
poorly known, in particular, for what concerns their depen- 
dence on neutron energy. For the moment we will assume 
a cross-section proportional to l/v, the inverse of the 
neutron velocity. In this case the reaction rate per atom is 
given by 

R = uonu, = IT&, (1) 

where 

(2) 

is the total neutron density (n/cm3), i.e. a quantity inde- 
pendent of the neutron energy spectrum, a0 is the cross 
section at a reference velocity (u,) (for thermal neutrons 
u. = 2200 m/s) and #J = nuo is the conventional neutron 
flux. Since the atmosphere is an infinite and poorly absorb- 
ing medium, thermal neutrons are likeiy to be the main 
component of the neutron flux. This last quantity (4) has 
been measured several times, but the reported values are 
largely inconsistent (see e.g. Refs. [5,6]); moreover it is 
known to vary with place and time. We have derived an 
estimate of the mean atmospheric neutron flux from 14C 
(produced by the well known reaction 14N(n, p)r4C) spe- 
cific activity whose value is known with reasonable accu- 
racy. Disregarding a number of corrections of minor im- 
portance in our case, a good mean equilibrium value for 
the r4C specific activity, before the large scale fossil fuel 
burning and nuclear experiments in the atmosphere, is 0.25 
decay per second (dps)/g-of-carbon [5]. The mean value 
in the atmosphere of the steady state 14C specific activity 
(Z(14)) is 

I( 14) = N( 14)R, (3) 
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  sont	
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  supernovæ	
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  est	
  à	
  l’origine	
  de	
  la	
  formation	
  du	
  système	
  solaire	
  et	
  dont	
  les	
  
durées	
  de	
  vies	
  sont	
  extrêmement	
  longues	
  (~	
  milliard	
  d’années)

• Trois	
  	
  chaînes	
  radioactives	
  naturelles	
  (T1/2 >108 ans)	
  et	
  leurs	
  
descendants

• Potassium	
  :	
  2,5%	
  de	
  la	
  masse	
  totale	
  de	
  la	
  croûte	
  terrestre	
  
0,0117%	
  40K	
  dans	
  natK
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-­‐>	
  émission	
  de	
  Radon	
  222,220,219	
  Rn	
  (gaz)

• 232Th	
  -­‐>	
  Thoron	
  220Rn	
  	
  	
  …	
  

• 235U	
  	
  	
  -­‐>	
  Actinon	
  219Rn	
  	
  …

• 238U	
  	
  	
  -­‐>	
  Radon	
  222Rn	
  	
  	
  
…	
  -­‐>	
  210 Pb	
  (T1/2=22.3	
  ans)	
  …

2

+2V charge
0V phonon

0V phonon
-2V charge

Ge

(a) X [mm]

Z
 [

m
m

]

−2 −1 0 1 2

0

1

2

0V -2V 0V 0V-2V

(b)

phonon

charge

(c)

FIG. 1. (color online) (a) Phonon and ionization sensor layout for iZIP detectors deployed at Soudan. The Ge crystal is 76 mm in
diameter and 25 mm thick. Both faces are instrumented with ionization lines (one face with +2 V and the other with �2 V) that are
interleaved with phonon sensors (0 V) on a ⇠1 mm pitch. The phonon sensors are arranged to give 4 phonon readout channels for each
face, an outer sensor surrounding three inner ones. (b) Magnified cross section view of electric field lines (red) and equipotential contours
(blue) near the bottom face of a SuperCDMS iZIP detector. The �2 V ionization electrode lines (yellow) are narrower than the 0 V
athermal phonon collection sensors (green). (c) Fabricated iZIP detector in its housing.

The CDMS technology senses both athermal phonons
and ionization in Ge and Si crystals operated at ⇠50 mK.
The low energy per excitation quantum in both ion-
ization and phonons extends sensitivity to low-mass
WIMPs16–18. The nuclear recoils expected from WIMP
interactions can be recognized through the measurement
of the ionization yield, defined as the ratio of the mea-
sured ionization signal to the total recoil energy. Sepa-
ration between electron and nuclear recoils results in less
than 1 electron recoil leaking into the nuclear band out
of 1.7⇥ 106 in the bulk volume of the detectors as mea-
sured by 133Ba calibration runs for recoil energies above
8 keVr, where the ‘r’ refers to the true recoil energy. Sur-
face events taking place within a few tens of micrometers
from the faces of the crystal, and events taking place in
the outer radial portions of the detectors, can su↵er from
reduced ionization collection. These events thus have
significantly degraded separation of electron and nuclear
recoils.

In order to reduce these dominant backgrounds for fu-
ture experiments such as the 200 kg Ge SuperCDMS
project planned for the SNOLAB laboratory, we have de-
veloped a new interleaved technology (iZIP)19,20, which
benefited from the EDELWEISS collaboration’s experi-
ence21. These detectors have interleaved ionization and
grounded phonon electrodes on both of the crystal faces,
with a +2 V bias applied to the top ionization electrodes
and �2 V applied to the bottom. The ionization mea-
surement is made by drifting the electron-hole pairs to
electrodes on the crystal surface in a weak electric field
(⇠0.5 V/cm). The phonon measurement utilizes the ad-
vanced athermal phonon sensor technology developed for
CDMS II22. Athermal phonons propagating in the crys-
tal interact with superconducting Al electrodes at the
crystal surface, breaking Cooper pairs to form quasipar-
ticles in the Al electrode. Di↵usion of quasiparticles to a
tungsten “Transition Edge Sensor” (TES) increases the
temperature and resistance of the TES, which is operated
in the transition region between the superconducting and

normal states. The change in TES resistance under volt-
age bias is detected as a change in current using SQUID
amplifiers.

210Pb

210Po

206Pb

210Bi

22.3 y

5.01 d

138.4 d

80%: β 17.0 keV

20%: β 63.5 keV

100%: β 1161.5 keV

100%: α 5.3 MeV

13.7%: conv. e 42.5 keV + Auger e
3.5%: conv. e 45.6 keV + Auger e
4.3%: γ 46.5 keV

103 keV

210Pb

210Po

206Pb

210Bi

22.3 y

5.01 d

138.4 d

80%: β 17.0 keV

20%: β 63.5 keV

100%: β 1161.5 keV

100%: α 5.3 MeV

73.0%: conv. e 30.2 keV
17.2%: conv. e 42.5 keV
4.4%: conv. e 45.6 keV
5.4%: γ 46.5 keV
29.5%: x-rays 9.4-15.7 keV

103 keV

58.1%: conv. e 30.2 keV + Auger e’s
+ 22.0%: x-rays 9.4-15.7 keV

FIG. 2. Decay chain for 210Pb showing the most significant decays
which end in a 206Pb nucleus from the 210Po alpha decay.

Figure 1a shows the electrode layout in use for Super-
CDMS at the Soudan Underground Laboratory. A detail
of the resultant electric field near the surface of the Ge
detector is shown in Fig. 1b, from which one may see
that energy deposited deeper than ⇠1 mm will liberate
charges that drift to both faces of the crystal, whereas
events near one surface will generate a charge signal read
out only on that surface. This asymmetry in charge col-
lection significantly improves the ability of iZIP detectors
to identify recoils that occur near the detector surface.
Furthermore, the increased electric field near the surface
improves charge collection for all surface events.
In addition to the interleaved electrode structure’s re-

jection of near-surface events, the outermost ionization
bias electrodes are instrumented as a veto guard ring.
An outer phonon channel enables estimation of event
radial position, providing rejection of perimeter back-
ground events to lower recoil energies (⇠1 keV) than
was possible in CDMS II. Such features of iZIP proto-
types were studied extensively at the surface UC Berkeley
(UCB) test facility20. The UCB studies yielded promis-
ing background rejection, but were limited by cosmo-
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The SuperCDMS experiment in the Soudan Underground Laboratory searches for dark matter with a 9-
kg array of cryogenic germanium detectors. Symmetric sensors on opposite sides measure both charge and
phonons from each particle interaction, providing excellent discrimination between electron and nuclear recoils,
and between surface and interior events. Surface event rejection capabilities were tested with two 210Pb sources
producing ⇠130 beta decays/hr. In ⇠800 live hours, no events leaked into the 8–115 keV signal region, giving
upper limit leakage fraction 1.7⇥ 10�5 at 90% C.L., corresponding to < 0.6 surface event background in the
future 200-kg SuperCDMS SNOLAB experiment.

PACS numbers: 14.80.Ly, 95.35.+d, 95.30.Cq, 95.30.-k, 85.25.Oj, 29.40.Wk

Weakly Interacting Massive Particles (WIMPs) are a
generic class of candidates for the dark matter1–3 which
is responsible for the formation of structure in our uni-
verse4. These Big Bang relic particles are particularly
interesting because their possible existence is motivated
by arguments both from cosmology and from particle
physics. Experiments are underway to detect WIMPs
directly as they recoil o↵ nuclei in terrestrial detectors5.

The approach of the Cryogenic Dark Matter Search

(CDMS) is to maximize the information on each par-
ticle interaction using technology with excellent signal-
to-noise and position information. These detectors with
multiple readout channels have resulted in a series of ro-
bust experiments that have minimized unknown back-
grounds. In addition to repeated improvements in sensi-
tivity6–11, we have obtained constraints on annual mod-
ulation, inelastic dark matter interactions, axions, and
electromagnetic interactions12–15.
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• Uranium	
  naturel	
  :	
  3	
  g/m3 de	
  terre	
  
3	
  mg/m3 d’eau	
  de	
  mer	
  

• Thorium	
  naturel	
  :	
  12	
  g/m3 de	
  terre	
  

Radioactivité	
  Naturelle	
  Primordiale

Dans	
  1	
  hectare	
  (100x100m2)	
  de	
  1m	
  de	
  profondeur	
  
-­‐>	
  ~30	
  kg	
  d’Uranium	
  naturel	
  (0,71%	
  235U)	
  soit	
  ~213g	
  d’235U

Le	
  corps	
  humain	
  (~70	
  kg)	
  contient	
  ~	
  150g	
  de	
  natK -­‐>	
  ~	
  4500	
  Bq	
  (Faire	
  l’exercice)

Banane	
  -­‐>	
  520	
  pCi/unité	
  ~150g	
  	
  soit	
  ~20	
  Bq	
  40K	
  

Noix	
  du	
  Brésil	
  -­‐>	
  12	
  nCi/kg	
  ~	
  500	
  Bq/kg	
  

Il	
  n’existe	
  aucun	
  matériau	
  sur	
  Terre	
  qui	
  soit	
  100%	
  	
  « clean »	
  	
  radioactif	
  !!!!!!!

Quelques	
  ordres	
  de	
  grandeurs	
  :	
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Radioactivité	
  Anthropogénique http://www.johnstonsarchive.net/nuclear/nuctestsum.html
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http://http://www.statistiques.developpement-­‐
durable.gouv.fr/fileadmin/documents/Produits_editoriaux/L_essentiel_sur/Environnement/Sol_et_sous-­‐
sol/Le_sol/2014/sol2014-­‐carte12a.jpg/

http://www.irsn.fr/FR/connaissances/Environnement/radioactivite-­‐environnement/sources-­‐radioactivite

Radioactivité	
  Anthropogénique
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Activités	
  en	
  césium	
  137	
  des	
  aérosols	
  en	
  France	
  métropolitaine

http://www.irsn.fr/FR/connaissances/Environnement/surveillance-­‐environnement/organisation/reseaux-­‐surveillance/PublishingImages/IRSN_activite-­‐aerosols-­‐cesium137-­‐France_201411.jpg
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Stratégies	
  pour	
  la	
  réduction	
  des	
  bruits	
  de	
  fond

• Installation	
  en	
  site	
  souterrain	
  profond

• Système	
  de	
  véto	
  actif	
  /	
  muons	
  résiduels

• Bruit	
  de	
  fond	
  radiogénique,	
  	
  blindages	
  passifs

• Salle	
  propre

• Stratégies	
  anti-­‐radon
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Introduction Rate modulation Bolometers Noble gases Others

Underground laboratories

Need at least 1000 m rock 
(~3000 mwe) overburden
to reduce muon rate by ~105

Site experiments underground.
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Veto	
  muons	
  actif	
  

Flux	
  de	
  muons	
  est	
  	
  réduit	
  de	
  plusieurs	
  ordres	
  de	
  grandeurs	
  ;	
  néanmoins	
  les	
  muons	
  qui	
  survivent	
  sont	
  ceux	
  
ayant	
  des	
  énergies	
  >	
  TeV à	
  la	
  surface	
  (<Eµ>~	
  260	
  GeV pour	
  LSM	
  et	
  Boulby).
Les	
  muons	
  vont	
  interagir	
  avec	
  la	
  roche,	
  l’environnement	
  du	
  détecteur	
  et	
  le	
  détecteur	
  lui-­‐même.
Ces	
  interactions	
  vont	
  produire	
  entre	
  autres	
  particules	
  des	
  neutrons	
  avec	
  une	
  multiplicité	
  	
  et	
  des	
  énergies	
  
élevées.

Veto	
  muon	
  en	
  coïncidence	
  avec	
  
les	
  détecteurs	
  pour	
  rejeter	
  
les	
  périodes	
  avec	
  événement	
  
muon

Thèse	
  Holger	
  M.	
  Kluck	
  2013
Thèse	
  Cécile	
  Kéfélian 2016

µ µ

p

n

n n

p
p

p
p

p
n

p
p
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Veto	
  muons	
  actif	
  

Flux	
  de	
  muons	
  est	
  	
  réduit	
  de	
  plusieurs	
  ordres	
  de	
  grandeurs	
  ;	
  néanmoins	
  les	
  muons	
  qui	
  survivent	
  sont	
  ceux	
  
ayant	
  des	
  énergies	
  >	
  TeV à	
  la	
  surface	
  (<Eµ>~	
  260	
  GeV pour	
  LSM	
  et	
  Boulby).
Les	
  muons	
  vont	
  interagir	
  avec	
  la	
  roche,	
  l’environnement	
  du	
  détecteur	
  et	
  le	
  détecteur	
  lui-­‐même.
Ces	
  interactions	
  vont	
  produire	
  entre	
  autres	
  particules	
  des	
  neutrons	
  avec	
  une	
  multiplicité	
  	
  et	
  des	
  énergies	
  
élevées.

