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Prompt gamma radiation accompanies neutron 
transport in the guides

A substantial fraction of neutrons is lost at reflection during transport in the  guides.
• This gives a significant contribution to the overal level of ionizing radiation
• Up to 20% neutron capture per unreflected in high-m supermirror guide coating*)

• For a typical Ni+Ti coating composition : ~0.9 photons/capture with 𝐸𝛾 > 5MeV
• Dominant outside line of sight/far from neutron source

• Difficult to evaluate within transport Monte-Carlo codes (for ex. MCNP, PHITS):
• Deficiencies in implementation of supermirror physics 
• Amiguity as multilayer structure is not accounted (see later in this talk)

• Definitions of precise geomentry for the neutron optics are quite compex 
• Large execution times

• Implementing the underlying physics of specular reflections off the supermirrors in raytracing 
Monte-Carlo packages would be a solution
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*) C.Schanzer, M. Schneider, P.Böni, ECNS2015 



Reflection from a supermirror

What can happen to a neutron in a Ni/Ti multilayer supermirror besides a specular 
reflection (R): 

1. Capture (1/v law: 
ଵ

௩
)

2. Diffuse scattering in the layer bulk (isotropic, ௗ  )
• Penetrates substrate at large angle, minor capture in metal substrates

3. Transmission
• Penetrates substrate at low angle, hence higher probability of capture in either 

metal or sodium float substrates. 
4. Diffuse scattering on the interface roughness
5. Increase of the beam divergence due to waviness reflectivity loss below 

12

3

4

R

4



From a rigorous calculation:
3 distinct regimes, path length scaling
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1. Little absorption per incident neutron for q<qc
Ni .

2. Approximately linear growth for 1 < q < m qc
Ni

1. Step in Ni absorption determined by a thickness of the outermost Ni layer 
3. 1/q scaling above the coating cutoff (transmission for q > m qc

Ni, path length is 
inverse proportional to the glancing angle)

RK, P. Böni, C.Schanzer, NIM A 922(2019) 98—107.
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*) Calculation performed for 
zero interfacial roughness



Absorption probabilities, 
6

PHITS SM behind NiTi
layer

PHITS SM in front of 
NiTi layer

Capture  probability per incident neutron is a universal 
function of  𝝁 ≡ 𝒒/𝒒𝒄, wavelength independent

• 𝟏 < 𝝁 < 𝒎:

• 𝝁 > 𝒎:

𝒒 – momentum transfer at reflection. 𝒎 – supermirror 
coating cutoff; 𝒒𝒄 = 𝟎. 𝟎𝟐𝟐 Åି𝟏 

• Interpretation: scales as path in the coating

• PHITS calculations of the corresponding quantities are 
ambiguous for 𝑞 < 𝑚 ⋅ 𝑞

୧

RK, P. Böni, C.Schanzer, NIM A 922 (2019) 98—107.



Waviness, effects on shielding. 7

Physics:
• Waviness results in higher glancing angle on the 

average thus a certain fraction of neutrons hits coating 
above the cutoff and is not transported further *)

• 0.5÷1% loss/incident is compatible with waviness 
reported by manufacturers.

Implementation:
• Treat non-reflected neutrons with q<q_c as 

transmitted at either first reflection minimum (single 
layer m=1) or reflection threshold (multilayer) 

• A conservative estimate of capture per non-reflected
for m=1 single layer (compatible with capture per non-
reflected at the point of substantial drop of R):

𝐾୫୧୬
ே - momentum of a neutron (┴ component) hitting 

coating at reflection minimum while in the Ni layer; 𝑑–
layer thickness.
• Typical m=1 coating: ≤1500Å Ni above thin Ti layer
• ~3% of non-reflected neutrons captured by Ni




 ௗ
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*) Credits for explanation of the fact  to the author go to 
Mads Bertelsen and Marton Marko.



McStas implementation
Modification of Scatter_Logger and  various «Calculator» components



Starting point: Scatter_Logger bundle
• The Scatter_Logger component records neutron states (weight, 

momentum, coordinate, spin) after each reflection in the specified 
components of the instrument 

• The Scatter_Log_Iterator iterates through the saved states and 
propagates pseudo-neutrons with non-reflected weight at pre-collision 
coordinate and momentum.
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To do (actually has been done):
• Absorption is m-dependent. Implement recording m-value of the coating 

at reflection point.
• Modify Scatter_Log_Iterator to propagate pseudo-neutrons with weights 

corresponding to absorption in guide coating materials (3 different 
iterators to record capture in Ni, Ti and overall loss).

• Write a simple code to evaluate dose rate along the guide.



