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Simulations in PICO-2L
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● Internal radioactivity – 55% of 
background

● External neutrons – 28%

● Radon inside the shield – 17%

● Gammas and exotic backgrounds

► Negligible for PICO-2L at SNOLAB.

Background Sources
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● Measured nearly every component.  

► OFHC Cu, synthetic silica, UPW 
assumed clean

► Stainless steel bolts and screws 
negligible

► LED cables installed before screening.  
100 ppb U and Th assumed.

► HDPE and PP shielding tanks assumed 
1 ppb U/Th

Internal Radioactivity
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● Most components measured by GES

► University of Chicago HPGe
▻ ORTEC GEM-10 in a pre-WWII steel/pb 

shield.

► SNOLAB used for piezo components

Internal Radioactivity
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● Dead layer and DAQ deadtime 
measured using calibrated Ba-133 
and Y-88 sources at various 
distances.

● 6' concrete overburden and µ veto 
on 5 sides.

University of Chicago Counter
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● No radon purge.  Radon variability 
requires background run 
immediately before every sample.

University of Chicago Counter
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● ICP-MS for U and Th in pressure vessel

● Alpha counting and GES of Pb-210 in 
piezo salts.

Internal Radioactivity

D.A. Fustin
PhD thesis (2012)
Univ of Chicago
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● Track results w/ Google Drive.

Internal Radioactivity
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Simulations for 
PICO-2L
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• Rates
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● α,n yields calculated using modified 
SOURCES-4C with self-made libraries.

► Based on JENDL-AN/05 evaluation up 
to silicon.

► Tomasello & Kudryavtsev libraries 
updated with experimental data 
where available: 46,48Ti, 50,52Cr, Mn, Fe.

● Rate and spectra simulated 
independently for each material.

Neutron Yields
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● Using MCNP-Polimi.

● Estimates assume full efficiency above 
3.0keV nuclear recoil threshold.

► Background singles rate approx. 
independent of threshold.

● 16 geometry iterations

► Not all simulations use the final 
geometry.

► Additional geometry variations to 
check for uncertainties.

Neutron Propagation
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4r 4a
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● Coloured tags, bags, and spreadsheet 
tracking were attempted to verify that 
parts on site were screened

► Only partially successful given lack of 
coordinated training.

● Final drawings used for simulations

► Not always complete.

► Did not accurately reflect as-built 
conditions.

► Problems found by having lots of 
pictures.

As-built conditions
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Simulations for 
PICO-2L

● Uncertainties from

► Assay statistics and systematics (10%)

► Simulation statistics and syst. (15%)

► Alpha,n systematics (mat. dependent)

► Material composition and mass
▻ Asymmetric uncertainty where (alpha,n) 

yield varies amongst constituents.

Event Rate Uncertainties

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation
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Simulations for 
PICO-2L

● Totals per live-year:

► Singles: 4.6 ±0.7 (stat.) +0.9/-2.1 (syst.)

► All: 10.7 ±1.4 (stat.) +2.1/-5.0 (syst.)

● Largest contributors

► Rock neutrons 1.3 singles ± 50%

► Retroreflector 1.0 singles

► Radon in air 0.78 singles

► Computar lenses 0.62 singles

► Pressure Vessel: 0.3 singles

Background Event Rate

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation
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Simulations for 
PICO-2L

● Measure

for multiple neutron energy spectra

● Requires absolute calibration of

► Source rate

► Geometry and fiducial volume

► Neutron propagation

► Recoil cross-section

Neutron Calibrations

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation

Event Rate
Simulated Rate
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Simulations for 
PICO-2L Neutron Calibrations

4r4r
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Simulations for 
PICO-2L

● SNO calibrated 
source 

● Far from active 
volume.

