NASA/CP-2003-212155

Atmospheric Ionizing Radiation (AIR):
Analysis, Results, and Lessons Learned
From the June 1997 ER-2 Campaign

Edited by:

J. W. Wilson, 1. W. Jones, and D. L. Maiden
Langley Research Center, Hampton, Virginia

P. Goldhagen
DOE Environmental Measurements Laboratory, New York, New York

February 2003



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA Scientific and Technical Information (STI)
Program Office plays a key part in helping NASA

maintain this important role.

The NASA STI Program Office is operated by

Langley Research Center, the lead center for NASA’s
scientific and technical information. The NASA STI
Program Office provides access to the NASA STI
Database, the largest collection of aeronautical and
space science STI in the world. The Program Office is

also NASA’s institutional mechanism for
disseminating the results of its research and

development activities. These results are published by

NASA in the NASA STI Report Series, which
includes the following report types:

CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or co-sponsored by NASA.

SPECIAL PUBLICATION. Scientific,
technical, or historical information from NASA
programs, projects, and missions, often
concerned with subjects having substantial
public interest.

TECHNICAL TRANSLATION. English-
language translations of foreign scientific and
technical material pertinent to NASA’s mission.

Specialized services that complement the STI

TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
programs and include extensive data or
theoretical analysis. Includes compilations of
significant scientific and technical data and
information deemed to be of continuing
reference value. NASA counterpart of peer-
reviewed formal professional papers, but having
less stringent limitations on manuscript length
and extent of graphic presentations.

TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., quick release reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

Program Office’s diverse offerings include creating
custom thesauri, building customized databases,
organizing and publishing research results ... even
providing videos.

For more information about the NASA STI Program
Office, see the following:

e Access the NASA STI Program Home Page at
http://www.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

e Fax your question to the NASA STI Help Desk
at (301) 621-0134

e Phone the NASA STI Help Desk at
(301) 621-0390

e  Write to:
NASA STI Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320



NASA/CP-2003-212155

Atmospheric Ionizing Radiation (AIR):
Analysis, Results, and Lessons Learned
From the June 1997 ER-2 Campaign

Edited by:

J. W. Wilson, 1. W. Jones, and D. L. Maiden
Langley Research Center, Hampton, Virginia

P. Goldhagen
DOE Environmental Measurements Laboratory, New York, New York

Proceedings of a workshop sponsored by the National
Aeronautics and Space Administration, Washington, D.C., and
held at Langley Research Center, Hampton, Virginia

March 30-31, 1998

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

February 2003



The use of trademarks or names of manufacturers in the report is for accurate reporting and does not
constitute an official endorsement, either expressed or implied, of such products or manufacturers by the
National Aeronautics and Space Administration.

Available from:

NASA Center for AeroSpace Information (CASI) National Technical Information Service (NTIS)
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076-1320 Springfield, VA 22161-2171

(301) 621-0390 (703) 605-6000



Preface

It was the foresight of Trutz Foelsche of the NASA Langley Research Center who first identified neutrons
as an important unresolved issue relative to high-altitude supersonic commercial operations. Furthermore,
Foelsche first suggested that solar particle events may be a major concern to high-altitude operations in the
polar regions where the geomagnetic cutoffs are low and low-energy protons produced by solar related
activity could impact operations. A program for the understanding of biologically important radiation
components above 60,000 ft altitudes produced by background galactic cosmic rays (GCR) and to make
radiation measurements during a solar particle event (SPE) was directed by Foelsche over the major portion
of solar cycle 20 from 1965 through 1971. That program demonstrated that neutrons are the dominant
contributor to high altitude exposures and that solar particle events can give large contributions to
exposures over a few hour time periods requiring real-time radiation monitoring during high-altitude
operations and the development of evasive techniques to reduce exposure. Aside from the possible
exposure during a large solar particle event, the radiation levels from the background GCR were found to
be within acceptable levels for radiation workers although the high-altitude exposures were considered high
for even an occupationally exposed group. At the close of that activity, several issues were identified as
remaining unresolved issues. Among these issues was the uncertainty of the neutron spectrum above the
measurements of the Langley program of about 10 MeV. The measurements of this early Langley program

are the basis of the first atmospheric ionizing radiation (4/R) model.

It was a growing concern of the 1980’s that the solid tumors observed in the World War II a-bomb
survivors were higher than anticipated on the basis of the earlier observations of leukemia incidence.
Earlier estimates of cancer risk coefficients were made assuming that the solid tumors, which appear many
decades after the exposure, would be no greater than the leukemia incidence, which mostly occurred in the
first decade. Data on solid tumor deaths in the 1960’s and 1970’s were observed to be about five times
greater than previously assumed placing great doubt on the exposure limits used in radiation protection
practice. Recommended exposure limits were radically reduced in the 1990 recommendations of the
International Commission on Radiological Protection. It now became of concern that subsonic commercial
operations may be adversely affected by exposure limitations in spite of the reduced levels of radiation
exposure rates at subsonic altitudes. At the same time that recommended limits declined, the relative
biological effectiveness (RBE) of neutrons was found to be higher than previously estimated resulting in a
fifty- percent increase in neutron exposure contributions which are so important to aircraft operations. At
the same time, new analysis techniques for high-energy neutron multisphere spectrometers developed by
Ferenc Hajnal of the DOE Environmental Measurements Laboratory were used to reanalyze subsonic
aircraft measurements and evidence of an underestimate of the high-energy neutron spectrum (above 10

MeV) in prior analysis was observed which results in even higher estimates of neutron exposures in aircraft

il



operations. The concerned European Communities held a workshop in Luxembourg on the “Radiation

Exposure of Civil Aircrew” in June of 1991 to address these issues.

