
19/20/2024 110/8/2024Managed by Triad National Security, LLC, for the U.S. Department of Energy’s NNSA.

Update on the UCNProBe experiment

Martin Krivos, Z. Tang, N. Floyd, C. Morris

Los Alamos National Laboratory

September 20, 2024

LA-UR-24-30730



210/8/2024

• Discrepancy is about 9.5 seconds with         
4.5 sigma

• Explanation:
• Hidden neutron decay channel?

1

𝜏neutron
=

1

𝜏𝛽
+

1

𝜏BSM

Dark matter?
• Not well understood systematic 

effect?

Beam

Bottle

Neutron Lifetime Experiments

C. Morris: F10 3:00 PM
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UCNProBe – New Experiment

• Beam in a bottle experiment

• Lifetime is extracted from eq.: 
1

𝜏𝑛
=

ሶ𝛽 (𝑡)

𝑁(𝑡)

• First beam experiment using UCN,
• and with new systematic uncertainties

• Goal: Measure 𝜏n to 1-2 second precision

• ሶ𝛽(𝑡) and 𝑁(𝑡) need to be known to 0.1%

Beam

Bottle
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Measuring ሶ𝛽 (𝑡) and 𝑁(𝑡)

ሶ𝛽 (𝑡) :
Eljen EJ-299

Deuterated
𝑉𝐹 = 168 neV

12 cm cube

𝑁(𝑡) :
YAP:Ce

10B-coated
Crystal
𝑉𝐹 = 148 neV

Z. Tang, et al,Rev Sci Instrum 92, 023305 (2021)
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Measuring ሶ𝛽 (𝑡) and 𝑁(𝑡)

ሶ𝛽 (𝑡) :
Eljen EJ-299

Deuterated
𝑉𝐹 = 168 neV

12 cm cube

𝑁(𝑡) :
YAP:Ce

10B-coated
Crystal
𝑉𝐹 = 148 neV

Z. Tang, et al,Rev Sci Instrum 92, 023305 (2021)
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PMT
YAP

.5 cm

10B
120 
nm

YAP:Ce

• Crystal and good Fermi Potential
• Efficiency of UCN counting to 10-3

• 𝑛 + 10B → 7Li
∗
+ 𝛼 + 478 keV (94%)

Li*/𝛼
UV light

𝜖 =
𝑁PMT

𝑁Ge
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PMT
YAP

.5 cm

10B
120 
nm

YAP:Ce

• Crystal and good Fermi Potential
• Efficiency of UCN counting to 10-3

• 𝑛 + 10B → 7Li
∗
+ 𝛼 + 478 keV (94%)

Li*/𝛼
UV light

M. Krivos, et al, RSI Accepted

𝜖 =
𝑁PMT

𝑁Ge
= 86.8 ± 2.6 %

Time delay between PMT and Ge



810/8/2024

Outside Radiation Shielding

UCN 
Storage 

Box

1. Borated Polyethylene – 1”

2. Lead shielding – 6”

3. Active veto (NaI) –
• 16 crystals
• 57% solid angle 

coverage
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Inside Radiation Mitigation

1. 6LiF behind Teflon:
• 30% doping Teflon sheets

2. 6Li around retracted dagger
• Possible veto detector

3. Use NaI array to characterize internal 
bkg

4. Phoswich detector:
• Eljen EJ-299 (2.3 ns) – inner box
• Eljen EJ-240 (285 ns) – outer box
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UCNProBe – Current Look

Assembly of the ss box Eljen EJ-299 box
(not deuterated)

NaI crystal
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Future

• Measure beta spectrum with 134Cs
• Assembly of the veto detectors
• Assembly the detector in experimental area
• Commissioning data run in 2025
• First data collection in 2026
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Backup
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Inside Radiation Mitigation
1. Phoswich detector:

Eljen EJ-299 (2.3ns) – inner box
Eljen EJ-240 (285 ns) – outer box
• Deuterated, but still 3% hydrogen
• Pulse shape discrimination:

DATA
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External Background Mitigation

❑ Combination of passive and active (veto) shielding around setup

▪ Borated polyethylene (bPE) reduces neutron activation of shielding/veto 
components

❑
28Al: t1/2 = 2.3 min, 1779 keV 𝛾

❑
24Na: 15 hr, 1369 + 2754 keV

❑
128I: 25 min, 744 keV

▪ Lead attenuates gammas from experimental hall

❑ 6 inches Pb + 1 inch stainless
▪ NaI/CsI/etc. coincidence veto detectors

❑ Ideally want 4𝜋 coverage

❑ Constrained by space, weight

❑ What about backgrounds coming from inside the enclosure?
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Internal Backgrounds: UCN Losses 

