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ARTICLE 

 
 

Recent developments in low-energy electron/photon 

transport for MCNP6 

H. Grady Hughes
*
 

 Los Alamos National Laboratory, Los Alamos, NM, 87545, USA 

 

Recently a variety of programmatic needs have driven the development of improved methods for low-energy 

photon/electron transport in the Monte Carlo particle transport code MCNP6. Aspects of this development 

include a significant reworking of the MCNP coding to allow for consideration of much more detail in atomic 

relaxation processes, new algorithms for reading and processing the Evaluated-Nuclear-Data-File photon, 

electron, and relaxation data capable of supporting such detailed models, and extension of the electron/photon 

transport energy range below the traditional 1-kilovolt limit in MCNP, with the goal of performing transport 

of electrons and photons down to energies in the few-electron-volt range.  

Keywords: photon/electron transport; Monte Carlo; MCNP; single-event electron transport; low-energy 
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1. Introduction
1
 

The Los Alamos Monte Carlo transport code MCNP6, 

now in its third beta release [1], is a major step forward 

for the MCNP family of codes. MCNP6 is the 

culmination of several years of work to combine all of 

the capabilities of MCNP5 [2] and MCNPX [3], to 

improve the resulting code system, and to include a 

number of new features as well. One of these new 

features is an extensive reworking of the coupled 

electron/photon transport capability. This work is based 

on the introduction of most of the 

electron/photon/relaxation data from the eighth release 

of the sixth version of the Evaluated Nuclear Data File 

[4] (ENDF/B VI.8) into MCNP6, and the development 

of transport methods to make use of these new data. In 

this paper we give an overview of this work, separating 

the discussion into the topics of photon enhancements, 

improvements in atomic relaxation, and a new 

single-event electron method. 

 

 

2. Photon enhancements 

The new data and methods for MCNP6 include 

extensions of photon cross sections to lower energies 

than previously available, addition of entirely new data 

specific to atomic subshells, and completion of the form 

factor data for coherent and incoherent scattering. In this 

section we briefly discuss these developments. 
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2.1. Extensions to low energies 

The ENDF/B VI.8 database includes for each element 

tabulations of total cross sections as functions of photon 

energy for the four fundamental photo-atomic transport 

processes that have traditionally been considered in 

MCNP: coherent and incoherent scattering, photoelectric 

absorption, and electron/positron pair production. For 

the last of these, pair production, the data are essentially 

unchanged from previous MCNP libraries. (A technical 

detail is that the ENDF data distinguish between pair 

and triplet production, but the ACE-format libraries used 

by the code combine both processes into simple pair 

production.) The other three processes also remain 

unchanged for the energy range above 1 keV. The 

important difference is that data for these three processes 

are now available to the code in the low-energy range 

from 1 keV down to 1 eV. This is a significant extension 

of the energy range over which useful calculations can 

be done. For example, for transport in oxygen using the 

new data one can see the effects on the total photon 

cross section of the four populated atomic subshells (K, 

L1, L2, and L3). With earlier data, the entire subshell 

structure was below the mandatory lower limit of 1 keV. 

 

2.2. Subshell-specific photoelectric data 

In addition to extending some pre-existing data to 

lower energies, the ENDF/B VI.8 database also includes 

several kinds of data that have not previously appeared 

in MCNP. The first such enhancement is the presence of 

subshell photoelectric cross sections. Previously only a 
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total photoelectric cross section (as a function of energy) 

was given for each element, to be used in the selection 

of a distance to collision and a sampling of the collision 

process. With the improved data, the sampling of a 

photoelectric event can be followed by the detailed and 

accurate sampling of an individual subshell. Since the 

database also provides the binding energies of all 

subshells that can be sampled for a given element, we 

immediately have the value of the binding energy      . 

The photoelectric event is terminal for the incident 

photon of energy  , so the energy of the secondary 

photoelectron is determined as        . 

The direction of the photoelectron must also be found, 

and here we encounter one of only two aspects of the 

transport on which the ENDF/B VI.8 database is silent. 

Neither a data table nor an analytic prescription is 

available to address the issue. Therefore in MCNP6 we 

employ an algorithm [5] relying on precomputed tables 

based on work by Fischer and by Sauter.  