Veto	
  muon	
  en	
  coïncidence	
  avec	
  les	
  détecteurs	
  
pour	
  rejeter	
  les	
  périodes	
  avec	
  événement	
  muon

Thèse	
  Holger	
  M.	
  Kluck	
  2013

Ex:	
  	
  EDW	
  (Thèse	
  Cécile	
  Kéfélian 2016)

Taux	
  de	
  reculs	
  nucléaires	
  simples	
  induits	
  par	
  des	
  n	
  
cosmogéniques dans	
  Edelweiss	
  10-­‐200	
  keV

-­‐>	
  R=0.36	
  reculs	
  pour	
  600	
  kg.jours

Après	
  rejet	
  coïncidences	
  veto	
  muons	
  :
-­‐>	
  <0.06	
  reculs	
  pour	
  600	
  kg.jours
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Montage	
  Veto	
  Muon	
  EDELWEISS	
  au	
  LSM	
  Scintillateurs	
  plastiques

Veto muons Edelweiss
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Figure 1. (Left) Artistic view showing the double-wall stainless steel cryostat positioned in the
center of the water tank. Also visible are the PMTs of the muon veto system, the support structure
and the main pipe. (Right) Rendering of the external part of the TPC, as modeled in the GEANT4
simulation. From top to bottom, the diving bell (cyan), PTFE pillars and support parts (brown),
field shaping electrodes (yellow), PTFE reflector among the PMTs (red), PMTs in the bottom array
(orange), copper plate (green), PMT bases (blue).

of the MC simulation of the detector and the contaminations of the materials used to build
the experiment. The ER and NR background predictions are described in sections 3 and 4,
respectively. In section 5 we describe the simulation of the light collection efficiency of the
detector. The conversion from the energy deposited in LXe to the light and charge signals in
the detector is described in section 6. The physics reach of the XENON1T experiment and of
its upgraded version XENONnT are discussed in section 7. Finally, summary and conclusions
are presented in section 8.

2 The XENON1T experiment and its simulation in GEANT4

The XENON1T detector is a dual phase time projection chamber (TPC) [24] filled with
xenon. A particle interaction in the LXe target produces both excited and ionized atoms.
De-excitation of excited molecular states leads to a prompt scintillation signal (S1), which
is recorded by photomultiplier tubes (PMTs) placed below the target in the LXe and above
it in the gaseous phase (GXe). Applying an electric drift field (the design goal is to reach
1 kV/cm), a large fraction of the ionization electrons is moved away from the interaction
site to the top of the TPC. Here the electrons are extracted by a strong electric field (of the
order of 10 kV/cm) from the liquid into the gaseous phase creating a secondary scintillation
signal (S2) by collisions with xenon atoms, which is proportional to the number of extracted
ionization electrons [25]. The S2 signal is detected by the same PMTs, and it is delayed with
respect to S1 by the time required to drift the electron cloud from the interaction site to
the liquid/gas interface. With the information recorded in the TPC, a 3-dimensional vertex
reconstruction is possible using the drift time for the vertical coordinate and the hit pattern
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FIG. 6: SNO cavity (6800 ft UG ) Ge raw spectrum obtained in 1994 from Ref [47].

TABLE XXI: Gamma ray flux measurements at locations around the SNO experiment.

Location Flux [cm�2s�1]
Ultilty room 0.150
SNO Deck I 0.083
D2O Tank 0.140

Cavity Floor 0.090
SNO Deck II 0.097
Control Room 0.130

I recommend to take the average of the above for our work : haveragei = 0.115(cm2s)�1.
Note that the SNO cavity is still under construction (without the shot-crete and Urylon liners etc.) when this

survey was done. One would expect the actual number to be slightly less than the above for a furnished laboratory.
The region of interested is defined as 2037 � 2041 keV. There are two contributions to this region by an external

2614 gamma:

1. Compton-scattered into this energy range by the Pb shield but then detected as a full-energy peak by the Ge
crystal.

2. Compton scattering within the Ge crystal of the un-attenuated 2614 gamma.

In addition to the outlined formula for calculating the ROI count, the probability of a single external 2614 keV
gamma ray contributing to the Ge ROI has been estimated with a simple Monte Carlo geometry (slab shield and
single bare crystal) using Geant4.7.1 (July/2005 version)[48]. Ten million mono-energetic events are generated and
the survival fraction, as well as the ROI population probabilities are calculated. The Pb shield (a simple slab) was
taken to be 20-cm thick, and the Ge crystal was a 9-cm diameter ⇥ 9-cm long cylinder. Results of this simulation are
listed in Table XXII.

Majorana Background Summary Document 
Editor: Victor M. Gehman (Dated: October 28, 2008) 

SNO	
  cavity (6800ft	
  UG	
  ~2072m)	
  Ge	
  raw spectrum obtained in	
  1994

S.C.Blyth et	
  al,	
  http://arxiv.org/pdf/1308.2924.pdf
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Blindage Passif
Radioactivité	
  naturelle	
  de	
  la	
  roche	
  :	
  uranium	
  	
  thorium	
  potassium

-­‐ les	
  a et	
  b sont	
  arrêtés	
  dans	
  l’air

-­‐ les	
  g et	
  n vont	
  pénétrer	
  dans	
  les	
  matériaux

-­‐ neutrons	
  
• Fission	
  

• Réactions	
  (a,n)

-­‐ Radon,	
  Thoron,	
  Actinion

38 Study on Neutron-induced Background in the Dark Matter Experiment CRESST

The discrepancies of the measurements, their questionable reliability and
the lack of detailed information on the shape of the spectrum in the energy
range interesting for CRESST raised motivation to reinvestigate neutrons
from (α,n) and fission reactions in the rock and concrete. An additional
reason is to study the dependence of neutron flux and recoil count rates
on the humidity of the surrounding rock and concrete. As mentioned in
Chapter 1, the DAMA experiment has reported an annual modulation of
the signal they measured. They have done several study to check if this
modulation is caused by other effects [Bel02]. It is worthwhile therefore
to see whether variation of water content in the rock and concrete could
modulate the signal rates.

3.2 Calculation and Simulation of the Low Energy Neutron
Flux from Fission and (α,n) Reactions in the Surround-
ing Rock/Concrete

3.2.1 Neutron Production by Spontaneous Fission

There are mainly three nuclides in nature that undergo spontaneous fission:
238U, 235U and 232Th. In this work only neutrons produced by spontaneous
fission of 238U are considered, because of the long fission half life of the other
two nuclides compared to that of 238U. The shape of the neutron spectrum
follows Watt spectrum:

N(E) = Cexp (−E/a)sinh (bE)1/2 (3.1)
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Fig. 3.2 Energy spectrum of neutrons from spontaneous fission of 238U.
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Principal γs in natural U decay chain. 
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Principal gs in 235U decay chain. 
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Principal γs in Th decay chain. 
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• Plomb	
  « normal »	
  :	
  ~130	
  Bq de	
  210Pb /kg
• Plomb	
  basse	
  radioactivité	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ≤30	
  Bq/kg

-­‐>	
  soit	
  par	
  écrémage	
  soit	
  récupération	
  d’anciennes	
  toitures	
  
(Louvre,	
  Cathédrale	
  St	
  Louis,	
  …)

Blindage	
  Passif	
  /	
  gammas

Blindages gammas	
  :	
  ~15cm	
  de	
  Pb	
  efficace	
  pour	
  les	
  gammas	
  <~	
  3	
  MeV

• Plomb	
  archéologique	
  (roman	
  lead)	
  pour	
  arrêter	
  le	
  46	
  keV
et	
  les	
  betas	
  du	
  Bi

-­‐> épave de	
  Ploumanac'h :	
  	
  <0.02	
  Bq

Le	
  plomb	
  archéologique	
  est	
  aussi	
  utilisé	
  pour	
  fabriquer	
  de	
  la	
  
soudure	
  très	
  basse	
  radioactivité	
  pour	
  souder	
  tous	
  les	
  
éléments	
  très	
  proches	
  des	
  détecteurs.
(40%	
  Pb	
  archéologique	
  et	
  60%	
  d’étain	
  de	
  haute	
  pureté)



4 Neutron yields and spectra from natural radioactivity

4.2 Neutron yields and spectra

Figure 4.10: Neutron energy spectra from uranium and thorium in the rock around
the Laboratoire Souterrain de Modane. Rock contamination is taken from [103].
Di↵erent contributions are shown along with the sum spectrum (solid curve).

Figure 4.11: The black solid curve shows the neutron spectra from U and Th con-
tamination in the rock around the Boulby Underground Laboratory (NaCl). Con-
tributions of (↵,n) reactions, spontaneous fission and Th are given as well.
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thing inside the hall before they eventually come
into the experimental setup. Those neutrons are
moderated, raising the flux in the lowest energy
bin.

Within the estimated uncertainties the total flux
in hall C is only slightly less than in hall A for the
case of dry concrete, although the neutron produc-
tion rate in hall C rock is more than 10 times lower
than that of hall A; above 1MeV the fluxes in the
two halls are in agreement. This is due to the con-
crete, which indeed reduces the neutron flux from
the rock significantly so that neutrons coming into
the halls are mainly those produced in the concrete
layer.

Table 8 shows that the neutron flux depends
on the humidity of the environment. The flux in
hall A is lower if the concrete is wet than if it is
dry (8% and 16% water content respectively). As
mentioned in the previous section, the 8% differ-
ence in the water content of concrete does not
lead to different neutron production rates. The ef-
fect seen in the flux here is caused only by mod-
eration. Wet concrete moderates neutrons more
effectively than dry concrete due its higher hydro-
gen content. The fluxes obtained for dry and wet
concrete here show the maximum possible varia-
tion for the water content of concrete. A more
realistic variation of the water content of

(12 ± 1)% results consequently in smaller flux var-
iation. To quantify this effect and to see whether
it is a seasonal phenomenon, it is necessary to
monitor the water content of the concrete for at
least one year.

Detailed spectra of neutrons in halls A and C
are shown in Fig. 3 for neutron energy above
0.5MeV. Each point shows the integral flux in a
0.5MeV energy bin. The contribution of (a,n)
makes the spectra in both halls differ from the
spectrum expected for neutrons produced by fis-
sion reactions only, as was previously generally
assumed, especially at high energies.

4. Conclusion

We have discussed the flux of neutrons induced
by radioactivity in the rock and concrete sur-
rounding the Gran Sasso laboratory. The flux is
dominated by neutrons produced in the concrete
layer and therefore does not vary much from hall
to hall. It can be expected that as well for other
underground laboratories the neutron flux origi-
nates mainly from the concrete and not from the
rock material. A more detailed spectrum com-
pared to that from measurements has been ob-
tained. The spectrum differs from the spectrum
expected for neutrons produced by fission reac-
tions only, especially at high energies, due to the
contribution of (a,n) neutrons. We also have
shown the dependence of the neutron flux on the
humidity of the concrete. Our results for the case
of hall A with dry concrete are in good agreement
with the experimental data from [3].
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Blindage	
  Passif	
  /	
  neutrons
Neutrons	
  :	
  

-­‐ Fission	
  

-­‐ Réactions	
  (a,n)	
  avec	
  les	
  éléments	
  légers	
  	
  	
  	
  	
  
(H,C,O,Al,…)	
  qui	
  composent	
  la	
  roche

R.LemraniTAUP 2005

INPUTS : 

- rock composition:

- U/Th contamination:

- density: 2.65 g/cm3

% mass H C O Na Mg Al Si P K Ca Ti Mn Fe
Rock 1 6 50 0.44 0.84 2.6 7 0.06 0.21 31 0.07 0.03 1.9

Neutron yield in LSM rock

238U  232Th
Rock 0.84 ppm 2.45 ppm

Composition chimique de la roche du LSM

Background Induced by Low Energy Neutrons 41

Table 3.4 Mass Stopping power of elements at 8 MeV.

Element Mass Stopping Power Element Mass Stopping Power
(

MeV.cm2

mg
) (

MeV.cm2

mg
)

Ca 0.438 Na 0.511
C 0.583 Fe 0.351
O 0.541 Ti 0.383
Mg 0.486 P 0.443
Si 0.462 S 0.442
Al 0.449 H 1.587
K 0.428

Gran Sasso rock consists mainly of CaCO3 and MgCO3, with a density
of 2.71±0.05 g/cm3 [Cat86]. The weight percentage of the elements is given
in Table 3.5.

Table 3.5 Chemical composition of LNGS rock.

Element Ca C O Mg Si Al K

% Weight 30.29 11.88 47.91 5.58 1.27 1.03 1.03

Due to the presence of a certain type of rock, called “roccia marnosa
nera”, the contaminations of 238U and 232Th in hall A rock are about ten
and thirty times higher respectively than those of hall C [Bel85] as shown
in Table 3.6.

Table 3.6 238U and 232Th
activities in LNGS rock.

