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Presenter Notes
Presentation Notes
Good afternoon. I am Kyle Copeland of the Medical Research Team in the Aerospace Medical Research Division at the FAA Civil Aerospace Medical Institute. Today I am going to tell you about CARI-7, software developed at CAMI to calculate dose rates and flight doses to aircraft occupants from cosmic radiation.
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Presenter Notes
Presentation Notes
There are several sources of ionizing radiation present in aviation. The graphic shows the most common sources: solar and galactic cosmic radiation; lightning and terrestrial gamma-ray flashes in the vicinity of thunderstorms; and radioactive cargoes. Of these sources galactic cosmic radiation is the most consistent source of exposure. Others are minor contributors to the total except in rare circumstances. 
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Highest average annual effective doses among 
monitored workers worldwide (1990-1994) 

[UNSCEAR, 2000].
                            Annual Effective Dose from Natural Sources/mSv

              Non-flyer                          Airline Pilot*
                         -------------------------   -------------------------------------                  
                                                              Los 
                         Non-     Non-         Angeles-   Chicago-   Seattle-
                         Flying   Flying       Tokyo       London     Portland
                         United   Resident   (36            (48             (634 
                         States of EPA      Round       Round       Round
Radiation                                                                                        Resident Region 8   Trips)    Trips)        Trips)
------------------------------------------------------------------------------------------------------------------------------------------------
Cosmic, airborne                 ----     ----        2.81          4.52           0.22 
Cosmic, ground level                                                                        0.38 0.73        0.34          0.35          0.36 
Terrestrial gamma                                                                              0.24             0.63        0.23         0.23           0.23
Radon decay products                                                                        1.31           2.55        1.12         1.13          1.23 
Radionuclides in body tissues                                                            0.40            0.40        0.40    0.40           0.40 
------------------------------------------------------------------------------------------------------------------------------------------------
Total                                                                                                    2.33            4.31   4.90         6.63           2.44
-------------------------------------------------------------
*Assumes 760 block hours 

AIRCREW 
DOSES

Presenter Notes
Presentation Notes
What is the motivation for monitoring doses in aircrews? They are one the most occupationally exposed employee groups, receiving about 3 mSv per year on average. Their average occupation exposure is similar to many groups associated with the nuclear power and mining industries [UNSCEAR 2000]. As seen in the table on the lower left, doses in the U.S. vary depending on flying habits. Through occupational exposure flyers can more than double the average doses from natural sources to non-flyers [Friedberg et al., 2005]. 
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Stochastic and Deterministic Health Effects

          Increased lifetime risk*  
Stochastic Effect  Whole population                       Age group 18-64 years 
Genetic effects in first two 
successive generations 
(children and grandchildren), 
irradiation before conception. 0.4 in 100,000 per mSv           2.4 in 1,000,000 per mSv

Cancer (non-fatal or fatal) 34 in 100,000 per mSv 23 in 100,000 per mSv

Cancer (fatal only)       8.0 in 100,000 per mSv 6.3 in 100,000 per mSv
*Risks assumes exposure to high-LET radiation (i.e., no DDREF)  (ICRP, 2007)

Deterministic Effect                     Threshold Dose 
None Significant                  <0.1 Gy
Risks to conceptus (mental retardation, malformation, etc.)      0.1-0.5 Gy
Transient mild nausea and headache in adults                0.35 Gy

Presenter Notes
Presentation Notes
Effects from exposure to ionizing radiation are categorized as stochastic and deterministic effects. Stochastic effects are believed to be the result of cellular mis-repairs that do not lead to cell deaths. Thus, they are expected to be possible at any dose, but more common with larger doses. Deterministic effects are caused by the number of cell deaths and the resulting organ damage. The effects are more severe with increasing dose. Occupational exposures from a few to several mSv per year from natural sources are reasonable expectations in careers on modern airliners. As you can see from the threshold doses, this is well below the dose levels that can cause deterministic effects. It is the stochastic effects that are of concern. Though the odds are low, cancer induction is the most likely effect. I should also point out that these risk estimates are for large populations, not individuals. There is too much variation in sensitivity and too little knowledge of cancer induction pathways to accurately estimate risk for an individual.   



Federal Aviation
Administration 4

Galactic Cosmic Radiation:
What is it?