 

2.3. Incoherent and coherent form factors 

For the angular distribution from incoherent photon 

scattering MCNP samples from a cross section 

                    ⁄       ⁄     ⁄        
where the expression to the right of        is 

proportional to the Klein-Nishina cross section with 

      ⁄ ,       , and        is a tabulated 

form factor. Similarly the coherent angular distribution 

is determined by                          with 

a form factor         multiplied by the well-known 

Thompson cross section. In either case the photon 

scattering angle is determined by sampling from the 

product of the two probability distributions. 

In earlier versions of the code and cross section 

libraries, both form factor functions were tabulated only 

over a limited set of values so that representation of the 

scattering over the full angular range was complete only 

for a rather modest range of photon energies. The 

ENDF/B VI.8 database extends both tabulations to 

values large enough to guarantee full angular coverage 

over the entire energy range of the new data, up to 100 

GeV. The particular modification to the ACE-format 

libraries supplying these data to MCNP6 follows earlier 

work [6] that was developed for several versions of 

MCNPX [3]. A further enhancement is the replacement 

of the previous linear interpolation of the form factors, 

no longer adequate for higher energies or larger 

scattering angles [7], by a correct logarithmic method. 

 

 

3. Enhancements in atomic relaxation 

A very significant addition to the photon/electron data 

in MCNP6 is a detailed compilation of information 

about atomic electron subshells. The data now include 

the identities of all subshells that can play any 

non-negligible role in the atomic relaxation process for 

energies down to the new 1-eV lower limit, their binding 

energies, ground-state electron populations, and number 

of possible relaxation transitions. In contrast to the 

previous model, which considered only relaxations to 

the K shell and to a weighted average of the L shells and 

allowed a maximum of five distinct transitions to these 

shells, the new data can consider as many as 29 

subshells and can include almost 3,000 distinct 

transitions among them. For each possible transition to 

fill a vacancy in a given subshell   , the identity of the 

subshell    to receive the new vacancy (for a radiative 

transition) or the identities of the two subshells    and 

   to receive vacancies (for a non-radiative transition) 

are given, along with the line energy      of the 

fluorescent photon (or Auger or Coster-Kronig electron) 

and the probability      of this transition. 

When a photoelectric event (or an electroionization 

event as discussed in subsection 4.3 below) results in a 

vacancy in subshell   , the code can now survey the set 

of probabilities {    } for transitions that can fill the    

vacancy, sampling a suitable instance (  ,   ,   ) with 

correct probability. An isotropically-directed photon (or 

electron) is then sampled, given the energy     , and 

banked for further transport. The vacancy in    is 

recorded as filled, and a vacancy appears in    (and in 

   for a non-radiative transition). Now, starting with   , 

the process is repeated until all subshells either are filled, 

or have no transitions provided in the database, or have 

all their transitions below the photon and electron energy 

cutoffs. This method, together with the enhanced 

database, provides a detailed simulation of the atomic 

relaxation cascade, and offers the possibility of complex 

spectroscopic simulations beyond the previous 

capabilities of MCNP. 

 

 

4. Electron enhancements 

The ENDF/B VI.8 database provides microscopic 

cross sections and secondary distributions appropriate to 

the four fundamental electro-atomic transport processes: 

atomic excitation, electron elastic scattering, subshell 

electro-ionization, and bremsstrahlung. In all cases, 

tabulations of cross sections are given for energies 

between 10 eV and 100 GeV, and appropriate forms of 

tabulated distribution functions for secondary particles 

or energy loss are also provided. We will discuss some 

details of the data and sampling procedures for each 

process in turn. The reader will infer that these new 

procedures describe a completely different approach 

from the condensed-history method that previously was 

the only available algorithm for electron transport in 

MCNP. In this new single-event method we dispense 

with the multiple-scattering theories, substep-based 

approximations, uncorrelated processes, and other 

aspects of the condensed-history approach, in favor of 

direct sampling of microscopic data distributions. 

At the present stage of development, single-event 

electron transport is not intended to replace the 

condensed-history method in any energy range in which 

the traditional approach can be used. However, 

condensed-history electron transport in MCNP fails in 

the energy range below 1 keV because of specific 
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limitations in the data and semi-analytic methods 

intended for higher energies. The single-event method 

now provides a successful and potentially more accurate 

approach to low-energy transport, and it is for this 

low-energy range that the new method was developed. 