Hall Activities (ppm)

238U 232Th

A 6.80 2.167
B 0.42 0.062
C 0.66 0.066

Since there is no data on the chemical composition of Gran Sasso concrete
available in the literature, several samples were taken from different places
in the laboratory, including from hall A, where the CRESST setup is now
located. The concrete samples were then analyzed at the laboratory of
the Lehrstuhl für Baustoffkunde und Werkstoffprüfung at the department
of civil engineering of the Technische Universität München. No significant
variations were found in the chemical composition of the samples, which

H.Wulandari 2003
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The discrepancies of the measurements, their questionable reliability and
the lack of detailed information on the shape of the spectrum in the energy
range interesting for CRESST raised motivation to reinvestigate neutrons
from (α,n) and fission reactions in the rock and concrete. An additional
reason is to study the dependence of neutron flux and recoil count rates
on the humidity of the surrounding rock and concrete. As mentioned in
Chapter 1, the DAMA experiment has reported an annual modulation of
the signal they measured. They have done several study to check if this
modulation is caused by other effects [Bel02]. It is worthwhile therefore
to see whether variation of water content in the rock and concrete could
modulate the signal rates.

3.2 Calculation and Simulation of the Low Energy Neutron
Flux from Fission and (α,n) Reactions in the Surround-
ing Rock/Concrete

3.2.1 Neutron Production by Spontaneous Fission

There are mainly three nuclides in nature that undergo spontaneous fission:
238U, 235U and 232Th. In this work only neutrons produced by spontaneous
fission of 238U are considered, because of the long fission half life of the other
two nuclides compared to that of 238U. The shape of the neutron spectrum
follows Watt spectrum:

N(E) = Cexp (−E/a)sinh (bE)1/2 (3.1)
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Fig. 3.2 Energy spectrum of neutrons from spontaneous fission of 238U.

-­‐>	
  Suivant	
  la	
  composition	
  de	
  la	
  roche	
  le	
  spectre	
  total	
  des	
  
neutrons	
  va	
  varier	
  d’un	
  laboratoire	
  à	
  l’autre	
  

thing inside the hall before they eventually come
into the experimental setup. Those neutrons are
moderated, raising the flux in the lowest energy
bin.

Within the estimated uncertainties the total flux
in hall C is only slightly less than in hall A for the
case of dry concrete, although the neutron produc-
tion rate in hall C rock is more than 10 times lower
than that of hall A; above 1MeV the fluxes in the
two halls are in agreement. This is due to the con-
crete, which indeed reduces the neutron flux from
the rock significantly so that neutrons coming into
the halls are mainly those produced in the concrete
layer.

Table 8 shows that the neutron flux depends
on the humidity of the environment. The flux in
hall A is lower if the concrete is wet than if it is
dry (8% and 16% water content respectively). As
mentioned in the previous section, the 8% differ-
ence in the water content of concrete does not
lead to different neutron production rates. The ef-
fect seen in the flux here is caused only by mod-
eration. Wet concrete moderates neutrons more
effectively than dry concrete due its higher hydro-
gen content. The fluxes obtained for dry and wet
concrete here show the maximum possible varia-
tion for the water content of concrete. A more
realistic variation of the water content of

(12 ± 1)% results consequently in smaller flux var-
iation. To quantify this effect and to see whether
it is a seasonal phenomenon, it is necessary to
monitor the water content of the concrete for at
least one year.

Detailed spectra of neutrons in halls A and C
are shown in Fig. 3 for neutron energy above
0.5MeV. Each point shows the integral flux in a
0.5MeV energy bin. The contribution of (a,n)
makes the spectra in both halls differ from the
spectrum expected for neutrons produced by fis-
sion reactions only, as was previously generally
assumed, especially at high energies.

4. Conclusion

We have discussed the flux of neutrons induced
by radioactivity in the rock and concrete sur-
rounding the Gran Sasso laboratory. The flux is
dominated by neutrons produced in the concrete
layer and therefore does not vary much from hall
to hall. It can be expected that as well for other
underground laboratories the neutron flux origi-
nates mainly from the concrete and not from the
rock material. A more detailed spectrum com-
pared to that from measurements has been ob-
tained. The spectrum differs from the spectrum
expected for neutrons produced by fission reac-
tions only, especially at high energies, due to the
contribution of (a,n) neutrons. We also have
shown the dependence of the neutron flux on the
humidity of the concrete. Our results for the case
of hall A with dry concrete are in good agreement
with the experimental data from [3].
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-­‐>	
  blindages	
   neutrons	
  <~10MeV	
  :	
  
• éléments	
  hydrogénés	
  :	
  polyéthylène	
  (C2H4)n
• eau
• …
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Figure 23: Neutron spectra from concrete behind the lead (20 cm) and polyethylene shielding
(left) and behind the lead (20 cm) and water shielding (right). Thicknesses for PE and water
are shown next to the curves.

With an isotropically produced photon background within 3 m of rock and 30 cm of concrete,
simulations show that the concrete layer is responsible for more than 95% of the gamma (and
electron) flux beyond the shielding with the event rate dominated by the Th decay chain. To
reduce the background from the walls, the concrete constituents can be selected. To achieve
efficient gamma-ray flux attenuation, a thickness of 3 m of water is required, leading to a size
of a water tank of about 8 m in diameter and 8 m in height for a tonne-scale experiment.

G HPGe detectors and background simulations

G.1 Other options for external shielding

We are considering the primary option of water shielding against gamma-rays and neutrons.
This has the advantage of low-cost construction and operation with an additional opportunity
to equip the water tank with PMTs, converting it into an efficient active veto system against
cosmogenic background. We understand, however, that not all underground sites are (or will
be) suited and equipped to host a large 8 m diameter × 8 m high water tank and a water
purification plant. To not compromise the sensitivity of the EURECA experiment we have
also investigated the possibility of having a more conventional shielding consisting of lead,
polyethylene and copper. The results of these studies are shown in Tables 26 and 27. We
conclude that an alternative to the 3 m water shielding would be 25 cm of lead and 60 cm of
polyethylene with additional inner shielding of 15 cm of Cu and 15 cm of CH2 (similar to the
standard design option).

Simulations	
  du	
  spectre	
  des	
  n	
  sortant	
  
des	
  murs	
  du	
  LSM

Blindage	
  Passif	
  /	
  neutrons

Exemple	
  :	
  EDELWEISS	
  :	
  
• ~40	
  tonnes	
  de	
  plomb	
  18cm	
  +	
  2	
  cm
• ~40	
  tonnes	
  de	
  polyéthylène	
  50	
  cm	
  d’épaisseur
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Salle	
  propre
Définition donnée par la norme NF EN ISO 14644 : «salle dans
laquelle la concentration des particules en suspension dans l’air
est maîtrisée et qui est construite et utilisée de façon à
minimiser l’introduction, la production et la rétention de
particules à l’intérieur de la pièce, et dans laquelle d’autres
paramètres pertinents, tels que la température, l’humidité et la
pression sont maîtrisés comme il convient ».
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Dismounting of the detectors 
Balayage	
  à	
  l’azote	
  des	
  détecteurs	
  
EDW	
  pendant	
  le	
  stockageCompleted cryostat dismounting 

Galettes, all detectors, cryostat with 10mK screen 
are kept under nitrogen atmosphere 

Opening of the cryostat 

Removing of 
300 K screen 

Removing of  
intermediate  

screens 

Removing of  
4 K screen;  

10 mK screen was not 
opened yet 

Hanging up 
of the plastic 

curtains 

Salle	
  propre	
  classe	
  10	
  000

Salle	
  propre
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Emanation	
  dans	
  le	
  laboratoire	
  de	
  radon	
  222Rn	
  émis	
  par	
  la	
  roche	
  
des	
  murs.	
  Ce	
  radon	
  va	
  se	
  déposer	
  sur	
  toutes	
  les	
  surfaces	
  et	
  
induire	
  une	
  radioactivité	
  de	
  surface	
  en	
  210Pb	
  sur	
  une	
  très	
  longue	
  
durée.

-­‐>	
  Protection	
  avec	
  film	
  plastique	
  étanche	
  

-­‐>	
  Equiper	
  le	
  laboratoire	
  d’usine	
  « anti-­‐radon »	
  qui	
  va	
  
filtrer	
  l’air	
  et	
  fournir	
  de	
  l’air	
  déradonisé aux	
  expériences.	
  

Air	
  du	
  labo	
  LSM	
  ~	
  10-­‐15	
  Bq/m3 d’air

Air	
  fourni	
  par	
  l’usine	
  anti-­‐radon	
  <0.1	
  Bq/m3

Stratégies	
  anti-­‐Radon
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https://edelweiss.cloudant.com/radon/_design/app/index.html

Monitoring	
  Radon	
  LSM

Stratégies	
  anti-­‐Radon
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IMPRS-Seminar 17

Online Rn-distillation at XENON100

Type I and Type II emanation sources
Type I: sources inside the detector
Type II: sources placed directly before removal system

Online Rn-distillation demonstrated
Distillation column reduces radon by a factor of 75 (95% CL)
Reduction of type I sources strongly dependent on flow

Model of Rn concentration in XENON100

Stratégies	
  anti-­‐Radon	
  des	
  gaz	
  nobles	
  Xe	
  et	
  Ar

Du	
  radon	
  est	
  en	
  permanence	
  émis	
  par	
  les	
  parois	
  des	
  matériaux	
  de	
  l’ensemble	
  de	
  l’installation

-­‐>	
  Piège	
  à	
  222Rn	
  intégré	
  dans	
  le	
  circuit	
  de	
  refroidissement	
  des	
  gaz	
  (LAr 87	
  K,	
  LXe 173	
  K	
  )	
  :

Exemple	
  :	
  Xenon1T,	
  	
  DEAP-­‐3600,	
  …
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Mark Boulay

Argon Purification

Target stored as liquid,
boiled and purified
in gas phase,
then (re-)liquefied into AV

(Gettering, radon
and
particulate filtration)

150 lpm = ~380 kg/day

Currently running in
closed loop on argon
storage dewar, and
for filling AV with argon  

during cooldown

AV cooldown started
Feb 17th, 2016 !

Mark Boulay

3600 kg argon
in sealed ultraclean
Acrylic Vessel (1.7 m ID)

Vessel is “resurfaced”
in-situ to remove 
deposited Rn daughters
after construction

255 Hamamatsu
R5912 HQE PMTs 8-inch
(32% QE)

50 cm light guides +
PE shielding provide 

neutron moderation

Steel Shell immersed in 8 m 
water shield at SNOLAB

DEAP-3600 Detector

3.
5 

m
et

er
s

v. high coverage of
light-sensors, 80%

strict radiopurity
control
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-­‐>	
  Laboratoire	
  Souterrain	
  />106 flux	
  de	
  muons

-­‐>	
  Veto	
  muons	
  /	
  >100	
  

-­‐>	
  Polyéthylène	
  – Eau	
  /	
  >105 neutrons	
  0-­‐10	
  MeV

-­‐>	
  Plomb	
  />106	
   gammas	
  <3MeV

-­‐>	
  Salle	
  propre

-­‐>	
  Usine	
  anti-­‐Radon	
  /	
  >100	
  taux	
  de	
  222Rn

Résumé Blindages	
  passifs:

µ µ

p

n

n n

p
p

p
p

p
n

p
p

n
µ
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Sélection/purification	
  	
  des	
  matériaux
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Sélection/purification	
  	
  des	
  matériaux

Ø Modélisation/Simulation	
  de	
  l’expérience

Ø Techniques	
  de	
  mesures	
  de	
  la	
  radioactivite	
  des	
  matériaux	
  :	
  
• Spectrométrie	
  gamma
• Activation	
  neutronique
• Spectrométrie	
  de	
  masse	
  	
  

ØQuelques	
  exemples	
  	
  :	
  
§ Œnologie	
  
§ EDWIII
§ Xenon1T
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Etape	
  cruciale	
  dans	
  la	
  conception	
  et	
  la	
  construction	
  d’une	
  
expérience	
  dédiée	
  à	
  la	
  recherche	
  d’événements	
  rares.

La	
  sélection	
  des	
  matériaux	
  est	
  étroitement	
  liée	
  à	
  une	
  
modélisation	
  de	
  l’expérience	
  nécessitant	
  	
  un	
  code	
  de	
  
simulation

-­‐>	
  pour	
  optimiser	
  les	
  blindages	
  passifs	
  et	
  actifs	
  
-­‐>	
  pour	
  déterminer	
  	
  les	
  limites	
  de	
  radiopureté

acceptable	
  par	
  l’expérience

Des	
  choix	
  technologique	
  se	
  font	
  en	
  fonction	
  de	
  la	
  
radiopureté des	
  matériaux	
  situés	
  au	
  plus	
  près	
  des	
  
détecteurs	
  :

-­‐>	
  électronique,	
  visserie,	
  	
  connecteurs,	
  câblage,	
  
senseurs,	
  colles,…

Modélisation/Simulation	
  de	
  l’expérience

Ex	
  :	
  Géométrie	
  Edelweiss	
  telle	
  qu’implémentée	
  dans	
  le	
  
code	
  de	
  simulation	
  Geant4.10
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Sélection/purification	
  	
  des	
  matériaux

https://www.slac.stanford.edu/exp/cdms/

https://www.youtube.com/watch?v=ApEOAlQxHzQ

Détecteurs	
  SuperCDMS à	
  Soudan	
  (USA)	
  

Détecteur	
  Xenon1T	
  au	
  Gran Sasso

Cryostat	
  CUORE	
  au	
  Gran Sasso
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Sélection	
  des	
  matériaux	
  :	
  Techniques	
  de	
  mesures

Techniques	
  de	
  comptage	
  :	
  
• Detecteurs	
  Germanium	
  :	
  spectrométrie	
  gammas
• Analyse	
  par	
  Activation	
  Neutronique	
  (Neutron	
  Activation	
  Analysis (NAA))	
  
• Compteurs	
  alpha	
  /	
  beta
• Detecteurs	
  222Rn
• …

Techniques	
  par	
  spectrométrie	
  de	
  masse	
  :	
  

• ICP-­‐MS	
  (Inductively Coupled Plasma	
  Mass	
  Spectrometry)
• TI-­‐MS	
  (Thermal	
  Ionization Mass	
  Spectrometry )
• SI-­‐MS	
  (Secondary ion	
  Mass	
  Spectrometry)
• GD-­‐MS	
  (Glow Discharge Mass	
  Spectrometry)
• A-­‐MS	
  (Accelerator	
  Mass	
  Spectrometry)
• …
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Techniques	
  de	
  mesures	
  :	
  Spectrométrie	
  g
La	
  spectroscopie	
  gamma	
  au	
  moyen	
  de	
  détecteurs	
  semi-­‐conducteurs	
  en	
  
germanium	
  est	
  la	
  technique	
  la	
  plus	
  couramment	
  utilisée	
  (G.F.Knoll).	
  Elle	
  
permet	
  l’identification	
  et	
  la	
  mesure	
  des	
  radionucléides	
  présents	
  dans	
  
l’échantillon:

Néanmoins	
  le	
  détecteur	
  lui-­‐même	
  doit	
  être	
  construit	
  avec	
  les	
  meilleurs	
  
matériaux,	
  	
  au	
  risque	
  de	
  ne	
  mesurer	
  que	
  son	
  propre	
  bruit	
  de	
  fond

-­‐>	
  Collaboration	
  très	
  étroite	
  entre	
  le	
  fabricant	
  (Canberra,Ortec)	
  	
  	
  	
  	
  
et	
  les	
  scientifiques.	
  