(Source: Nakamura et al., 2010)

Source: NASA

Presenter Notes
Presentation Notes
Earth is continuously irradiated from all directions by high-energy charged particles of GCR. GCR particles lose kinetic energy principally by ejecting orbital electrons from the atoms with which they interact. The particle intensity in free space varies from 1.5 particles·cm-2·s-1 near sunspot maximum to about 4 particles·cm-2·s-1 near sunspot minimum. All the natural elements in the periodic table are present in GCR, but only elements up to iron play a significant role in dosimetry. Elements heavier than iron are too rare to play a significant role.
GCR is mostly hydrogen nuclei (protons) with some helium nuclei and heavier elements [NCRP, 2000]. Iron-56 is an important HZE (high atomic number(Z) and high energy (E)) particle because of its significant contribution to the GCR dose. HZE particles are a concern for a space travelers but do not penetrate to current commercial flight altitudes. They are broken apart higher up in the atmosphere into their constituent nucleons.
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3. Earth’s magnetosphere 

Galactic Cosmic Radiation:
How does it get here?

1. The heliosphere

2. Solar wind
D. Smart and M. Shea

Presenter Notes
Presentation Notes
Pictured here are the bow shock of a star in a nebula, equivalent to the heliopause, along with a cartoon representation of the solar wind magnetic field lines, and track of particles approaching the Earth through its magnetic field with different rigidities.
The number of GCR particles that reach the Earth’s magnetosphere varies inversely with the rise and decline in solar activity. GCR must pass through the shock front at the edge of the heliosphere then fight the outward streaming solar wind to reach Earth in the inner solar system. Cyclical changes in GCR intensity are brought about by magnetic fields carried by the solar wind (low-energy subatomic particles continuously being emitted from the Sun). Irregularities in these magnetic fields scatter low-energy GCR particles that might otherwise enter the Earth’s magnetosphere. Charged GCR particles spiral around the solar wind magnetic field lines. When the change is too abrupt, a particle will reverse course or jump to another line. There is no change in energy, but a change in direction relative to solar wind. The net result is that the most affected ions, which are those of the lowest energy, are most likely to be deflected away from the inner solar system.  
To reach Earth’s atmosphere charged particles must first successfully pass through the magnetosphere. Access to the atmosphere from the magnetosphere is thus based on particle rigidity.  Particles of the same rigidity follow the same path through the geomagnetic field.
The graphic to the right shows particle tracks for particles of the different rigidities calculated using reverse trajectories by Smart and Shea [2001] 
The trajectories labeled 1, 2, and 3 show increasing geomagnetic bending before escaping into space as the particle rigidity is decreased. The trajectory labeled 4 develops intermediate loops before escaping. Trajectory 5 develops complex loops near the Earth before it escapes. With further reduction in rigidity, there are a series of trajectories that intersect the Earth (i.e. re-entrant trajectories). Finally, the still lower rigidity trajectory labeled 15 escapes after a series of complex loops near the Earth. [Smart and Shea, 2001].
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Earth’s Atmosphere
Earth’s atmosphere 
is the final natural 
shield from cosmic 
radiation 

It is very effective, 
equivalent to about 
10 meters of water.

For CARI-7 the 1976 US Standard Atmosphere was used to 
create an input deck for MCNPX representing a set of 100 
spherically concentric shells, each 1 km thick [Copeland et al, 2008]. 
The properties of the atmospheric model are:
    Maximum altitude above sea level 100 km
    Area of its uppermost surface                   5.262 x 1018 cm2

    Total atmospheric depth  1035.08 g/cm2  

Presenter Notes
Presentation Notes
Earth’s atmosphere is the final natural shield from cosmic radiation and it is very effective, equivalent to about 10 meters of water.

For CARI-7 the 1976 US Standard Atmosphere was used to create an input deck for MCNPX representing a set of 100 spherically concentric shells, each 1 km thick [Copeland et al, 2008]. The density and composition of each shell is that at the altitude of the middle of the shell, based on the reference data.

The properties of the atmospheric model are:
Maximum altitude above sea level 	100 km
Area of its uppermost surface 	5.262 x 1018 cm2
Total atmospheric depth 		1035.08 g/cm2  

Beneath the inner-most shell, the Earth is modeled as a sphere of liquid water of radius 6371 km and density 1 g/cm3. 

Particles originate from the uppermost shell.