Of course, the possibility of using single-event electron 

transport at higher energies is intriguing, but a large 

amount of validation and verification must be done 

before this application can be considered reliable. There 

are also significant performance issues to be explored, 

since the single-event method is inherently more 

computationally intensive than condensed history. These 

interesting questions are now beginning to be explored. 

 

4.1. Atomic excitation 

Atomic excitation is the simplest of the four electron 

interactions both to describe and to implement. For each 

element two tables are provided: a tabulation of        , 
the cross section for an excitation event, and         , 

a tabulation of average energy loss due to excitation as a 

function of electron energy. In the code, for an electron 

of energy  , the cross section is found by interpolation 

in        , a distance to collision is sampled and 

competes with distances to collision for the other 

processes. If excitation is selected, the energy loss is 

found by interpolation in          and deducted from 

the current energy of the electron, which then continues 

transport. This process involves no angular deflection of 

the electron and no production of secondary particles. 

 

4.2. Elastic scattering 

Electron elastic scattering is also a fairly simple 

process in that it involves no secondary particles and no 

energy loss by the electron. However the representation 

of the data for angular distributions and the sampling 

algorithms are somewhat more complex. The beginning 

of the process is similar to that of excitation. For an 

electron of energy  , the elastic cross section is found 

by interpolation in         , which is tabulated from 10 

eV to 100 GeV, and is used to sample a distance to 

collision, again competing with the other processes. 

When elastic scattering is selected, the code relies on a 

more elaborate collection of data. Rather than a single 

table for the results of the process, there are multiple 

tables (from 14 to 16 depending on the element) for 

selected electron energies. Each of these is a tabulation 

of angles, expressed as       , and corresponding 

probability densities      that can be converted into a 

form suitable for sampling. However the angular range 

for each table is not complete, but covers the angles 

from     –   to a final angle            , 

about 1.4 milliradian from the forward direction. The 

intention of the evaluators is that the tabulated 

probabilities should be used for angles away from the 

peak and an analytic function               ⁄  

for angles near the peak, where     𝑍  is proportional 

to a screening angle given by Seltzer [5] derived from 

the work of Molière [8], and 𝑨  is a normalization 

constant determined by the requirement that the table 

and function be continuous at     . This continuity 

condition is used to determine the probability that a 

given elastic event will scatter the electron into the peak 

or into the tabular angular region. First the definite 

integrals of the probability densities over their respective 

domains   𝑇𝑡   ∫    
𝜇𝑁

  
 𝑑  and 𝑇𝑓𝑢  ∫     𝑑 

 

𝜇𝑁
 

are found, with 𝑇𝑡   evaluated numerically and 𝑇𝑓𝑢  

analytically. Then for each energy associated with an 

angular table the probability that the angle should be 

sampled from      is  𝑓𝑢  𝑇𝑓𝑢 (𝑇𝑓𝑢  𝑇𝑡  )⁄ . 

These additional values are stored in the data for use 

during transport. 

When elastic scattering is to be sampled, the code first 

locates the electron energy   between adjacent energy 

points    and    for which there are angular tables. 

The probability that the angle should be sampled from 

     in the peak of the distribution is determined by 

comparing a random number to the linearly interpolated 

probability between  𝑓𝑢      and  𝑓𝑢     . If the 

peak is to be sampled, then   is sampled from      by 

the standard method of inverting the indefinite integral. 

If instead the off-peak tabular angular distribution is 

to be sampled, then a single random number is used to 

obtain a correlated pair of angular samples from the 

tables for    and    and the results are linearly 

interpolated to obtain the angular sample appropriate to 

the actual energy  . 

 

4.3. Electroionization 

Electroionization is mathematically simpler than 

elastic scattering, but features more levels of tabulation 

than that process. First there is a tabulated total 

ionization cross section         , which is used to 

sample a distance to collision and to select among the 

four collision processes. Then for each atomic subshell 

provided in the atomic relaxation portion of the ENDF 

data, there is a tabulated cross section          . When 

electroionization is selected, these partial cross sections 

are used to sample for the identity of the subshell that 

will be vacated by the ionization event. For each such 

candidate subshell, there are additional tables 

            As was the case for elastic scattering, there 

is one such tabulation for each of a number of energies 

spanning the range from 10 eV to 100 GeV. These tables, 

however, are representations of the probability 

distributions for the energy of the emitted secondary 

electron    from ionization (the “knock-on” electron). 