Les	
  détecteurs	
  Germanium	
  HPGe (High	
  Purity Germanium	
  detector)	
  :	
  
(http://www.canberra.com/products/detectors/germanium-­‐detectors.asp)
• couvrent	
  une	
  large	
  gamme	
  en	
  énergie	
  

ü type	
  n	
  ~	
  20	
  keV – 10	
  MeV	
  
ü type	
  p	
  :	
  100-­‐2700	
  keV

• excellentes	
  résolutions	
  permettant	
  une	
  bonne	
  séparation	
  des	
  pics
ü DE/E	
  <	
  2/1000	
  

• méthode	
  non	
  destructive	
  
• volume	
  d’échantillon	
  	
  important

ü quelques	
  grammes	
  à plusieurs	
  dizaines	
  de	
  kg
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http://www.canberra.com/products/detectors/germanium-­‐detectors.asp

Spéctrométrie g : le	
  détecteur	
  Ge	
  

Coaxial	
   puits	
   planaire



http://www-­‐lsm.in2p3.fr/activites/basses_activ/basses_activ_Principe.htm
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Spectrométrie	
  g :	
  le	
  détecteur	
  Ge	
  

• Blindages	
  plomb	
  et	
  cuivre	
  très	
  basse	
  radioactivité
• Sélection	
  drastique	
  des	
  matériaux	
  entourant	
  le	
  cristal
• Sélection	
  des	
  composants	
  électroniques	
  très	
  proches	
  tels	
  que	
  le	
  FET	
  et	
  le	
  préampli	
  	
  

…

http://www.seph-­‐alm.com/reparation_de_detecteurs_ge_et_sili.ws

Radiographie	
  X
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Spectrométrie	
  g :	
  étalonnage
Etalonnage du détecteur avec
différentes sources couvrant toute la
gamme en énergie :

Ø 57Co	
  (122,136,692	
  keV)	
  	
  
Ø 60Co	
  (1173,1332	
  keV)
Ø 40K	
  	
  (1461	
  keV)
Ø 152Eu	
  (122,	
  344,	
  1408	
  …	
  keV)
Ø 22Na	
  (511,	
  1274	
  keV)
Ø 208Tl	
  (2615keV)
Ø 133Ba	
  (81,	
  356,	
  …	
  keV)
Ø … Table of Contents
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Ø Bruit	
  de	
  fond	
  (bdf)	
  :	
  Il	
  faut	
  que	
  le	
  bruit	
  de	
  fond	
  soit	
  mesuré	
  sur	
  une	
  
durée	
  au	
  moins	
  égale	
  à	
  celle	
  de	
  l’échantillon.	
  En	
  général	
  si	
  la	
  
configuration	
  n’est	
  pas	
  changée	
  on	
  fait	
  un	
  	
  comptage	
  de	
  bruit	
  de	
  fond	
  	
  
très	
  long	
  et	
  de	
  temps	
  en	
  temps	
  	
  sur	
  des	
  courtes	
  périodes	
  on	
  vérifie	
  que	
  
le	
  taux	
  de	
  comptage	
  reste	
  stable.

Ø Modélisation	
  : La	
  géométrie	
  introduite	
  dans	
  Geant4	
  doit	
  être	
  la	
  plus	
  
précise	
  possible,	
  ce	
  n’est	
  pas	
  toujours	
  évident	
  (secret	
  fabrication…)	
  
vérification	
  avec	
  des	
  sources	
  d’étalonnage	
  et	
  des	
  échantillons	
  mesurés	
  
par	
  d’autres	
  détecteurs	
  	
  

Ø Efficacité	
  :	
  L’efficacité e du	
  détecteur	
  en	
  fonction	
  de	
  l’énergie	
  du	
  pic	
  est	
  
déterminée	
  en	
  utilisant	
  un	
  code	
  de	
  simulation	
  en	
  général	
  basé	
  sur	
  
GEANT4	
  .	
  Cette	
  efficacité	
  rend	
  compte	
  de	
  l’absorption	
  par	
  les	
  différents	
  
matériaux	
  entre	
  le	
  point	
  d’émission	
  et	
  le	
  cristal,	
  de	
  l’émission	
  sur	
  4p, de	
  
l’auto-­‐absorption,	
  …

Analyse	
  spectrale	
  
Bruit	
  de	
  fond,	
  modélisation,	
  efficacité
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Echantillons	
  :	
  
Ø Préparation	
  des	
  échantillons	
  :	
  en	
  salle	
  propre/blanche	
  ventilée	
  avec	
  port	
  de	
  gants,	
  masque	
  …

Ø Dimensionnement	
  :	
  conditionné	
  par	
  le	
  volume	
  du	
  détecteur,	
  quelques	
  dizaines	
  de	
  grammes	
  à	
  plusieurs	
  
dizaines	
  de	
  kilogrammes.	
  Ca	
  va	
  d’un	
  échantillon	
  de	
  matériau	
  (	
  morceau	
  de	
  cuivre,	
  quelques	
  vis,	
  …)	
  	
  à	
  
une	
  pièce	
  complète	
  (PM,	
  carte	
  électronique,	
  câblage,	
  …)

Ø Nettoyage	
  :	
  Bac	
  à	
  ultra-­‐son,	
  alcool,	
  acide,	
  …

Ø Conditionnement	
  : dans	
  des	
  conteneurs	
  étanches	
  pour	
  éviter	
  la	
  contamination	
  de	
  surface	
  par	
  le	
  222Rn	
  

Ø Traçabilité :	
  code	
  barre	
  (SCDMS)	
  :	
  fabricant,	
  lot,	
  date	
  d’achat,	
  masse,	
  …

Ø Expédition	
  au	
  laboratoire	
  souterrain	
  pour	
  mesure

Ø Analyse	
  du	
  spectre	
  mesuré

Ø Répertorié	
  dans	
  la	
  	
  Base	
  de	
  données	
  https://www.radiopurity.org/ …	
  

Ø Simulation	
  dans	
  l’environnement	
  de	
  l’expérience
-­‐>	
  	
  Acceptation	
  
-­‐>	
  	
  Rejet	
  

De	
  la	
  préparation	
  à	
  la	
  prise	
  de	
  décision	
  :
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Activité	
  d’un	
  échantillon	
  pour	
  un	
  radionucléide	
  donné	
  à	
  
partir	
  d’un	
  pic	
  identifié	
  :

A	
  =	
  (012 -­‐
03

123
) 5
6	
  7	
  8 Bq/kg

• N,	
  dt :	
  nombre	
  de	
  coups	
  mesurés	
  dans	
  le	
  pic	
  pendant	
  la	
  durée	
  dt
• N0,	
  dt0	
  :	
  nombre	
  de	
  coups	
  mesurés	
  dans	
  le	
  spectre	
  de	
  bruit	
  de	
  fond	
  pendant	
  la	
  durée	
  dt0 et	
  dans	
  la	
  même	
  

région	
  d’intérêt	
  (ROI)
• m	
  :	
  masse	
  de	
  l’échantillon	
  en	
  kg
• e :	
  efficacité	
  du	
  détecteur	
  mesurée/simulée	
  pour	
  l’énergie	
  et	
  l’échantillon	
  en	
  question
• I	
  :	
  intensité	
  ou	
  rapport	
  d’embranchement	
  pour	
  la	
  raie	
  en	
  question

N,	
  dt N0,	
  dt0	
  

Analyse	
  spectrale	
  



Seuil	
  de	
  décision	
  SD	
  :
Ø Valeur	
  minimale	
  d’une	
  mesure	
  qui	
  peut	
  être	
  considérée	
  comme	
  un	
  signal	
  qui	
  n’est	
  pas	
  du	
  bruit	
  de	
  fond	
  :	
  risque	
  de	
  1 ère	
  espèce

	
  H0	
  :	
  les	
  évènements	
  	
  sous	
  la	
  cloche	
  noire	
  sont	
  des	
  bdf	
  cependant	
  pour	
  ceux	
  qui	
  sont	
  dans	
  la	
  zone	
  rouge	
  il	
  y	
  a	
  	
  a%	
  de	
   	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  
chances	
  qu’on	
  se	
  trompe	
  et	
  qu’on	
  ait	
  affaire	
  à	
  du	
  signal	
  

Ø SD	
  ne	
  dépend	
  que	
  du	
  bruit	
  de	
  fond	
  

Ø En	
  général	
  a=5% 

 SD	
  =K1-­‐asB
Limite	
  de	
  détection	
  LD	
  :	
  	
  

Ø Valeur	
  maximale	
  d’une	
  mesure	
  qui	
  sera	
  considérée	
  comme	
  du	
  bruit	
  de	
  fond	
  :	
  risque	
  de	
  2ème	
  espèce
H1	
  :	
  les	
  évènements	
  sous	
  la	
  cloche	
  rouge	
  sont	
  du	
  signal	
  cependant	
  ceux	
  qui	
  sont	
  dans	
  la	
  zone	
  verte	
  sont	
  rejetés	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  

et	
  considérés	
  comme	
  du	
  fond	
  	
  
Ø Si	
  on	
  prend	
  a=b=5%

 LD	
  =	
  (K1-­‐b	
  )2	
  +	
  2	
  x	
  SD	
  =	
  (K1-­‐b	
  )2	
  +	
  2	
  K1-­‐asB

Ø Distributions	
  unilatérales	
  	
  K1-­‐a  = K1-­‐b = 1,645

Activité	
  minimale	
  détectable	
  (AMD)	
  est	
  la	
  plus	
  petite	
  quantité	
  de	
  radioactivité	
  pouvant	
  être	
  détectée	
  avec	
  une	
  limite	
  de	
  confiance	
  de	
  100-­‐a %	
  (ex	
  95%)	
  
(Minimum	
  Detectable	
  Activity	
  MDA),	
  elle	
  est	
  calculée	
  à	
  partir	
  de	
  la	
  limite	
  de	
  détectabilité	
  :	
  

	
  	
  	
  	
  	
  𝐌𝐃𝐀 = 	
   𝑳𝑫
𝜹𝒕	
  𝜺	
  𝑰	
  𝒎

	
   (Bq/kg)
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Analyse spectrale

SD

A	
  partir	
  de	
  quel	
  taux	
  de	
  comptage	
  au-­‐dessus	
  du	
  bdf va-­‐t-­‐on	
  considérer	
  que	
  notre	
  échantillon	
  est	
  positif	
  ?	
  (L.A.	
  Currie)
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Exemple : mesure	
  du	
  bruit	
  de	
  fond	
  du	
  détecteur	
  HPGe 200	
  cm3	
  
utilisé	
  pour	
  mesurer	
  les	
  matériaux	
  Edelweiss

Seuil	
  critique	
  et	
  limite	
  de	
  détection	
  pour	
  le	
  pic	
  potassium	
  à	
  
95%	
  	
  de	
  confiance:
Durée	
  de	
  la	
  mesure	
  T=	
  2951043	
  s
Nbre de	
  coups	
  dans	
  la	
  région	
  1460	
  keV :	
  N=22	
  (poissonien)	
  
s =	
  √N= √22=4,69

Seuil	
  critique	
  :	
  
SD0 =K1-­‐asB

=	
  1,645*4,69=7,72

SD	
  =	
  7,72
Limite	
  de	
  détection	
  :
LD0 =	
  (K1-­‐b )2	
  +	
  2	
  x	
  SD0

=	
  1,645^2	
  +2x7,72	
  =	
  18,15

LD	
  =	
  18,15

Spectre	
  de	
  bruit	
  de	
  fond	
  de	
  Gentiane	
  	
  mesuré	
  pendant	
  820h

Analyse	
  spectrale
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Masse	
  échantillon	
  :	
  M=81	
  g
Efficacité	
  donnée	
  par	
  la	
  simulation	
  	
  pour	
  le	
  pic	
  à	
  1461	
  keV

e =	
  2,26(1)	
  %	
  
Intensité	
  de	
  la	
  raie	
  :	
  I	
  =	
  10,72%

MDA	
  =	
  18,15	
  /(dt *	
  0,0226*0,1072*0,081)	
  Bq/kg
dt =	
  24h=86400	
  s	
  -­‐>	
  MDA	
  =	
  1,07	
  Bq/kg
Conclusion	
  :	
  	
  si	
  mon	
  échantillon	
  fait	
  moins	
  de	
  1,07	
  Bq/kg	
  on	
  ne	
  va	
  
rien	
  détecter	
  en	
  24h

Quelle	
  durée	
  de	
  mesure	
  pour	
  avoir	
  une	
  limite	
  de	
  50	
  mBq/kg	
  ?
dt*MDA	
  =	
  1,07	
  j.Bq/kg

Pour	
  50	
  mBq/kg	
  	
  	
  dt =	
  20	
  jours
Conclusion	
  : il	
  faut	
  que	
  je	
  mesure	
  au	
  moins	
  20	
  jours	
  pour	
  mettre	
  
une	
  limite	
  de	
  50	
  mBq/kg	
  sur	
  mon	
  échantillon

Activité	
  minimale	
  détectable	
  pour	
  un	
  échantillon	
  de	
  
sels	
  de	
  potassium	
  KCl sur	
  le	
  détecteur	
  Gentiane	
  

40K source for calibration measurements in 
the EDELWEISS set-up and MC data test

1

For the LUMINEU and the EDELWEISS Collaborations

GeCo1 (�44u0,175 mm)

Used material - KCl

22/06/2016

KCl
air

1.0

Geometry: plastic holder and KCl sample

17.7(2)

All sizes are given in mm
14.6(2)

78.9(3) 2.5 -?