Empty space surrounds the uppermost atmospheric shell. Particles that leave the uppermost shell moving away from Earth escape.
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Calculating a Flight Dose
INPUTS 
1.   The GCR spectrum incident on the heliosphere.

2.   The solar modulation during the flight, including Forbush effects. 

3.   The geomagnetic modulation along the flight route, including storm effects. 

4.   The mass shielding distribution throughout Earth’s atmosphere. 

5.   Aircraft route information, including date and time of departure, altitudes, etc.

USED TO
1. Calculate the location and altitude of the aircraft along its route. 

2. Calculate secondary GCR particles fluxes at aircraft locations

3. Convert secondary GCR particle fluxes to dose rates.

4. Numerical integration of en-route dose rates.

Presenter Notes
Presentation Notes
Calculation of the dose rate at any point in the atmosphere requires several inputs:
1.   The GCR spectrum incident on the heliosphere.
2.   The solar modulation during the flight, including Forbush effects. 
3.   The geomagnetic modulation along the flight route, including storm effects. 
4    The mass shielding distribution throughout Earth’s atmosphere. 
5.   Aircraft route information, including date and time of departure, altitudes, etc.

These are all used to: 
Calculate the location and altitude of the aircraft along its route. 
Calculate secondary GCR particles fluxes at aircraft locations
Convert secondary GCR particle fluxes to dose rates.
Numerical integration of en-route dose rates.

In CARI-7 and-7A these steps are divided between MCNPX pre-calculation of showers and the various GCR, solar, geomagnetic, and atmospheric modulation models in CARI.
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• The first CARI program was released 
in the early 1990s. Based on LUIN 
transport code. 

• First called CARRIER, then 
shortened to CARI.

• Each series of PC computer programs 
has a base version and some variants, 
e.g., for NIOSH.

• Used by pilots and airlines worldwide 
to monitor career radiation doses.

• Used by epidemiologists to estimate 
past exposures for radiation effects 
studies.

 

What is CARI?

Presenter Notes
Presentation Notes
The first CARI program for PC was released in the early 1990s. It used the Department of Energy’s LUIN cosmic radiation transport code as the basic physics model. The first release was called CARRIER, then the name was shortened to CARI, the old acronym for CAMI. Each series of PC computer programs has a base version and some variants (e.g., for CARI-3N for an institute in Norway, CARI-6M for the military, and CARI-6P for NIOSH). CARI-7A is the “Academic version.” CARI has been used by pilots and airlines worldwide to monitor career radiation doses and by epidemiologists to estimate past exposures for radiation effects studies.
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Galactic Cosmic Radiation: 

 CARI-7 with Galactic Cosmic Radiation Spectrum 
            

Solar Cosmic Radiation: 
 
 CARI-7A with Solar Cosmic Radiation Spectrum 

Radiobiology Services | Federal Aviation Administration

FAA In-flight Cosmic Radiation Exposure Tools

Presenter Notes
Presentation Notes
The FAA has been aware of the potential issues that cosmic radiation could cause and has supported research in this area since the 1960’s. CARI-7 is the most recent in a line of software tools used and distributed by FAA to the public. It is used for research and crewmember dose monitoring in countries worldwide. There are 2 versions of CARI-7 available from the FAA’s Radiobiology Website (Radiobiology Services | Federal Aviation Administration), CARI-7 and CARI-7A. CARI-7 mimics CARI-6 and is intended to replace it in the crewmember dose monitoring role with minimal disruption, while CARI-7A includes added options useful for researchers (e.g., multiple cosmic radiation spectrum input options).   

https://www.faa.gov/data_research/research/med_humanfacs/aeromedical/radiobiology
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1. An eruption on the Sun raises radiation levels in Earth’s vicinity.

CARI-7 Design

Up through CARI-6, 
altitude was limited 
to 60,000-87,000 
feet. Uses LUIN 
[O’Brien 1978]. 

CARI-7 uses 
MCNPX2.7.0
(=MCNP6v1.0) and
is an extension to 
GCR of the SPE 
dose calculation 
concepts used in the 
Solar Radiation Alert 
System [Copeland, 
2014].