When the electroionization process is selected and the 

particular subshell is chosen, the code then locates the 

electron energy   between adjacent energy points    

and    for which there are            tables. 

Correlated sampled values of the energy of the knock-on 

electron are obtained, and their linearly interpolated 

value    is then determined. The energy of the incident 

electron is reduced by the value          which is 

the sum of the binding energy of the selected subshell 

and the kinetic energy given to the secondary electron. 
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With knowledge of the energies, the polar deflections of 

both particles from the incident direction can now be 

calculated by conservation of momentum without further 

sampling. (In a minor departure from the otherwise 

analog nature of the single-event process, the azimuthal 

angles are sampled independently, and do not lie in the 

same plane.) The knock-on electron is now banked for 

further transport, and the incident electron continues. 

In a distinct action, the identity of the vacated subshell 

may be sent to the new atomic relaxation routine to track 

the full relaxation cascade that results from this 

ionization event. 

 

4.4. Bremsstrahlung 

The description of the bremsstrahlung process again 

begins with a tabulated cross section,         , which 

is used to find a distance to collision and to select among 

the four collision processes. As in the elastic and 

electroionization cases, where a doubly-differential 

probability distribution must be represented, there is a 

collection of probability tables      (  ) giving the 

energy spectrum of bremsstrahlung photons at several 

electron energies. When bremsstrahlung is selected, the 

code again finds the electron energy   between 

adjacent energy points    and    for which there are 

     (  ) tables, obtains a correlated sample of the 

photon energy from each of the two tables, and 

determines    as the linearly interpolated result for the 

bremsstrahlung photon energy. The energy of the 

incident electron is then reduced by    and the electron 

continues transport. 

It is assumed that the electron’s direction is essentially 

unchanged by the bremsstrahlung event, but the 

direction of the photon must be determined. This is 

another issue for which the ENDF/B VI.8 database 

provides neither tabular probabilities nor an analytic 

prescription, leaving the matter up to the implementer of 

the transport code. For the single-event algorithm in 

MCNP6 we have developed an interim solution to this 

problem by using methods that were already in the code. 

If the electron’s energy is above the range of the 

condensed-history data (above 1 GeV) then a simple 

analytic probability distribution 

    𝑑                𝑑 ⁄  

is used, where    ⁄   and again       . This is 

an appropriate distribution for high energies, and is also 

used in MCNP for bremsstrahlung contributions to point 

detectors and DXTRAN spheres. 

If the electron’s energy is within the range of the 

condensed-history model (1 keV to 1 GeV), then we 

invoke the table-based sampling scheme that has 

traditionally been used for sampling the bremsstrahlung 

photon angular distribution. This implies that the 

condensed-history data for an electron transport 

calculation must be initialized, even if the entire 

calculation is to be run with the new single-event model. 

Finally, if the electron’s energy is below the range of 

the condensed-history model (below 1 keV), then the 

analytic distribution     𝑑  is again used. This is not 

really appropriate for low energies, and its presence in 

the current code is a temporary expedient. In the next 

version of the code this algorithm will be replaced by a 

more suitable model for low-energy radiation. 

 

 

5. Limitations of the method 

The electron/photon transport models described here 

suffer from some limitations that should be mentioned. 

For example, the dramatically increasing uncertainty of 

the cross sections at extremely low energies is 

well-known [9]. Beyond this, all cross sections currently 

used for photons and electrons apply to cold, neutral, 

atomic target materials, and therefore omit any 

consideration of molecular effects, target thermal effects, 

material structure in condensed (solid or liquid) states, 

etc. Again these considerations matter most at extremely 

low energies. Also some theoretical advancements have 

not yet been brought into the methods, including photon 

polarization, anomalous scattering functions, reflection 

and refraction for photons in or near the visible range, 

Cerenkov and synchrotron radiation, and ionization 

electrons from heavier charged particles (delta rays). 

 

 

6. Conclusion 

With ENDF/B VI.8 data and new methods, MCNP6 

has benefited from a significant advance in 

electron/photon transport capability. With these 

enhanced capabilities there is now a greatly expanded 

range of potential applications newly subject to Monte 

Carlo exploration with MCNP6. 
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