1.084.0

6

𝐌𝐃𝐀 = 	
   𝑳𝑫
𝜹𝒕	
  𝜺	
  𝑰	
  𝒎

(Bq/kg)

Analyse	
  spectrale	
  :	
  exemple	
  sels	
  de	
  potassium	
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Analyse	
  spectrale	
  :	
  exemple	
  sels	
  de	
  potassium	
  

Durée	
  de	
  la	
  mesure	
  dt =	
  246183	
  s	
  =	
  2,85	
  j
N=	
  649978	
  +-­‐ 780	
  coups

Masse	
  échantillon	
  :	
  M=81	
  g
e =	
  2,26(1)	
  %	
  
I	
  =	
  10,72%

BDF	
  :	
  T=	
  2951043	
  s	
  	
  N=22

A	
  =	
  (649978/246183	
  – 22/2951043)/0.081/0,0226/0,1072

A	
  =	
  (012 -­‐
03

123
) 5
6	
  7	
  8 Bq/kg

A	
  =	
  13453	
  Bq/kg
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Techniques	
  de	
  mesures	
  :	
  analyse	
  par	
  
activation	
  neutronique	
  (AAN	
  ou	
  NAA)	
  
Principe	
  :	
  irradiation	
  d’un	
  échantillon	
  par	
  des	
  neutrons	
  et	
  analyse	
  par	
  
spectrométrie	
  gamma	
  des	
  radioéléments	
  créés	
  

• Nécessite	
  un	
  réacteur	
  avec	
  des	
  flux	
  de	
  neutrons	
  fn>	
  1013 n/cm2/s

• Méthodes	
  « non-­‐destructive»,	
  	
  petite	
  taille	
  des	
  échantillons

• Gain	
  facteur	
  ~	
  1000	
  HPGe

• Meilleure	
  technique	
  pour	
  U	
  Th	
  K
ü n+238U	
  -­‐>	
  239U	
  (T1/2=23.5	
  mn)	
  -­‐>	
  239Np* (T1/2=2.35j)	
  	
  	
  	
  	
  	
  	
  

Eg =	
  106;	
  228	
  ;	
  277	
  ;	
  210	
  ;	
  315	
  ;	
  334	
  keV

ü n+41K	
  	
  -­‐>	
  42K*	
   (T1/2=12.8h)	
  	
  
Eg =	
  1524	
  keV -­‐>	
  on	
  détermine	
  la	
  teneur	
  en	
  41K	
  
(39K	
  :	
  93.1%,	
  40K	
  :	
  0.0118%	
  	
  et	
  41K	
  :	
  6.88%)

• Risque	
  d’activation	
  non	
  désirée	
  d’éléments	
  présents	
  dans	
  
l’échantillon	
  qui	
  peuvent	
  brouiller	
  les	
  radioéléments	
  recherchés

http://www.elementalanalysis.com/services/neutron-­‐activation-­‐analysis-­‐naa/
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Techniques	
  de	
  mesures	
  :	
  ICP-­‐MS
Echantillon	
  pulvérisé	
  à	
  très	
  haute	
  température	
  et	
  envoyé	
  sur	
  un	
  
spectromètre	
  de	
  masse	
  pour	
  la	
  séparation	
  isotopique	
  (rapport	
  
masse/charge)

Ø Solide	
  liquide	
  ou	
  gaz
Ø Pulvérisation	
  de	
  l’échantillon
Ø Suivant	
  sa	
  nature	
  la	
  technique	
  de	
  pulvérisation	
  varie	
  :

v Cible	
  :	
  Laser	
  Ionisation	
  MS	
  :	
  LI-­‐MS
v Electrode	
  :	
  Spark Source	
  	
  MS	
  :	
  SS-­‐MS
v Cathode	
  :	
  Glow Discharge MS	
  (décharge	
  luminescente	
  )	
  :	
  

GD-­‐MS
v …

Ø Extraction	
  et	
  accélération	
  des	
  ions	
  E	
  B	
  
Ø Détection	
  des	
  ions	
  

Ref :	
  Johanna	
  Sabine	
  Becker	
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Quelques	
  exemples	
  :

ØŒnologie	
  
ØConnecteurs	
  Mill-­‐Max	
  EDWIII
Ø Xenon1T
ØActivation	
  cosmogénique de	
  l’Argon
Ø Electrolyse	
  du	
  cuivre	
  MAJORANA en	
  laboratoire	
  souterrain
Ø Production	
  de	
  Tritium	
  dans	
  les	
  détecteurs	
  Germanium	
  d’EDW

Ø…

Material,Purifica3on,and,Supply,

Low*ac>vity*Lead**
,Known,sources,(mines),(e.g.,Doe,Run),

,Purveyors,of,ancient,lead,

,,

Copper*
,OFHC,suppliers,

,Electroformed,copper,

,Produce,underground,to,prevent,cosmo,ac3va3on,

,e.g.,Majorana,cryostats,and,parts,at,SURF,

,

Inorganic*Crystals*and*Semiconductors**
,raw,materials,(custom,synthesis),

,,,,,,,,,growing,process,–,cleanliness,and,overburden,

,

Water,*Liquid*Scin>llator,*Cryogens*
,Purifica3on,plants:,,custom,systems,built,from,commercial,parts,

,In,situ,purity,monitoring,,

,

Noble*Liquids ,,
, , ,See,examples,next,page,
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Un petit coup de main à la répression des fraudes 

Ph.	
  Hubert,	
  https://www.fichier-­‐pdf.fr/2012/06/22/datation-­‐vins1/	
  

Vérifier	
  par	
  spectrométrie	
  gamma	
  l'âge	
  des	
  grands	
  millésimes	
  compte	
  
tenu	
  des	
  sommes	
  astronomiques	
  que	
  peuvent	
  atteindre	
  certaines	
  
bouteilles.	
  Cela	
  peut	
  susciter	
  les	
  convoitises	
  de	
  quelques	
  fraudeurs	
  
peu	
  scrupuleux.	
  	
  

Ø Méthode	
  non	
  destructive,	
  ça	
  serait	
  dommage	
  si	
  on	
  a	
  
réellement	
  affaire	
  à	
  un	
  vin	
  centenaire	
  !!	
  

Ø Méthode	
  basée	
  sur	
  la	
  mesure	
  du	
  Cesium-­‐137	
  

Attention	
  :

Ø Présence	
  de	
  Cs137	
  :	
  clairement	
  pas	
  centenaire
Ø Absence	
  de	
  Cs137	
  :	
  on	
  ne	
  peut	
  rien	
  dire	
  sur	
  l'âge	
  du	
  capitaine
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Connecteurs	
  Mill-­‐Max	
  EDWIII

Exemple	
  :	
  Ressorts	
  en	
  CuBe des	
  connecteurs	
  

Ø Le	
  Béryllium	
  est	
  connu	
  des	
  fabricants	
  de	
  détecteurs	
  germanium	
  HPGe pour	
  être	
  
très	
  difficile	
  à	
  purifier	
  /U,Th.	
  

Ø Réaction	
  (a,n)	
  sur	
  le	
  Béryllium	
  très	
  grande	
  section	
  efficace

Ø Très	
  petite	
  dimension	
  2,3mg	
  par	
  ressort,	
  au	
  total	
  pour	
  l’ensemble	
  des	
  
détecteurs	
  (42	
  	
  connecteurs	
  x	
  16	
  contacts)	
  ~	
  1,63	
  g

Ø Mesure	
  par	
  HPGe trop	
  longue	
  pour	
  une	
  masse	
  aussi	
  faible, mesure	
  par	
  IC-­‐PMS:
-­‐>	
  U	
  :	
  11936	
  +-­‐ 2383	
  mBq/kg
-­‐>	
  Th:	
  980	
  +-­‐ 196	
  mBq/kg

Ø Cuivre	
  :	
  deux	
  types	
  de	
  Cu	
  
-­‐>	
  EDWII	
  :	
  	
  U	
  <	
  3	
  mBq/kg	
  	
  Th	
  <2	
  mBq/kg
-­‐>	
  EDWIII	
  :	
  	
  U	
  <	
  0,016	
  mBq/kg	
  Th	
  <	
  0,012	
  mBq/kg
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Application of Discrete Receptacles
with Organic Fibre Plug® Solder Barrier

www.mil l -max.com !! 516-922-6000

FEATURES:

• Designed for hand, wave or reflow soldering.
The organic fibre plug prevents solder, paste
or flux from contaminating the spring contact.

• After soldering, the organic fibre plug is
pushed out of the receptacle when the
component is plugged in.

• Supplied as discrete receptacles or on carrier
tape per EIA-481 for industry standard pick
and place machines.

• All Mill-Max receptacles use a precision
machined brass housing with a press-fit
beryllium copper “multi-finger” contact
(heat-treated BeCu is the best electrical
spring contact material).

R

ASSEMBLY SEQUENCE FOR
INTRUSIVE REFLOW

SOLDERING

Quand	
  un	
  matériau	
  passe	
  au	
  travers	
  des	
  mailles	
  du	
  filet	
  !!!
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380 kg·d (in black). Left. Monte Carlo spectra for di�erent materials considered in the simulations as quoted in the
legend. Right. Monte Carlo spectra for di�erent contaminant: red curve is 60Co, blue curve is 40K, cyan curve is
137Cs, magenta curve is 238U decay chain and green curve is 232Th decay chain.
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FIGURE 2. Left. Gamma background energy spectrum in the total volume corresponding to a total exposure of
about 554 kg·d in black compared to Monte Carlo simulations in red of possible 238U/232Th, 60Co, 40K and 137Cs
contaminations.Right. Same as for the left plot but for the fiducial volume with an exposure of about 380 kg·d.

TABLE 3. Gamma event rate in the total and fiducial volume, in the ROI 20-200 keV. Only
material with a contribution larger than 3% have been listed.

Events/(kg·d)
Material

Volume Data MC Copper Brass
Brass
in Cu PE Teflon Connectors

Fiducial 70 78 7.3 (10%) 14.7 (20%) 6.9 (9.4%) 2.6 (3.5%) 2.2 (3%) 39.7 (54%)
Total 125 128 12.8 (10%) 22.9 (18%) 10.3 (8%) 4.6 (3.6%) 4.0 (3%) 63.1 (50%)

Focusing on the ROI for the WIMPs search (20-200 keV), we can estimate the gamma background.
Table 3 quotes the event rate in events/(kg·d) in the ROI 20-200 keV both for total and fiducial volumes.
In both volumes the contribution of the materials to the event rate is compatible within statistical errors.
Despite a better fit to data and improvement on the simulation side are ongoing, we can state that the
highest contribution, roughly the 50%, comes from connectors, although it is not crucial at this stage, see
Table 3.

CONCLUSION

A background study based on Monte Carlo simulation with GEANT4 using detailed set-up geometry has
been performed. A screening campaign, measuring radioactivity level of all relevant set-up components have
been considered and quality check along with new measurements are ongoing. Concerning the gamma back-
ground estimate, in the ROI of WIMP search we expect 70 “/(kg·d) in the fiducial volume. MC simulations
are showing a good agreement with data. In addition, FID detector performances at low energy in terms of
resolution are excellent, showing competitive results for a subset of data in the low energy WIMP mass [9].
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  “Background	
  investigation	
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Fond gamma : 
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Production	
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  neutrons	
  à	
  partir	
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teneurs	
  en	
  U	
  – Th	
  calculée	
  par	
  
SOURCES4A	
  

Alliage	
  	
  :	
  Cu	
  (98.1%)	
  Be	
  (1.9%)
Flux	
  U	
  =	
  	
  2.888E-­‐09	
  n/s/g
<E>	
  =	
  	
  5.207	
  MeV
Flux	
  Th	
  =	
  9.130E-­‐10	
  n/s/g
<E>	
  =	
  	
  5.728	
  MeV

Fond neutrons : 
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Exemple : PM pour Xenon1T

Parmi	
  tous	
  les	
  matériaux	
  à	
  sélectionner	
  il	
  y	
  en	
  a	
  de	
  plus	
  compliqués	
  que	
  
d’autres	
  :

Ø Les	
  composants	
  électroniques	
  :	
  cartes	
  connecteurs	
  câbles	
  …	
  Al,	
  U,Th
Ø Les	
  céramiques	
  U,Th ,40K
Ø Les	
  verres	
  :	
  40K	
  

Fig.	
  3.	
  Schematic view of	
  15	
  R11410-­‐21	
  PMTs in	
  the	
  Gator detector	
  
chamber,	
  held by	
  custom-­‐made,	
  low-­‐background	
  PTFE	
  support	
  
structure.	
  The	
  germanium	
  detector	
  in	
  its cryostat	
  is seen in	
  green	
  in	
  
the	
  centre.