❑ UCN storage time is much shorter than neutron lifetime

❑ Upscattering ~30 s

▪
6Li (LiF) layer on inner surface of chamber: 
gamma-free absorption

▪ Captures on polystyrene detector are an inherent 
background

❑Two-layer plastic scintillator

❑ Gap leakage <100 s

▪ Capture on withdrawn borated detector or 
elsewhere

▪ Needs further study, design studies for dedicated 
veto monitor
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Energy 
[keV]

Number of PEs

EJ-299 EJ-240

0.087 0A 0.087B

5 4 4 3

10 9 8 7

15 14 13 10

20 19 17 14

25 25 21 18

50 52 43 39

75 80 65 60

100 109 87 81

125 137 109 102

150 166 131 123

200 224 175 166

kB [mm/MeV]

❑ Assume scintillation light output 
behaves according to Birks’ 
quenching model:

𝐿(𝐸) = 𝑆න

𝑑𝐸
𝑑𝑥

1 + 𝑘𝐵
𝑑𝐸
𝑑𝑥

𝑑𝑥

❑ Scintillation efficiency (S):
▪ 8,500 for EJ-299
▪ 6,300 for EJ-240

❑ Birks’ quenching constant (kB):
▪ We measured 0.087(3) for EJ-

299, which is on the low end 
of plastic scintillators

▪ Unmeasured for EJ-240
❑ Assume light collection efficiency 

is ~60% and PMT quantum 
efficiency is 21.4%

This is not the full story… 
Crosstalk and other issues can 

worsen light output

A: linear relation
B: our value for EJ-299

Assuming no dead layer energy losses
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What Energy Thresholds are Reasonable?

❑ In the two-layer setup, we want to push the 

minimum energies for distinguishing EJ-299/EJ-

240 signals as low as possible

❑ From dead layer analysis, if we assume a 

minimum of 8 PEs (across all four PMTs) to 

identify an event, then the energy threshold on 

EJ-299 is ~10 keV for electrons

❑ Threshold for EJ-240 is higher, since either scintillator 

could produce a handful of PEs within a certain time 

window

❑ Can probably push the minimum number of PEs 

required to pick out a signal lower

▪ Needs to be studied in prototype chamber

▪ Position dependence?

What could we expect a 
20 PE event from either 

layer to look like? 
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PS crosstalk

❑Absorption/emission spectra of EJ-299 

and EJ-240 have some overlap

❑Crosstalk results in:
▪ Less light observed

❑ ~4% less light seen for 241Am 𝛼 peak in the 
integrating sphere chamber

▪ Reduced PSD capability?

❑ Some fraction of light could arrive much later if re-
emitted

❑Need to study in full prototype chamber 

with mock PS cubes
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Captures Elsewhere around the Chamber

❑ If the LiF layer is underneath Teflon (for light 

collection reasons), then captures need to be 

considered

▪
19F (100% F): 𝜎𝑎𝑏𝑠 = 9.6 × 10−3 b

▪ Activation of PTFE: 

❑ Prompt 167→6600 keV gammas 

❑
20F: delayed β decay (𝑡1/2 = 11 s)

▪ 1634 keV 𝛾 + 5390 keV endpoint 𝑒−

▪ Prompt contribution:
𝑅𝐵𝐺 < 2 × 10−4

▪ Delayed contribution: 
𝑅𝐵𝐺 ≲ 1 × 10−4

❑ PMT glass may be coated in LiF to reduce 

activation of its components and veto array, 

shielding, mounts
▪ Need to study effect of LiF coating on light collection
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Captures on Withdrawn Borated Detector

❑ Upscattered neutrons have a small probability for absorbing 

in the thin deposited layers

▪ 𝑅~
880

30
× 𝑃𝛾 × 𝑃𝑎𝑏𝑠 × 𝑃𝑑𝑒𝑡~𝟏 × 𝟏𝟎−𝟒

❑ 𝑃𝛾: radiative de-excitation mode

▪ 𝑛 + 10𝐵→𝛼 + 7𝐿𝑖 + 𝛾

▪ 𝑃𝛾 = 0.94

❑ 𝑃𝑎𝑏𝑠: fraction of upscattered neutrons that capture on 
boron

▪ σabs v = 1400 m/s = 6 × 10−3 b

▪ 𝑃𝑎𝑏𝑠 = 0.0078 × 0.02 = 1.6 × 10−4

❑ 𝑃𝑑𝑒𝑡(𝐸𝑐𝑢𝑡 = 50 𝑘𝑒𝑉)~0.03

❑ Leaked UCN are significantly more 

problematic since σabs~2 × 106 b

▪ 𝑅~
880

100
× 0.94 × 𝑃𝑎𝑏𝑠 × 0.03

❑ Taking 𝑃𝑎𝑏𝑠 = 1 gives 𝑅~𝟐 × 𝟏𝟎−𝟏

▪ Design changes to reach 𝑅 ≲ 10−4 are currently 
being studied:

❑ Incorporate upscattering (TPX, PE) or 
non-radiative absorbing (LiF) materials 
into the dagger housing to reduce the 
probability for leaked UCN to capture 
on boron

❑ Add a dedicated veto monitor for the 
withdrawn detector to remove capture 
events

❑ 𝑃𝑎𝑏𝑠 ≤ 0.01 only requires 𝛿𝜖 ≤ 0.1 for 
the veto monitor
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Wall Losses and Hydrogen

❑ Thus far we have assumed that all wall losses are due to upscattering. But 

what happens if we instead assume that there is some probability for UCN to 

be directly lost to absorption at the surface (𝑃𝑐𝑎𝑝) rather than upscattered?

▪ Still assume surface losses are dominated by hydrogen (2.2 MeV)

▪ What is the ratio of 𝜎𝑢𝑝, 𝜎𝑎𝑏𝑠 at the surface?

❑ Modified background level given by:

𝑅𝐵𝐺
′ = 1 − 𝑃𝑐𝑎𝑝 𝑅𝐵𝐺 + 𝑃𝑐𝑎𝑝

𝜏𝛽

𝜏𝑢𝑝
𝑃𝑑𝑒𝑡

𝑹𝑩𝑮
𝒖𝒑

𝑹𝑩𝑮
𝒂𝒃𝒔
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Title

𝑹𝑩𝑮
𝒂𝒃𝒔 𝑷𝑺𝑫 [𝑷𝒄𝒂𝒑 = 𝟏 × 𝟏𝟎−𝟑]

Energy cut [keV]

25 50 75 100 125 150 200 None

5.2e-4 5.9e-4 6.4e-4 6.9e-4 7.3e-4 7.7e-4 8.2e-4 1.8e-3

𝑹𝑩𝑮
𝒂𝒃𝒔 𝑺𝑼𝑩 [𝑷𝒄𝒂𝒑 = 𝟏 × 𝟏𝟎−𝟑]

z
Energy cut [keV]

25 50 100 150 200 None

0 1.0e-4 1.7e-4 2.7e-4 3.5e-4 4.1e-4

1.8e-3

0.05 1.6e-4 2.3e-4 3.2e-4 4.0e-4 4.5e-4

0.1 2.2e-4 2.8e-4 3.7e-4 4.4e-4 4.9e-4

0.25 3.9e-4 4.5e-4 5.2e-4 5.8e-4 6.2e-4

0.5 6.8e-4 7.2e-4 7.7e-4 8.1e-4 8.4e-4
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Upscattered background

❑ The background to signal level 

(𝑅𝐵𝐺) can be crudely estimated 

by:

𝑅𝐵𝐺 ≈
𝜏𝛽

𝜏𝑢𝑝
× 𝑃𝑎𝑏𝑠 × 𝑃𝑑𝑒𝑡

▪ Ratio of neutron lifetime (𝜏𝛽) to loss 
time (𝜏𝑢𝑝)

▪ Probability for the upscattered neutron 
to capture (𝑃𝑎𝑏𝑠)

▪ Probability for emitted gamma(s) to 
scatter in PS and deposit energy such 
that the event cannot be identified as 
background (𝑃𝑑𝑒𝑡)

❑ Study with GEANT4

❑Problem: the capture probability goes as 

𝑣−1, so the upscattered neutron energy 

needs to be known

▪ Consider 𝑣 = 1400 m/s to place an upper 
bound on 𝑅𝐵𝐺

▪ Assuming fully moderated thermal neutrons 
would lower the capture probability by ~0.6

❑Want to be sure 𝑅𝐵𝐺 < 1 × 10−3 to avoid 

measuring background

▪ Larger is okay, but needs to be known to 
increasingly better precision, which can be 
challenging if it is much larger

▪ Consider changes to experiment design to keep 
𝑅𝐵𝐺 small
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Upscattered background
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Upscattered background
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Title
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Title


