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Beryllium 

- is extensively used as a material of neutrino targets parts, for example ïbeam window
- is a promising candidate for future high -power neutrino sources

Application

Operating conditions

Proton beam 

parametersAvg. T 

(ÁC)

Peak T

(ÁC)
Total DPA

Gas production

(appm/DPA)

He H

Beam window 

(vacuum to 

air)

200 300 ~ 0.23/yr >1000 >2500
700 kW; 120 GeV;

~1 Hz; ůrms = 1.3 mm

Target 375 450 ~ 0.23/yr >1000 >2500
700 kW; 120 GeV;

~1 Hz; ůrms = 1.3 mm

For example, the expected working  conditions  for some parts of the 
Long-Baseline Neutrino Facility (LBNF) 

Environment: elevated temperature + radiation + pulsing loads

Compressive fracture or yield strength as a function of fluence (E > 

1 MeV) for beryllium specimens irradiated at 75-125ÁC.
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Examples form n-irradiation
- reduction induced embrittlement
- irradiation induced hardening

What can we expect?



o Investigation of the as-received Be

o Investigation of the proton Be window (NuMI)

o Ion irradiation experiments 

Experimental investigation



Outline

ÅMaterial of the investigation

ÅMicrostructure and properties of as-received beryllium 

ÅNuMI beam window materials tests and future plans

ÅConclusions



Max impurities,

appm

Al 170

C 450

Fe 130

Mg 810

O 2900

Si 130

N 195

Be balance

PF-60 S-200-F

Max impurities,

appm

Al 335

C 1130

Fe 210

Mg 130

O 5445

Si 195

Be balance

S-65

Method of manufacture: vacuum hot pressing

Max impurities,

appm

Al 170

C 680

Fe 130

Mg 15

O 3260

Si 145

Be balance

Beryllium is of industrial purity

Materials



PF-60, as-received
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PF-60, as-received, grain size distribution

Average diameter:
фΦм ҡƳ

Number of grains1317

Microstructure and properties of as-received beryllium 

EBSD map



Oxygen

Aluminium Silicon Iron
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SEM
PF-60/VHP

Microstructure and properties of as-received beryllium 



preparation of  samples

FIB lift out

FIB lift-out

Åsuperpose the microstructural data 

with the dpa, appm and hardness data

Åminimize the activity of samples

Åminimize the toxicity of samples  TEM sample

Culham Materials 

Research Facility

APT sample



Pre- and post-irradiation experiments

PF-60

STEM

Preliminary: Fe and Si segregates to 
beryllium oxides



Nanoindentation

By knowing the contact area between sample and 
indenter hardness and modulus from unload can be 
calculated

140 Õm

Nanoindentation



Extremely wide scattering

Nanoindentation



Be lattice is hcp
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EBSD map

PF60 as-received



¢ƘŜ ǎŎŀǘǘŜǊƛƴƎ ƳŀƪŜǎ ǎŜƴǎŜΧ ōǳǘ ǘƘŜ 
anisotropy is impressive

EBSD mapNanoindentation



300 kW NuMI beam window 
(MARS calculations of Brian Hartsell, Fermilab)

Å120GeV proton beam

Åabout 3Ĭ1013 protons per pulse, 0.5 Hz

Å1.57Ĭ1021 protons during its lifetime 

Å1.1mm beam sigmas, X and Y

ÅT å 50ÜC

Brian Hartsell, Fermilab
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NuMI beam window experiments



The sample. The side view

NuMI beam window experiments

Radiation embrittlement?