« Lowering the	
  radioactivity of	
  the	
  photomultiplier tubes	
  for	
  the	
  XENON1T	
  dark matter experiment »	
  E.	
  Aprile et	
  al.,	
  European	
  Physical	
  Journal	
  C 75(11) ·∙ March	
  
2015
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GATOR :	
  HPGe (2.2	
  kg	
  )	
  type	
  p:
Ø Balayage	
  azote
Ø Blindage	
  PE
Ø Blindage	
  plomb	
  très	
  basse	
  radioactivité
Ø Blindage	
  cuivre	
  très	
  basse	
  radioactivité
Ø Volume	
  échantillon	
  très	
  important	
  25×25×30	
  cm3

Ø Durée	
  des	
  mesures	
  relativement	
  courte	
  ~20	
  jours
a

b

c

d

e

f

g

Figure 1. Schematic figure of the Gator facility at LNGS. The HPGe detector (a) with its cold finger (b) and
dewar (c), the open sample chamber, the copper (d) and lead (e) shield with the sliding door, the glove box
(f) and polyethylene shield (g) can be seen.

long concentric metal tubes acting as a capacitor whose capacitance is read out with a universal
transducer interface board. The nitrogen gas flow into the shield is monitored and regulated with
an electronic flowmeter and the leakage current is measured as the voltage drop across the feed-
back resistor and read out with an analog-to-digital converter. The relevant parameters are plotted
versus time and can be monitored on a web interface which is refreshed every 10 minutes. In case
pre-defined thresholds for these parameters are not met, email and SMS alarms are being issued.
The data acquisition consists of a high-voltage unit, a spectroscopy amplifier, and a a self triggering,
16 k channel multichannel analyzer. The spectra, acquired and cleared every 6 hours, are saved in
ascii files and analyzed offline.

Prior to its installation at LNGS, the germanium spectrometer was operated in the Soudan
underground laboratory in northern Minnesota, within the SOLO facility [14]. At the Soudan labo-
ratory, the detector was used for the screening of XENON10 [3] materials, and several background
runs were acquired [15]. During its water- and ground-based transportation to LNGS, the detector
was exposed for several months to the cosmic ray flux at the Earth’s surface, leading to cosmic
activation of the crystal and the surrounding copper of the cryostat. The shield was improved in
October 2008, and it was cleaned once again in February 2009.

Table 1 shows the integral background in the 100-2700 keV region in the Soudan configuration,
and for three measurements taken at LNGS. The integral counting rate at LNGS has been constantly
decreasing due the decay of cosmogenic radio-nuclides such as 54Mn, 57Co, 58Co and 65Zn, with
typical half-lives around one year on the one hand, and due to an improved shield and overall
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Exemple : PM pour Xenon1T
GEMPI	
  et	
  GATOR	
  au	
  Gran Sasso sont	
  parmi	
  les	
  détecteurs	
  les	
  plus	
  
performants	
  au	
  monde	
  et	
  permettent	
  de	
  mesurer	
  de	
  très	
  gros	
  volumes	
  
pour	
  les	
  expériences	
  DM	
  ou	
  2b0n ( GERDA,	
  MAJORANA,	
  NEXT,	
  
XENON,DARWIN,	
  …)	
  

Empilement	
  de	
  15	
  PM
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Fig.	
  2.	
  (Top)	
  Spectrum	
  of	
  the	
  ceramic sample (nr.	
  9,	
  red)	
  along with the	
  detector	
  
background	
  (black).	
  (Bottom)	
  Spectrum	
  of	
  15	
  Hamamatsu	
  R11410-­‐21	
  PMTs
measured in	
  July	
  2013	
  (red).	
  The	
  background	
  spectrum of	
  the	
  Gator detector	
  
together with the	
  PTFE	
  support	
  structure	
  for	
  the	
  PMTs is also shown (black).
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 Relative contribution [%]
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U238

Ra226

Ra228

Th228

K40

Co60

Cs137 1) Quartz: faceplate (PMT window)
2) Aluminum: sealing
3) Kovar: Co-free body

4) Stainless steel: electrode disk
5) Stainless steel: dynodes

6) Stainless steel: shield
7) Quartz: L-shaped insulation
8) Kovar: flange of faceplate

9) Ceramic: stem
10) Kovar: flange of ceramic stem

11) Getter

Fig. 5. Contribution of individual raw materials of the R11410-21 phototube to the total contamination in 238U, 226Ra, 228Ra,
228Th, 40K, 60Co and 137Cs. The component numbers correspond to those in Figure 1 and Table 2.

ing into account the activity in each PMT material and
the subsequent neutron production rates and spectra, is
(0.060 ± 0.015) events/y in a 1 tonne fiducial volume in
the (5 � 50) keV region for nuclear-recoil energies with
an acceptance of 50%. The overall background goal of
XENON1T is < 1 event for an exposure of 2 t⇥y. Thus,
we can safely conclude that the PMTs will not limit the
sensitivity of the experiment.
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Table 5. Screening results for several R11410 PMT batches using a HPGe detector. The number of measured tubes and
the measuring time, t, in days of each measurement are shown in the first columns. The 137Cs upper limit is in the range
< (0.2� 0.3)mBq/PMT for all measured batches. (1)These two sets of 4 PMTs were screened with a di↵erent detector.

PMT version Batch nr. t [d] Activity [mBq/PMT]
(nr. of units)

238U 226Ra 235U 228Ra 228Th 40K 60Co 110mAg
v-20 (10) 0 15 < 18 < 0.82 < 0.79 0.9(3) 0.9(2) 12(2) 1.3(2) < 0.21
v-21 (10) 1 26 < 18 0.4(1) 0.5(1) < 1.1 0.4(1) 12(2) 0.7(1) 0.89(1)
v-21 (16) 2 15 < 16 0.5(1) 0.29(9) < 0.85 < 0.61 13(2) 0.79(8) 1.1(2)
v-21 (15) 3 11 < 20 < 0.82 < 0.52 < 1.1 0.5(2) 13(2) 0.73(9) 0.51(7)
v-21 (15) 4 22 < 13 0.5(1) 0.35(9) 0.4(1) 0.4(1) 12(2) 0.73(9) 0.21(4)
v-21 (15) 5 16 < 17 0.6(1) < 0.57 < 0.93 < 0.62 14(2) 0.63(7) 0.22(6)
v-21 (11) 6 23 < 15 0.6(1) < 0.55 < 0.77 0.7(1) 14(2) 0.71(7) 0.23(4)
v-21 (4)(1) 6b 39 � 0.5(1) < 0.30 0.3(1) 0.3(1) 8(1) 0.9(1) 0.24(4)
v-21 (11) 7 23 < 19 1.0(1) 0.4(1) < 0.77 0.7(1) 15(2) 1.0(1) 0.22(6)
v-21 (15) 8 14 < 20 0.9(2) < 0.85 0.7(2) 1.0(2) 20(3) 1.2(1) < 0.32
v-21 (4)(1) 8b 36 � 0.7(1) < 0.36 0.3(1) 0.2(1) 10(1) 1.4(2) 0.17(4)
v-21 (15) 9 20 < 14 0.57(9) < 0.44 < 0.79 0.5(1) 13(2) 0.81(8) 0.53(6)
v-21 (15) 10 26 < 15 0.45(7) < 0.44 0.5(1) 0.45(8) 13(2) 0.87(8) 0.60(6)
v-21 (15) 11 12 < 10 0.5(2) < 0.47 < 1.17 0.6(1) 12(2) 0.77(9) 0.59(7)
v-21 (15) 12 18 < 10 < 0.71 < 0.45 0.7(2) 0.7(1) 11(2) 0.78(8) 0.71(7)
v-21 (15) 13 34 < 10 0.50(6) 0.38(8) 0.6(1) 0.50(7) 12(1) 0.82(7) 0.73(6)
v-21 (15) 14 21 < 16 0.53(8) < 0.41 < 0.82 0.5(1) 14(2) 0.81(8) 0.63(6)

Table 6. Screening results normalised per e↵ective photocathode area of the PMT. These data are compared with results from
older R11410 versions, as well as from other PMT types employed in liquid xenon detectors. The R8520 PMT is employed in
XENON100 [3] and PandaX [12], the R8778 PMT is used in the LUX detector [6], and the R11410-10 version in the PandaX
experiment [12]. The e↵ective photocathode areas are 4.2 cm2, 15.9 cm2 and 32.2 cm2 for the R8520, R8778 and R11410 tubes,
respectively.

PMT type Normalized activity [mBq/cm2] Ref.
238U 226Ra 228Th 235U 40K 60Co

R11410-21 < 0.4 0.016(3) 0.012(3) 0.011(3) 0.37(6) 0.023(3) this work
R11410-20 < 0.56 < 0.03 0.028(6) < 0.025 0.37(6) 0.040(6) this work
R11410-10 < 3.0 < 0.075 < 0.08 < 0.13 0.4(1) 0.11(2) [20]
R11410-10 (PandaX) – < 0.02 < 0.02 0.04(4) 0.5(3) 0.11(1) [12]
R11410-10 (LUX) < 0.19 < 0.013 < 0.009 – < 0.26 0.063(6) [21]
R11410 1.6(6) 0.19(2) 0.09(2) 0.10(2) 1.6(3) 0.26(2) [20]
R8778 (LUX) < 1.4 0.59(4) 0.17(2) – 4.1(1) 0.160(6) [21]
R8520 < 0.33 0.029(2) 0.026(2) 0.009(2) 1.8(2) 0.13(1) [20]

and the ceramic stem. However, out of the 13mBq of 40K
detected per tube, only about 1.4mBq are located in the
ceramic (nr. 9). Even taking into account the upper limits
on this isotope from all other measured samples, a total
upper limit on the 40K contamination of < 3.1mBq re-
sults. This is significantly lower than the contamination
of the final tube. We speculate that the additional 40K
contamination is in the unmeasured cathode material as,
in general, bialkali contain potassium. This assumption
is confirmed by the measurement of the individual getter
taken from one phototube, which shows a higher concen-
tration of 40K compared to the 10 getter samples. The
contamination of the getter could have happened during
the deposition process of the photocathode material.

The average radioactive contaminations per PMT have
been used in a full GEANT4-based Monte Carlo simu-
lation of XENON1T to quantify the contribution to the

background of the experiment. The simulation takes into
account a detailed detector geometry, with the 248 R11410-
21 PMTs placed at their correct positions in the TPC,
above and below the liquid xenon target. The resulting to-
tal electronic-recoil background from gamma interactions
in the medium is (0.014 ± 0.002) events/y in a central,
fiducial volume containing 1 tonne of LXe. This value is
calculated for a dark matter search region of (2� 12) keV
electronic recoil energy and an assumed background dis-
crimination level of 99.75%. Although a contamination
from the anthropogenic 110mAg has been found in most
of the screened PMT batches, the expected contribution
to the background of XENON1T by the start of the sci-
ence run is negligible. This is due to the relatively short
half live of 249.8 days of 110mAg.

The nuclear-recoil background from neutron interac-
tions has also been investigated: The estimated rate, tak-

Extrait	
  des	
  résultats	
  de	
  « Table	
  5.	
  Screening	
  results for	
  several R11410	
  PMT	
  batches
using a	
  HPGe detector.	
  The	
  number of	
  measured tubes	
  and	
  the	
  measuring time,	
  t,	
  in	
  
days of	
  each measurement are	
  shown in	
  the	
  first	
  columns.	
  The	
  137Cs	
  upper limit is in	
  
the	
  range	
   <	
  (0.2	
  −	
  0.3)	
  mBq/PMT	
  for	
  all	
  measured batches. »	
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Exemple : Activation cosmogénique de l’Argon
FERMILAB-­‐CONF-­‐11-­‐470-­‐AE-­‐PPD

2  

highly suppressed and therefore 39Ar production rate is significantly reduced. We have identified a CO2 
well near Cortez, Colorado that contains argon at the 600 ppm level. The 39Ar concentration in this argon 
has been measured to be reduced by more than a factor of 50 [3]. However, the argon must be extracted 
from the CO2 and further purified in order to be used in a detector. 

2. Chromatographic Gas Separation 

It is possible to trap specific gases on an absorptive medium, while allowing other gases to pass [4]. 
The absorption efficiency is directly proportional to the gas pressure, and this property can be exploited to 
create very efficient absorption devices, and to regenerate the absorptive medium. Outside of Cortez 
Colorado we have built a vacuum-pressure swing absorption (VPSA) unit to extract the depleted argon 
from a CO2 well. CO2, O2, and other unwanted gases are trapped on Zeolite with high efficiency under 
pressure [5]. Eventually the Zeolite will become saturated with the unwanted gases, and they are then able 
to pass through the column. Therefore, the flow is stopped through the column, and a vacuum pump is 
applied to the system to force the Zeolite to release the contaminants. By using two columns we can 
create a continuous production by absorbing on one column, while the other column is being regenerated. 
Figure 1a shows an illustration of the two column VPSA principle. Our unit consists of 2 stages, of 2 
columns each (figure 2a). The first stage traps CO2, O2, and other unwanted gases, and while still under 
pressure the second stage continues to remove these gases as well as some of the N2. 