Presenter Notes
Presentation Notes
Up through CARI-6, CARI was based on LUIN and altitude was limited to 60,000-87,000 feet. [O’Brien 1978]. This is because of the limitations of a mathematic approximation used in LUIN to simplify the calculations. Also, LUIN is not easily adapted to use for solar particle events. CARI-7 is based on MCNPX ver. 2.7.0 (equivalent to MCNP6 ver. 1.0.) and is an extension to GCR of the SPE dose calculation concepts used in the Solar Radiation Alert System.[Copeland et al, 2014].
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The Superposition Approximation

Advantage: Eliminates the need for heavy ion transport in the atmosphere.
Cost: Inaccurate dosimetry where HZE flux is important.
In CARI-7A using the superposition approximation remains optional (it is no 
longer allowed in CARI-7).

Presenter Notes
Presentation Notes
An important radiation transport difference between CARI-6 and CARI-7 is the superposition approximation. CARI-6 and earlier versions use it, CARI-7 does not. In the superposition approximation each GCR primary ion is divided into individual protons and neutrons at the top of the atmosphere. This makes nuclear interaction calculation much simpler, since nucleus-nucleus interactions are avoided. Starting energy per nucleon is conserved, but the radiation is overly penetrating because ionization is reduced in the upper atmosphere--free neutrons and protons are more penetrating than those bound in nuclei. The overall effect on dose is to reduce it at high altitude and increase it at low altitude. 

MCNPX enabled avoiding this approximation, increasing accuracy at altitudes where the effects are most noticeable, typically above 60,000 feet. Below 60,000 feet, there was only about a 10% difference.  

In CARI-7A using the superposition approximation remains optional (it is no longer allowed in CARI-7).
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MCNPX 2.7.0
(Monte Carlo N-Particle eXtended)

Where does it come from?
Los Alamos National Laboratory

Why use it for cosmic ray research?
It can transport all atomic species and dozens of subatomic 
particles and antiparticles at up to TeV (1012eV ) energies.

What is it?
A general-purpose radiation transport code that uses Monte 
Carlo techniques. 
Last Stable version of MCNPX. 
Same physics as MCNP6v1.0.

Presenter Notes
Presentation Notes
MCNPX (Monte Carlo N-Particle eXtended) is a general-purpose radiation transport code that uses Monte Carlo techniques. The version of MCNPX used for CARI-7 is MCNPX 2.7.0, the last stable release of MCNPX before it was merged back into MCNP by the development group at Los Alamos. The physics models are the same as those in MCNP6 ver. 1.0. It is capable of transporting all atomic species and dozens of subatomic particles and antiparticles at up to TeV energies. 
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Particle Transport
MCNPX 2.7.0 was used to simulate cosmic ray showers for 
neutrons and primary GCR ions H-Fe.

All modellable secondaries were transported, including particles 
that do not contribute significantly to dose (e.g., neutrinos).

Flux tallies were made throughout the atmosphere approximately 
every 3 km through 33 km, then more sparsely up to 100 km.

Tallies included n, e, gamma, pi, mu, p, d(2H+), t(3H+), alpha, 3He,
and fully ionized Li-Fe. 

Tally spectral energy range was 1MeV-1TeV for all particles, with 
additional lower-energy tallies for neutron and gamma spectra. 

Presenter Notes
Presentation Notes
In CARI, MCNPX was used to simulate cosmic ray showers for neutrons and primary GCR ions H-Fe.

All the modellable secondary particles were allowed in the showers, including those that do not contribute significantly to dose but are important for shower evolution such as neutrinos and kaons. 

Flux tallies were made throughout the atmosphere approximately every 3 km through 33 km, then more sparsely up to 100 km.

Tallies included n, e, gamma, pi, mu, p, d(2H+), t(3H+), alpha, 3He, and fully ionized Li-Fe. Other particles important to the transport physics but not impacting dose directly, such as kaons and neutrinos are tracked but not tallied.

Tally spectral energy range was 1MeV-1TeV for all particles, with additional lower-energy tallies for neutron and gamma spectra. 
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CARI-7 vs Measurements

14

CARI-7 compares well with 
measurements 

The largest uncertainty in 
CARI-7 is from the choice of 
cosmic radiation spectrum.

Presenter Notes
Presentation Notes
These two graphs show comparisons of CARI-7 with dataset of ICRU Report 84 (ICRU, 2010), a dose-rigidity relationship calculated from a database of over 10,000 inflight measurements performed mostly by EU nations, and data from ER-2 flights done in support of the NASA AIR-2 high-altitude dosimetry research program supporting SST development in the June 1997, in which CAMI researchers participated.
 