Benchmarking: PSI FOCUS (m=2)

10

• Communicated by Uwe Filges:
• With 120 mm steel ~5 uSv/hr at the surface, 
• Extra 50 cm concrete reduce to <1uSv/hr in the pathways.
• Streaming of thermal neutron inside the steel shielding is present 
• Could result in high-E photon emission upon capture in steel



Benchmarking: PSI FOCUS (m=2)
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Usage example 
(defocusing section of the ESS BIFROST instrument)

Modifying instrument file and  adding «Calculator» components



Logging 
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• Surround a part of the instrument of 
interest with LoggerStart and Stop.
• Specify a name of the logger stop (needed to 

have a possibility for more than one logger in 
a file)



Iterating
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• Iterators to process saved states
• Monitor_nD within iterator start and stop 

to record coordinate along the guide
• Can record other quantities as well, e.g. 

divergence of neutrons absorbed in particular 
coating materials.
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Iterating
• Same buffer of the saved states has to be 

processed for 3 times for Ni capture, Ti
capture and total loss.

• In the last of the 3 iterators the variable last
has to be set to last=1 to clear memory 
used for the saved states.



Calculating
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• Shielding_calculator component outputs 
shielding thickness for given dose outside 

• Dose_calculator outputs dose rate outside 
shielding of fixed thickness

• Input used: text files generated by 
Monitor_nD components recording 
capture along the guide
• File names need to be specified as arguments
• Can arrange a separate “instrument” for 

shielding calculation which reads previously 
calculated capture and loss rates. 

• Components implement 
• Analytical formula for dose rate attenuation
• table values for the capture spectra in Ni, Ti

and borosilicate (19 E groups)
• Linear attenuation and buildup factors of 

typical shielding materials
• Flux to dose factors



FLUKA simulation of  ESS BIFROST guide and beam shutter
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Lateral shielding is composed of 10 cm steel followed by 40 cm concrete. 
Two custom FLUKA source routines:
 Output of  Shielding iterators 
 McStas generated mcpl file for neutrons hitting the shutter
In a particular case of BIFROST, streaming of fast neutrons from the source is 
a minor source of radiation. Otherwise – need the third source routine.



Final remarks
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Peter B ni, Marton Marko, Erik Knudsen, Uwe Filges, Mads Bertelsen, Kim 
Lefmann, members of BIFROST and HEIMDAL teams.

Thanks to:

• The Shielding Suite provides reliable estimates of dose rates along the 
neutron guides.

• Very fast: analytic evaluation takes several minutes on a laptop 
(including running instrument file in McStas). 

• Currently available from author on request.
• If interested, please stop by the poster at the first poster session at 

ECNS.
• The content of the talk will hopefully be published as a paper in the 

proceedings of the ECNS. Otherwise see ESS report number 0511500. 
https://indico.esss.lu.se/event/1183/attachments/8589/12941/ESS-0511500_-
_Prompt_gamma_shielding_for_the_neutron_guides_at_the_ESS.pdf



Backup files
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Implementation details:
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• Customize McStas components to set variable for m-value at reflection point:
• Guide_custom, Guide_curved_custom (to replace Bender in shielding calculations, has 

same syntax), Elliptic_guide_gravity_custom, Guide_chanelled_custom

• Make McStas Scatter Logger by E. Knudsen et al record m-value at reflection 
Shielding_logger component
• Possible to have several independent loggers along the instrument.
• Minor bug correction to handle some rare cases (e.g. neutron went through with no reflections)

• Implement coating capture probability in Scatter Log Iterator:
• Shielding_log_iteratorNi,  Shielding_log_iteratorTi,  Shielding_log_iterator_total iterate 

though the unreflected states returning corresponding weights for capture
• Processing neutrons entering iterators allows a straightforward construction of source 

terms for Monte-Carlo transport codes.

• Table values for the capture spectra in Ni, Ti and borosilicate, attenuation and buildup 
factors of typical shielding materials are implemented in Shielding_calculator component 
(calculates shielding thickness for given dose outside) and Dose_calculator (dose rate 
outside shielding of fixed thickness)
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• Neutrons captured in the guide walls give 
extended source of radiation: (McStas)

• Photon spectrum: 19 groups from IAEA data
• Contribution of direct photons decreases 

exponentially with shielding thickness ିஜ(ா)ௗ(௭)

(NIST data for μ)
• Contribution of scattered photons and secondaries

– “dose buildup” : ୢ୭ୱୣ (Mashkovich)
• Biological effect varies with γ energy. Flux to dose 

rate conversion: (ESS-19931)

Dose rate from gamma

ୢ୭ୱୣ ଶ ଶ
ିஜ(ா)ௗ(௭)
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