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The objective of this task is to calculate the best possible production rates for TCNs using computer codes that numerically simulate the production and transport of particles and using the latest measured or evaluated cross sections.

Codes are the Monte Carlo N Particle Extended  (MCNPX) [Reedy and Kim] and the LAHET Code System (LCS) [Masarik].  

Cross sections for proton reactions will usually be experimental ones.  A few neutron measurements are available or will be done, but most neutron cross sections will be adjusted to fit various benchmarks.

Six nuclides will be done, with 10Be and 26Al first, then 14C, 36Cl, 21Ne, and 3He.  

Targets and geological results will be modeled first.  Special cases and detailed maps will be done later.  

Computer Codes for Numerical Simulations

The MCNPX and LCS codes were extensively developed for nuclear physics applications.  

They have been well tested and used by us for extraterrestrial problems, especially lunar samples and meteorites.  

Results for terrestrial in situ (and atmospheric) terrestrial cosmogenic nuclides using LCS were reported by J. Masarik and R. C. Reedy, EPSL, 136, 381-395 (1995).  Masarik has done addition TCN calculations with Juerg Beer and others. 

The codes are not perfectly accurate, but they do represent fairly well the basic processes involved in the production of secondary particles and the transport of primary and secondary particles.  

Calculations for extraterrestrial CNs have been extensively used for many samples and problems. 

Their use for in situ TCNs has been limited and needs to be improved under CRONUS.

Inputs to the Codes

The geometry and composition of the targets and the shape of the incident galactic cosmic ray (GCR) particles needs to be specified.  

The Earth’s atmosphere is broken into many layers with heights and densities based on known scaling laws.  Actual heights are used to properly account for the decay of pions into muons.  The surface composition will vary as needed, but layers must go sufficiently deep to account for particles coming from such deep layers to near-surface layers. 

The spectrum of the incident cosmic rays needs to be specified.  As alpha particles and heavier cosmic-ray particles are not handled well in the codes, an effective proton flux is calculated to account for other incident cosmic-ray particles.  The shape of the spectrum varies over the ~11 year solar cycle.  For most problems, an average GCR spectrum is used. 

Details on the physics to be used are also given.  

The desired talleys must be specified.  

Output of the Numerical Simulation Codes

The tallied output is the fluxes of protons and neutrons as a function of energy in the layers of interest.  

The specified energy bins are finer at the lowest energies, where cross sections can change fast, and larger at higher energies.  

We have yet to test the codes for muons, but we can also get and test their calculated fluxes, if really desired.  We plan very little work on muons.  

Production by other strongly-interacting particles (e.g., pions and alpha particles) is probably not important and is ignored.  In any case, cross sections for reactions by such particles are generally unknown and hard to estimate well.  Such work is out of the scope of our modest effort.  

Cross Sections

Cross sections for reactions of interest are not taken from the codes (because they are often very bad) but compiled and evaluated by us.

The cross sections for protons and neutrons are combined with the calculated particle fluxes and the desired target composition to get the theoretical production rates.  

Proton cross sections have generally been measured.  Few neutron cross sections have been measured, so most are based on proton data and modified to fit various benchmarks.  Such adjustments also help to correct for errors in the calculated particle fluxes.  

Much of the early work will be in refining these neutron cross sections using existing extraterrestrial measurements and good terrestrial test cases.  Terrestrial cases are important as the spectrum of neutrons at the Earth’s surface is softer (relatively more low energy particles) than ET cases.  

Participating People

Most of the work will be by Robert Reedy, Kyeong Kim, and Jozef Masarik.  They will run the codes, test and evaluate cross sections, and produced the desired production rates for cases of interest to the CRONUS team. 

We will closely interact with those doing laboratory-determined cross sections (Caffee, Sisterson, Nishiizumi, and Jull) to get measurements for the most important reactions and energies.  

Any input on geomagnetic effects, past and present, would be very useful, especially for targets and geological samples.  

Any input on the fluxes of modern cosmic rays and any variations in the past would also be useful.  

Input on the desired production rates is needed, such as target and country-rock compositions, elevation, geomagnetic location, and special cases (such as boulders above the surface).  

Deliverables
The final products will be profiles as a function of depth of calculated production rates for the desired geometries, elevation, depths below the surface, locations, and for any special cases or times in the past.  

The first nuclides to be done will be 10Be and 26Al in years 1-2.  Later, 14C, 36Cl, 21Ne, and 3He will be done (years 2, 3, or maybe 4).  (Any preferences on the order of the nuclides?)

Good natural and artificial benchmarks will be modeled first to help those doing such measurements and to test and improve our calculations. 

Calculations will be updated as new data become available (e.g., cross sections) or when tests show the need to modify what was previously done.

New cases will be run as needed by the whole CRONUS team or by focus areas.

Questions and Uncertainties

How accurate can we get?  Extraterrestrial production rates probably have uncertainties of ~10%.  The few terrestrial cases were about as good.  Can our work improve things, or is the physics only that good.  Are there cases with larger uncertainties?

What about muons?  We will not have resources for much muon work.  Do we need calculations for muon-induced production?  Muons can be important in many cases, e.g., at depth or for high erosion rates!  Should muons be considered

What about cosmic-ray anisotropy?  We assume the incident cosmic rays are isotopic, but those near the cut-off rigidities often hit the Earth in specific directions.  However, we do not nor will have resources to properly transport GCRs to the top of the Earth’s atmosphere.  (Probably not very critical.)

Very reduced levels of effort.  Much is asked with very minimal funding.  It will be hard to handle unexpected uncertainties and problems?  We will mainly use existing codes and procedures or any new methods developed under NASA funding.

Post-Meeting Addendum

These topics came up at the CRONUS meeting in Denver (11/11-12/04) for uses of our calculations:

The ability to use of the codes to study unusual geometries, such as boulders, and to examine details in the profile very near the surface.  (The production profile probably is flat for a few cm at the very surface.)

The use of the codes to do scoping calculations of what might or might not be a serious effect in TCN production rates before doing experiments.  

The use of the codes to study the effects of the composition of the country rocks on production rates of inclusions, such as water or H, or of quartz in rocks with mainly light elements to quartz in rock with high Ti or Fe contents.  (In meteorites and the Moon, fluxes of fast neutron vary by ~30% [Moon] or more [iron vs. stony meteorites] from material with low average atomic masses [Ca,Al silicates] to high average masses [much Fe and Ti]).  
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