► Needed reduced 
rate

► Increases 
geometric 
uncertainties

AmBe Calibrations

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration
► AmBe

• Rates
• Reactions

► Mono-E neutrons
• Generation
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Simulations for 
PICO-2L

● Independent MCNP and Geant4 
simulations

► Cross-checked geometry

► Rate difference between simulations

● Uncertainties

► Hydrogen density 
of mineral oil

► AmBe neutron
 energy spectrum

► 19F(n,el) 
cross-section

AmBe Calibrations

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration
► AmBe

• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation
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Simulations for 
PICO-2L

● 4 neutron production channels

► 9Be (α,n0) 12C   (Q = 5.702 MeV)

► 9Be (α,n1) 12C   (Q = 1.263 MeV)

► 9Be (α,α+n) 8Be   (Q = -1.664 MeV)
► 9Be (α,n2) 12C   (Q = -1.952 MeV)

AmBe Spectrum

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration
► AmBe

• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation

Modified 
SOUCES 

calculation
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Simulations for 
PICO-2L

● Uncertainties

► ~30% on recoil rate from 
MCNP/Geant4 difference.

► 3% per step in multiplicity ratio due 
to 19F(n,el) cross-section.

AmBe Calibrations

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration
► AmBe

• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation
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Simulations for 
PICO-2L

● MCNP-Polimi does not handle 
3-body reaction energetics.

► Used ptrac output to tag (n,n+α) and 
charged particle reactions.  
Nominally cut via acoustics.

► 2% correction to the simulated rate.

► Bug reported and fixed in next 
version.

AmBe Reactions

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration
► AmBe

• Rates
• Reactions

► Mono-E neutrons
• Generation
• Propagation
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Simulations for 
PICO-2L

● Monoenergetic 61 & 97 keV neutrons at 
the University of Montreal

► 51V(p,n) reaction

► Neutron flux measured with He-3 
detectors.

Monoenergetic neutron 
calibrations

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation
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Simulations for 
PICO-2L

● Narrow resonances

● Uncertain angular distribution

51V(p,n) reaction

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation

51V (p,n)
Cross-section

PR 100 167
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Simulations for 
PICO-2L

● Intercalibration 
at 0° and 90°

► Precise masses, 
dimensions, 
materials.

► Matches MCNP.

He-3 Measurements

4r4r

● Background
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► α,n yields
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propagation
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► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation
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Simulations for 
PICO-2L

● High sensitivity to neutron cross-
section uncertainties.

► Monoenergic neutrons

► Cannot reconstruct full kinematics in 
a bubble chamber.

▻ Exception of CIRTE π-beam experiment 

Neutron propagation

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation
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Calibrations of 
Nuclear Recoils 
in C3F8

PICO-0.1 detector

● Background
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propagation
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► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation
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Simulations for 
PICO-2L

● Intercalibration at 0° and 90°

► Matches MCNP except at 40 keV.

40 keV data

4r4r

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation

(n,el) cross-section in 304SS

40
 k

eV
 9

0°

40
 k

eV
 0

°

34
 k

eV
 0

°

34
 k

eV
 9

0°

UM counts / UC counts
Simulated Measured Meas / Sim

40 keV 2.55 3.34 ± 0.21 1.31

61 keV 2.26 2.02 ± 0.07 0.89

97 keV 2.21 2.07 ± 0.10 0.93
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Simulations for 
PICO-2L 9Be(,n) Sources

4r4r
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Existing measurements

Corrected data
& new fit

New 9Be(γ,n) cross-
section fit for 
determining 
source yields  
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Calibrations of 
Nuclear Recoils 
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● Uncertainty in 19F resonance strength.

▻97 keV ± 7%     61 keV ± 1.5%

Cross-sections

19F (n,el)
Cross-section 40 keV

50 keV

64 keV

97 keV
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Calibrations of 
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Cross-sections

● Background
► Assays
► α,n yields
► Neutron 

propagation
● Calibration

► AmBe
• Rates
• Reactions
► Mono-E neutrons

• Generation
• Propagation

● New libraries for MCNP and Geant4 created 
with R-matrix calculated angular scattering 
distributions in the Resolved Resonance 
Region

► PRC 89, 032801 (2014)

Dipole Term of Angular Scattering Distribution
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Calibrations of 
Nuclear Recoils 
in C3F8

Lessons

● Develop a radiopurity tracking and change 
control system.

► Train engineers, technicians, and detector 
operators.

● Independently check all critical simulations, 
and reconcile differences.  Typographical 
errors are common.

● Know where your data is coming from, 
reverify all calibrations, and use experimental 
checks where possible.