CARI-7A is consistently within 15% of H*(10) reference data in ICRU Pub. 84. and reproduces AIR-2 TEPC flight measurements to within 25% consistently across a wide range of conditions. It is considered one of the most consistently accurate programs available for cosmic ray dosimetry in the atmosphere at commercial altitudes and above. It is least accurate near the ground where Monte Carlo simulation statistics are worst and local differences from the model, such a terrain features and materials can become important (recall that the simulations assume a water surface). 

At flight altitudes the largest source of uncertainty is the input spectrum. Result shown here also do not account for shielding from the aircraft and its contents. This reduction can be more than 10 percent in some locations on a large loaded airliner like an A-380, the average calculated effect is about 5% depending on the study, with the crew being in the least shielded areas. CARI-7 allows user input of aircraft shielding, but it is not the default. Common industry practice is to ignore the plane when calculating occupant doses. 
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CARI-7 Weaknesses
• Particles that escape cannot re-enter, even if they should.
• Shower data assume isotropic access to top of the atmosphere, which is an 

increasingly poor assumption at low geomagnetic latitudes and for early arriving 
solar energetic particles.

• The shielding approach is too approximate for spacecraft. It does not incorporate 
the details of internal structures.

• No trapped radiation modeling for spacecraft

15

CARI-7 Strengths
• Superposition approximation in the atmosphere is avoided.
• Monte Carlo methods are used with modern physics models to build a fast and 

accurate simulation for atmospheric applications and Low-Earth orbit
• Results are consistently within expected uncertainties of measurements at 

aviation altitudes.
• Simple upkeep: just a few databases needed for a normal update
• CARI-7 is almost a plug and play replacement of CARI-6 in scripts

Presenter Notes
Presentation Notes
Some weaknesses of the program are:
Particles that escape cannot re-enter, even if they should. 
Shower data assume isotropic access to top of the atmosphere, which is an increasingly poor assumption at low geomagnetic latitudes and for early arriving solar energetic particles.
The shielding approach is too approximate for spacecraft. It does not incorporate the details of internal structures.
No trapped radiation modeling for spacecraft

Some Advantages include:
Superposition approximation in the atmosphere is avoided.
Monte Carlo methods are used with modern physics models to build a fast and accurate simulation for atmospheric applications and Low-Earth orbit.
Results are consistently within expected uncertainties of measurements at aviation altitudes.
Simple upkeep: just a few databases needed for a normal update, 1 month cadence.
CARI-7 is almost a plug and play replacement of CARI-6 in scripts 
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Summary
CARI-7A  provides accurate calculations of in-flight doses from galactic and solar cosmic 
rays.

Galactic cosmic radiation is omni-present background radiation in aerospace activities. On 
rare occasions, transient gamma-ray flashes, solar proton events, cargo related accidents, 
and terrestrial nuclear accidents can lead to additional exposure. 

For current flight practices:
• Crewmember doses are typically a few mSv per year. 
• This is well below the annual recommended dose limits of 20 mSv, but equivalent 

to occupational doses in other high exposure professions such a nuclear fuel 
processing. 

• Rare events such solar proton events and transient gamma-ray flashes can raise 
this by 10s of mSv, which is still too low to cause life-threatening deterministic 
effects.

Considering future flights:
• CARI-7 and other modern calculations indicate effective doses from galactic 

cosmic radiation are much higher near the top of the atmosphere and at suborbital 
altitudes. 

• Current annual limits will be attainable in a working year (<1000h).

Presenter Notes
Presentation Notes
CARI-7A  provides accurate calculations of in-flight doses from galactic and solar cosmic rays.
Galactic cosmic radiation is omni-present background radiation in aerospace activities. 
On rare occasions, transient gamma-ray flashes, solar proton events, cargo, cargo related accidents, and terrestrial nuclear accidents can lead to additional exposure. 
For current flight practices:
Crewmember doses are typically a few mSv per year. This is well below annual recommended dose limits of 20 mSv, but equivalent to occupational doses in high-exposure professions such a nuclear fuel processing. 

Rare events such solar proton events and transient gamma-ray flashes can raise this by 10s of mSv, which is still too low to cause life-threatening deterministic effects.
Considering future flights: CARI-7 and other modern calculations indicate effective doses from galactic cosmic radiation are much higher near the top of the atmosphere and at suborbital altitudes: Current annual limits will be attainable in a working year (<1000h).
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