  

Figure 1.(a) Illustration of the VPSA gas extraction principle; (b) VPSA system in Cortez, CO 

The VPSA system in Cortez, CO, has been operating since February 2010. It effectively concentrates 
argon, but there are some gases that are currently irreducible. Helium cannot be separated by using the 
VPSA, and nitrogen is not effectively removed by the columns. In 2011 we were able to reduce the 
nitrogen and increase the argon concentration, but this also had the effect of increasing the total amount 
of helium. In Table 1 we see what the gas fractions are for the gas coming from the well and what the 
fractions are after the VPSA unit during the 2010 running, and the 2011 running. At peak performance 
when the plant is in production mode it produces argon at a rate of approximately 0.5 kg/day. As of June 
2011 we had collected approximately 44 kg of argon in pressurized cylinders. 

Expected background from 39Ar after PSD 

PSD requirement less for 50-tonne detector with X200 depleted argon 

Ex	
  :	
  Expérience	
  DEAP
Ø Activation	
  cosmogénique Ar	
  dans	
  l’atmosphère	
  :

§ Capture	
  :	
  n	
  +	
  38Ar	
  -­‐>	
  39Ar	
  	
  	
  -­‐>	
  39K	
  	
  	
  	
  
§ Spallation : a+40Ar	
  -­‐>	
  42Ar+2p

Ø 39Ar	
  :	
  	
  T1/2 =	
  269	
  ans	
  (b-­‐ Q=535	
  keV)

Ø Argon	
  de	
  l’atmosphère	
  :	
  	
  39Ar/40Ar	
  =	
  8.1×10-­‐16
-­‐>	
  1	
  Bq/kg	
  
-­‐>	
  détecteur	
  1	
  tonne	
  :	
  1000kHz

-­‐>	
  Extraction	
  d’argon	
  des	
  gaz	
  des	
  mines	
  de	
  charbon	
  car	
  non-­‐activé	
  par	
  les	
  
cosmiques	
  avec	
  une	
  activité

Ex	
  :	
  GERDA	
  2b0n
Ø Double	
  capture	
  neutron	
  sur	
  40Ar	
  dans	
  l’atmosphère	
  :

§ 40Ar	
  +n	
  -­‐>	
  41Ar+n	
  	
  -­‐>	
  	
  42Ar	
  	
  	
  	
  	
  	
  	
  -­‐>42K	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐>	
  42Ca:
T1/2 (41Ar)=1,6	
  h	
  
T1/2 (42Ar)= =	
  32,9	
  	
  ans	
  	
  (b-­‐ Q=599	
  keV)	
  	
  	
  
42K	
  :	
  T1/2=12,36h	
  (b-­‐ Q=	
  3525	
  keV,	
  g 1524	
  keV)

Ø Argon	
  de	
  l’atmosphère	
  :	
  	
  42Ar/40Ar	
  =	
  1,2×10-­‐18
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Figure 13: Estimated background contributions for the !!(0])-decay search. Backgrounds from natural radioactivity are shown in blue.
Cosmogenic activation products are colored red. Green denotes backgrounds from the environment or those introduced during detector
assembly. Purple is for "-induced backgrounds at depth. An upper limit on the negligible background from atmospheric and other neutrinos
is shown in orange.The contributions sum to 3.0 cnts/(ROI-t-y) in the Majorana Demonstrator.

5.4. Predicted Sensitivity of the Majorana Demonstrator.
The sensitivity of a neutrinoless double-beta decay search
increases with the exposure of the experiment but ultimately
depends on the achieved background level.This relationship
is illustrated for the Demonstrator in Figure 14, in which
wehave used the Feldman-Cousins [70] definition of sensitiv-
ity in order to transition smoothly between the background-
free and background-dominated regimes. The background
expectation for the Demonstrator is 3 cnts/(ROI-t-y) in a
4 keV energy window at the !!(0])-decay endpoint energy.
A minimum exposure of about 30 kg-y is required to test the
recent claim of an observation of !!(0]) decay [19].
6. Status, Prospects, and Conclusions

6.1. Status of the Majorana Demonstrator Project. The
Majorana collaboration obtained beneficial occupancy of
its Davis Campus underground laboratories in May 2012. At
the time of this writing in June 2013, the collaboration has
completed outfitting the labs, established cleanliness (the
detector room is typically better than 500 particles/ft3 of
diameter 0.5 "m or smaller), and is proceeding with the
construction and assembly of the array. The underground
electroforming laboratories, which started operation in the
summer of 2011, have now produced more than 75% of the
required copper. The 42.5 kg of 86% enriched 76Ge has been
reduced from GeO2 and refined to electronic grade Ge with
a yield of 98%. Ten enriched P-PC detectors with a total mass
of 9.5 kg have been produced by ORTEC, with eight now
underground to SURF. A prototype cryostat, the same as the

ultraclean cryostats, but fabricated from commercial copper,
has been assembled and operated with its associated vacuum
system. Two strings of natural Ge detectors have been built
in the glove boxes and are undergoing testing before they are
installed in the prototype cryostat. Cryostat 1 has been
machined from the UGEFCu. Samples obtained from all
materials being used in the Demonstrator are being
assayed. Slow-control systems and their associated sensors
are in continuous operation in all UG laboratories. Data
acquisition for detector acceptance testing, string testing, and
the main array are operational.

The prototype cryostat will be commissioned in the
summer of 2013. Cryostat 1, which will contain seven strings
of both enriched and natural Ge detectors, is scheduled to
be completed in late 2013. Cryostat 2, which is expected to
contain all enriched detectors, is expected to be assembled
in 2014. The full array should be in operation in 2015. The
Demonstrator will be operated for about 3 years in order
to collect ∼100 kg-years of exposure.
6.2.The Future Large-Scale Experiment. The Majorana and
GERDA collaborations are working together to prepare for
a single-tonne-scale 76Ge experiment that will combine the
best technical features of both experiments. The results of
the two experiments will be used to determine the best path
forward.

The present generation of experiments will likely produce
results with limits on ⟨%!!⟩ below about 100meV. The next
generationwill strive to cover the inverted hierarchy region of
the effective Majorana neutrino mass. To accomplish this,
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The above described method of constructing the transportation

and storage records for the PTDB necessarily builds-in some
uncertainty associated with the time spent in FedEx Freight
facilities, effectively under a “storage” condition. Examining the
results presented in the lower half of Table 1 shows that the sea-
level equivalent cosmic ray exposure is predominately accumu-
lated while in storage at these FedEx facilities. Specifically, for part
P34F4 it is estimated that 11.8 days of sea-level equivalent cosmic
ray exposure is accumulated in the FedEx Freight facilities while
only 5.8 days sea-level equivalent cosmic ray exposure is accumu-
lated during physical transit. These observations suggest adding a
GPS recorder to shipments to provide a more readily understand-
able location history or even coupling the PTDB and cosmic ray
exposure estimates with methods for assessing the cosmic ray flux
along the route [17].

3. Web application structure

The data-entry web application is written completely in Java-
Script and is served from the same CouchDB instance which holds
the data. An object-oriented style is used with a Model-View
decomposition provided by the Backbone.js framework. Parts,
assemblies, and history records are represented by models. They
are contained in two singleton collections (see Fig. 4) which act as

mediators. Messages passed to the mediators from views or
models trigger inter-model linking such as adding a history entry
to a part. The view objects listen to events from and update both
the models and the user interface. Application level views listen
for events from the mediating collections and create or destroy
record views as needed.

Database interactions are abstracted by a singleton controller,
enhancing error handling for database requests and providing
functionality such as serial number generation and cloning. Other
controllers handle data validation, Backbone router-based web-
page navigation and data caching. The form-based data entry style
of the application is made richer with a set of form models, views,
and collections. They provide interactivity beyond standard HTML
forms and specify an API for generating JSON from the data they
contain.

3.1. Models

The real-life items of interest in the Parts Tracking Database are
the parts and assemblies which compose the experiment's hardware.
These items are represented in the web application by the DBRecord
model type, which is the parent of PartRecord and AssemblyRecord.
The attributes of these models point to FormCollection instances,
which hold Form model objects.

Table 1
FedEx Tracking information (upper left table) and the inferred set of transportation and storage record entries for the PTDB (lower table). All dates occur in the calendar year
2012. The figure shown in the upper right presents the altitude variation experienced by the part during shipment, with a notable day long stop in Denver, CO located at the
red arrow.

N. Abgrall et al. / Nuclear Instruments and Methods in Physics Research A 779 (2015) 52–62 59

This subsection addresses the issues associated with part tracking
logistics for each stage in turn.

2.1.1. Primary construction materials
Most components in the DEMONSTRATOR are custom made by the

MAJORANA Collaboration or its contracted vendors and are designed to
be as low-mass and radio-pure as possible. In addition to the
germanium crystals used as both the sources and the detectors for
the neutrinoless double beta decay experiment, the MAJORANA Colla-
boration electroforms the world's purest copper [8,9] on stainless
steel mandrels in an underground electroforming facility (Fig. 1(a)) at

SURF. These two materials comprise the largest masses of materials
used in the inner portions of the DEMONSTRATOR's detector system.

Furthermore, of the various materials used in the inner detec-
tor system, copper and germanium are the most impacted by
cosmogenic activation. As germanium is the sensitive detection
media in the experiment, cosmogenic activation of the germanium
crystals directly contributes background events. The cosmogenic
isotope 68Ge is a particular concern as the daughter isotope 68Ga is
also radioactive and can produce background events in the same
energy range as those of the sought-after neutrinoless double beta
decay signal of 76Ge.

The electroformed copper's value to the experiment is its ultra low
concentrations of uranium and thorium, making it an excellent low-
background construction and shielding material. This low background
material is potentially squandered if cosmogenic activation creates
elevated levels of 60Co, hence the desire to shield the electroformed
copper from surface levels of cosmic rays. In the following subsections
the fabrication of copper parts is used to showcase the implementa-
tion of cosmogenic activation tracking in the PTDB.

2.1.2. Part fabrication
To keep as much material as possible from leaving the shielding

of the SURF underground, the MAJORANA Collaboration operates a
clean machine shop at the 4850 ft. level of SURF. The material
origin and manufacturing history (parent stock tree and machin-
ing operations) of each part is recorded in the database, as well as
any storage, transportation, or other processes a part undergoes.

To uniquely identify parts and stock used by the DEMONSTRATOR a
serial number is laser engraved into metal and plastic parts. Some
parts are too large or small to be easily engraved, or are otherwise
unsuitable for laser engraving, and these components are identi-
fied by metal stamps or labels. Groups of small identical parts are
bagged together and a range of serial numbers is listed on the bag.

In addition to the germanium and copper used in the DEMONSTRA-

TOR, steel, PTFE, and other plastics are present in smaller amounts.
Within this limited palette of construction materials the parts – once
cleaned – are visually nearly indistinguishable. This is especially a
concern for distinguishing underground electroformed copper from
commercial copper which is used in some circumstances and for
prototyping test components. Distinguishing visually identical parts
produced from different stock material is one of the vital aspects of
the part tracking implementation and use.

The relationship of source materials to the manufactured parts
or derived small stock materials is tracked within the PTDB. This
relationship is called “parent–child” in which the original material
is the parent and the derived part or smaller stock is the child. In
Fig. 1, steps (c), (d), and (e) result in “children” treated as new
parts. When a parent–child relationship is established the child
record inherits the parent record's material type. The parent–child
relationship is strictly one to many. No part can have more than
one parent, as the parent–child link represents a reducing process,
such as machining parts or cutting cables.

The types of history entries attached to part records include
storage, transportation, machining, and a generic process entry. A
history entry refers to one or more locations, a list of which is
stored in a separate document in the database. In this list, each
location has address meta-data associated with it, and the storage
and transportation entries can be used to estimate exposure to
cosmic rays. This is especially important if, as in step (f) of Fig. 1,
parts must be taken above-ground for some reason, a typical
example being electron beam welding of joints that must hold
high-vacuum, or individual parts such as tie rod bottom nuts.

Machining a part irreversibly changes its structure. Many subtle
details may differentiate two otherwise very similar looking parts.
Tracking the machining date, machinist, and MAJORANA drawing number

Fig. 1. The life of a part, from commercial copper pellets to finished assembly, is
illustrated above. Each smaller stock piece or part created from a parent stock piece
receives a new serial number for tracking. Storage, transportation, and processes
such as machining or cleaning are tracked for each part and referenced when parts
are selected for use. When an assembly is created from completed parts the
components are linked to a new assembly record in the database.

N. Abgrall et al. / Nuclear Instruments and Methods in Physics Research A 779 (2015) 52–6254

Exemple : Activation du cuivre ultra-pur MAJORANA pendant son transport 
« The MAJORANA Parts Tracking Database »

N.	
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  Nuclear Instruments	
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  (2015)	
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Exemple : production de Tritium dans les détecteurs Germanium

F. T. Av i gnone e t a l . / Cosmogen i c r ad i o i so t ope produc t i on i n ge rman i um

TABLE I
I so t op i c produc t i on r a t es by cosm i c - r ay neu t rons ca l cu l a t ed w i t h t he a t mosphe r i c neu t ron s
La l and Pe t e r s ' and norma l i zed t o sea l eve l a t 50° nor t h l a t i t ude ( a t oms produced pe r 1030 t a rge t n
pe r second ) .

TABLE I I
I so t op i c produc t i on r a t es by cosm i c - r ay neu t rons ca l cu l a t ed w i t h t he a t mosphe r i c neu t ron spec t rum o f
Hess , e t a l . 2 and norma l i zed t o sea l eve l a t 44° nor t h l a t i t ude ( a t oms produced pe r 103° t a rge t nuc l e i pe r
second ) .

TABLE I I I
Cosmogen i c produc t i on r a t es o f some ga l l i um i so t opes t ha t can r esu l t i n t he d i r ec t produc t i on o f 3H
ca l cu l a t ed w i t h t he a t mosphe r i c neu t ron spec t r a o f r e f e r ences 1 and 2 ( a t oms produced pe r 1030 t a rge t
nuc l e i pe r second )

I SOTOPE PRODUCED
TARGET
NUCLEUS Mn 57Co 58Co 57N i 65Zn 65Ga 67~a_ 68Ge

7OGe 2. 19 5. 12 6 . 58 1 . 14 77 . 6 13 . 6 132 121
72

Ge 1 . 44 1 . 91 3. 67 0 . 27 31 . 3 2 . 50 37 . 2 17 . 6
73Ge 1 . 09 1 . 36 2. 25 0 . 13 18 . 1 1 . 24 19 . 3 6. 73
74G

e 0 . 90 0 . 78 1 . 61 0. 08 10 . 3 0. 34 8 . 44 2 . 79
76Ge 0 . 48 0 . 32 0 . 74 0. 03 3. 46 0. 10 2 . 47 0 . 47

I SOTOPE PRODUCED
TARGET
NUCLEUS 54Mn 57

~Q .
58

_~Q
57N i 65Zn 65-

67G~ 68. S
7oGe 6 . 27 11 . 6 12 . 9 2. 76 98 . 0 19 . 3 156 147
72Ge 4 . 12 5. 27 8 . 87 0. 83 44 . 6 4. 31 49 . 6 23 . 1
73

Ge 2. 85 3 . 58 5 . 48 0 . 33 26 . 2 2. 37 27 . 2 9 . 27
74Ge 2. 72 2 . 52 4 . 51 0 . 27 18 . 3 0. 71 14 . 3 4 . 16
76Ge 1 . 86 1 . 13 2. 37 0 . 12 7. 42 0 . 26 4. 68 0. 92

I SOTOPE PRODUCED
TARGET Re f e r ence 1 Re f e r ence 2
NJ1CéEUS A- 2Ga " Ga A"2Ga A- 3Ga

7oGe 210 132 247 156
72Ge 143 117 167 137
73Ge 128 137 152 155
74 Ge 106 92 . 8 125 113
76Ge 82 . 7 76 . 3 103 95 . 1

F.T. Avignone et. Al. 

• Cosmogéniques sur	
  le	
  germanium	
  (neutrons	
  énergétiques)	
  :	
  Historiquement	
  les	
  
expériences	
  Heidelberg-­‐Moscou	
  et	
  IGEX	
  qui	
  utilisaient	
  du	
  germanium	
  ont	
  observé	
  du	
  
68Ge	
  et	
  du	
  60Co	
  (Yin	
  Mei et	
  al.)

n	
  +	
  70Ge,	
  72Ge,	
  73Ge,	
  74Ge,76Ge	
  

-­‐>	
  68Ge,	
  60Co,	
  65Zn,	
  58Co,	
  A−2Ga,	
  	
  A−3Ga,	
  63Ni,	
  …	
  	
  	
  	
  	
  +	
  	
  	
  	
  	
  T,	
  Xn,	
  …

-­‐>	
  x,	
  b et	
  g

• La	
  production	
  de	
  Tritium	
  est	
  problématique	
  pour	
  les	
  expériences	
  cherchant	
  des	
  
signaux	
  dans	
  la	
  région	
  E	
  <	
  ~	
  20keV	
  

3H	
  -­‐>	
  32He	
  +	
  e-­‐ +	
  anti-­‐ne T1/2 =	
  12,32	
  ans

-­‐>	
  3H	
  Bruit	
  de	
  fond	
  impossible	
  à	
  supprimer	
  	
  

• Taux	
  de	
  production	
  de	
  noyaux	
  i	
  

Nj nbre de	
  noyaux	
  cibles,	
  f(E)	
  flux	
  (n/cm2/s)	
  de	
  neutron	
  cosmiques	
  d’énergie	
  E	
  ,	
  sij (cm2)	
  
section	
  efficace	
  de	
  production	
  du	
  noyau	
  i	
  à	
  partir	
  de	
  j

i can be calculated according to

Ri =
∑

j

Nj

∫
φ(E)σij(E)dE (1)

where Nj is the number of target nuclear isotope j, σij is the neutron excitation function
for the product i from j, and φ is the cosmic neutron flux. To estimate the production
rates, we use the excitation functions generated by TALYS code 1.0 [7] and the improved
recent measurements [8] of neutron flux density spectrum, which can be parametrized as

φ(E) = 1.006 × 10−6e−0.35 ln2 E+2.1451 ln E + 1.011 × 10−3e−0.4106 ln2 E−0.667 ln E (2)

where E is neutron kinetic energy in MeV and φ in units of cm−2s−1MeV−1. Compared
with the old neutron-flux measurements, the recently measured flux is smaller at energies
below 50 MeV, but larger between 50 MeV to 1 GeV.

The production rates of cosmogenic isotopes in natural and enriched (86% 76Ge and
14% 74Ge) germanium are tabulated in Table 1. Also shown are isotopes produced by
cosmogenic activation of natural copper. We compared the calculated production rates
of 54Mn, 55Fe, 57Co and 60Co in copper to the newly measured rates [9], the agreement is
within a factor of 2. The production rates of 60Co and 68Ge in germanium agree within
a factor of 2 with Ref. [10], while the rate of 3H is a factor of 7 smaller compared with
the estimates in Refs. [4,11], where the old cosmic neutron flux [12] is used. 3H can
produce potential backgrounds via β-decay with an end point at 18.6 keV for dark matter
detection. The low-background energy spectrum measured by IGEX experiment [6] can be
well described by the tritium β-decay spectrum normalized to 250 counts with a constant
background level of 2.5 counts/keV added. This results in an upper limit on the production
rate of 21 tritium atoms/(kg day) [3] in agreement with our calculation of 24 tritium
atoms/(kg day).

Table 1
The production rates (per day per kg) of long-lived cosmogenic isotopes in natural and
enriched (86% 76Ge and 14% 74Ge) germanium. Also shown are isotopes produced by
cosmogenic activation of copper.

Production Rate (/(kg day))
Cosmogenic Isotope

Natural Ge Enriched Ge Natural Cu
t1/2

68Ge 41.3 7.2 270.8 d
60Co 2.0 1.6 46.4 5.2714 y
57Co 13.5 6.7 56.2 271.79 d
55Fe 8.6 3.4 30.7 2.73 y
54Mn 2.7 0.87 16.2 312.3 d
65Zn 37.1 20.0 244.26 d
63Ni 1.9 1.8 100.1 y
3H 27.7 24.0 12.33 y

In Table 2 we tabulate the cosmogenic production rate of 3H in various targets of dark
matter detection experiments. Because the interaction rate of WIMP with xenon decreases

Z.-B. Yin et al. / Nuclear Physics A 834 (2010) 823c–825c824c

dramatically with the nuclear recoil energy, the sensitive energy region for xenon-based
dark matter experiments is the very low energy region. Thus, 3H β-decay can result in
large backgrounds for xenon-based dark matter experiments. The demonstrated discrimi-
nation power of 1000 [13] via pulse shape analysis would not be sufficient if cosmogenic 3H
could not be reduced by a large factor during xenon purification. However, the cosmogenic
3H is not a problem for LAr-based dark matter detection with the achieved pulse shape
discrimination power of 1.3× 106 against electronic recoil events at energy of 15 keV [14],
and thus the dominant background source will be 39Ar contained in natural argon.

Table 2
The cosmogenic production rate (per day per kg) of 3H in various targets.

Target Xe NaI CsI TeO2 CaWO4

Rate (/kg/day) 16.0 31.1 19.7 43.7 45.5

3. Conclusions

We have investigated the cosmogenic production of various isotopes in several target
or source materials pertinent for dark matter and double-beta decay experiments. The
tritium production in these materials due to cosmic-ray neutrons is substantial and steps
must be taken to either reduce exposure of the target to cosmic rays or reduce the resultant
3H within the target after exposure.
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Exemple : production de Tritium dans les détecteurs Germanium
L’activation	
  cosmogénique est	
  négligeable	
  pendant	
  le	
  processus	
  de	
  
cristallisation.	
  Par	
  contre	
  pendant	
  tout	
  le	
  séjour	
  en	
  surface	
  l’activation	
  va	
  
croître.	
  L’activité	
  pour	
  un	
  isotope	
  produit	
  va	
  être	
  donnée	
  par	
  le	
  taux	
  
d’activation	
  auquel	
  va	
  se	
  soustraire	
  le	
  taux	
  de	
  décroissance	
  

A(t)	
  =	
  R.(1-­‐e-­‐l(t-­‐tc)	
  )	
  

avec	
  tc fin	
  de	
  la	
  croissance	
  du	
  cristal	
  et	
  l le	
  taux	
  de	
  décroissance	
  de	
  
l’isotope

Lorsque	
  le	
  cristal	
  sera	
  installé	
  en	
  site	
  souterrain	
  à	
  ts l’activation	
  cessera	
  et	
  
l’activité de	
  l’isotope	
  sera	
  donnée	
  par	
  M

A(t)	
  =	
  R.(1-­‐e-­‐l(ts-­‐tc)).e-­‐l(t-­‐ts)

Il	
  est	
  primordial	
  de	
  connaître	
  l’historique	
  du	
  cristal	
  dans	
  les	
  
moindres	
  détails	
  !!!
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Exemple : production de Tritium dans les détecteurs Germanium EDELWEISS
(S. Scorza et al., « Measurement of	
  the	
  cosmogenic activation	
  of	
  germanium	
  detectors	
  in	
  EDELWEISS-­‐III ») 
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Figure 2: Efficiency-corrected spectrum for the 1853 detector·day sample, together with
the fit to the data described in the text. The distribution for single events is in black, and
the red spectrum representing multiple-hit events has been scaled down by a factor of 5
for clarity. The inset shows the efficiency-corrected spectrum for the 0.8 keV selection (499
detector·day), used to test down to 1 keV the efficiency model and sideband correction
described in the text and in Fig. 1.
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Table 6: Rates of production (expressed in kg�1· day�1) of isotopes induced in natural
germanium at sea level as measured in EDELWEISS III germanium detectors, compared
with previous estimates and measurements in Ref. [26], [5], [17], [27] and [4]. Errors on
the production rate include statistical and for 3H and 65Zn systematic uncertainties, too.
Systematic uncertainty is based on the minimization of the reduced �2. Estimate in this
work refers to ACTIVIA calculation, considering semi-empirical [19, 20, 21, 22, 23] (a)
and MENDL-2P database (b) [24] cross sections. For 49V, both calculations give the same
result. An upper limit for 3H from IGEX data (E) is shown together with calculations [5]
for all isotopes. (I) and (II) refer to GEANT4 and ACTIVIA calculations from [17]. The
lower limit for 68Ge at saturation value is listed. It is derived from the fit value of 84 ± 6
at a 90% C.L.Ṫhe last two columns refer to estimates from model [28] and experimental
data (Exp.) from Ref. [4].

This work Ref. [26]
Ref. [5] Ref. [17] Ref. [27]

Ref. [4]
Exp. Calc. (Ziegler) (Gordon) From [28] Exp.

3H 82±21 46(a) 27.7 48.3 (I) 21043.5(b) <21(E) 52.4 (II)

49V 2.8±0.6 1.9
(a,b)

65Zn 106±13 38.7(a) 77 63 37.1 79 34.4 38±665.8(b)

55Fe 4.6±0.7 3.5(a) 8.0 6.0 8.6 8.44.0(b)

68Ge >74 23.1(a) 89 60 41.3 58.4 29.6 30±745.0(b)

29

Exemple : production de Tritium dans les détecteurs Germanium EDELWEISS

Résultat	
  très	
  important	
  pour	
  les	
  futures	
  expériences	
  sensibles	
  à	
  ce	
  fond	
  
en	
  particulier	
  pour	
  la	
  recherche	
  de	
  wimps de	
  basse	
  masse	
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Résumé
1er principe	
  :	
  Tout	
  matériau	
  entrant	
  dans	
  la	
  construction	
  d’une	
  expérience	
  est	
  coupable	
  jusqu’à	
  ce	
  
qu’il	
  arrive	
  à	
  prouver	
  son	
  innocence	
  !!!!	
  

2ème principe	
  :	
  Tout	
  nouveau	
  lot	
  de	
  pièce/matériel	
  acheté	
  doit	
  être	
  contrôlé

3ème principe	
  :	
  Contrôler	
  toute	
  la	
  chaine	
  de	
  fabrication.	
  
L’outillage	
  et	
  les	
  produits	
  de	
  nettoyage	
  doivent	
  être	
  irréprochables

4ème principe	
  :	
  Dans	
  une	
  expérience	
  il	
  faut	
  un	
  gendarme	
  inquisiteur	
  qui	
  sera	
  en	
  droit	
  de	
  demander	
  
tous	
  les	
  faits	
  et	
  gestes	
  lors	
  de	
  la	
  fabrication,	
  manutention, transport	
  et	
  	
  	
  stockage	
  de	
  pièces	
  …

5ème principe	
  :	
  Tout	
  matériel	
  mesuré doit	
  entrer	
  dans	
  le	
  ficher	
  « interpol »	
  	
  de	
  la	
  radiopureté
www.radiopurity.org

….
Nième principe	
  :	
  

Si	
  vous	
  êtes	
  sûr	
  que	
  ce	
  que	
  vous	
  observez	
  n’est	
  pas	
  le	
  signal	
  recherché (wimps,	
  2b0n,…	
  )	
  
Si vous	
  êtes	
  sûr	
  de	
  votre	
  code	
  de	
  simulation,	
  
Si vous	
  faites	
  100%	
  confiance	
  à	
  vos	
  collègues	
  …

Il	
  y	
  a	
  de	
  fortes	
  chances	
  qu’un	
  processus	
  rare	
  négligé jusqu’alors	
  constitue	
  une	
  nouvelle	
  
composante	
  de	
  bruit	
  de	
  fond	
  que	
  vous	
  n’aviez	
  pas	
  anticipé.	
  
…
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