The United States initiated a program to assess the technology required for an environmentally safe and
operationally efficient High Speed Civil Transport (HSCT) for entrance on the world market after the turn
of the century. Due to the changing regulations on radiation exposures and the growing concerns over
uncertainty in our knowledge of atmospheric radiations, the NASA High Speed Research Project Office
(HSRPO) commissioned a review of “Radiation Exposure and High-Altitude Flight” by the National
Council on Radiation Protection and Measurements (NCRP). On the basis of their recommendations, the
HSPRO funded a flight experiment to resolve the environmental uncertainty in the atmospheric ionizing
radiation levels as a step in developing an approach to minimize the radiation impact on HSCT operations.
To minimize costs in this project, an international investigator approach was taken to assure coverage with
instrument sensitivity across the range of particle types and energies to allow unique characterization of the
diverse radiation components. The present workshop is a result of the flight measurements made at the
maximum intensity of the solar cycle modulated background radiation levels during the month of June

1997.

During the preparation of the proceedings from the workshop, it was decided to terminate the High Speed
Research Program. Although the technology for the development of the HSCT had advanced greatly since
the proposed SST the current state of the technology would not yet produce a cost effective high-speed
commercial transport. Since subsequent workshops and flight measurements were not likely to occur, it
was decided to postpone the publishing of the proceedings until the analysis of the June 1997 flight had
matured. A sufficient level of maturity has now been reached for a report at this time. As a result the
neutron spectrum is now well understood and only details on global variation are yet to be tested. A
computational model has been identified for building the next generation 4/R model. Flight measurements
at times other than solar minimum are required to develop a philosophy for aircrew protection. A strong
basis for health compensation of even subsonic aircrew is developing but requires more study of the health

risks of US aircrew.

JTWW

August 12, 2002
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Atmospheric Ionizing Radiation and the High Speed Civil Transport

Preface
Atmospheric ionizing radiation is produced by extraterrestrial radiations incident on the Earth's atmosphere. These
extraterrestrial radiations are of two sources: ever present galactic cosmic rays with origin outside the solar system
and transient solar particle events that are at times very intense events associated with solar activity lasting several
hours to a few days. Although the galactic radiation penetrating through the atmosphere to the ground is low in
intensity, the intensity is more than two orders of magnitude greater at commercial aircraft altitudes. The radiation
levels at the higher altitudes of the High Speed Civil Transport (HSCT) are an additional factor of two higher.
Ionizing radiation produces chemically active radicals in biological tissues that alter the cell function or result in cell
death. Protection standards against low levels of ionizing radiation are based on limitation of excess cancer
mortality or limitation of developmental injury resulting in permanent damage to the offspring during pregnancy.
The crews of commercial air transport operations are considered as radiation workers by the EPA, the FAA, and the
International Commission on Radiological Protection (ICRP). The annual exposures of aircrews depend on the
latitudes and altitudes of operation and flight time. Flight hours have significantly increased since deregulation of
the airline industry in the 1980's. The FAA estimates annual subsonic aircrew exposures to range from 0.2 to 9.1
mSv compared to 0.5 mSv exposure of the average nuclear power plant worker in the nuclear industry.  The
commercial aircrews of the HSCT may receive exposures above recently recommended allowable limits for even
radiation workers if flying their allowable number of flight hours. An adequate protection philosophy for
background exposures in HSCT commercial airtraffic cannot be developed at this time due to current uncertainty in
environmental levels. In addition, if a large solar particle event occurs during flight at HSCT altitudes then

passengers and crew may greatly exceed allowable limits unless means are available to reduce exposures.
Introduction

The impact of ionizing radiation on the High Speed Civil Transport was not examined in High Speed Research
Program Phase 1 where environmental issues were first addressed as it was not considered a first-priority
environmental concern at that time. Although aircrews are recognized by the FAA, the EPA, the NCRP, and the
ICRP as radiation workers (occupationally exposed), there are no US regulations for ionizing radiation exposures in
commercial transports (unless they carry radioactive materials). Indeed, the concern over subsonic airtraffic
commenced only after the latest report on greatly increased cancer risk coefficients and recommendations by national
and international advisory bodies to significantly reduce the allowable exposure levels by factors of 2.5 to 5. There
is an FAA Circular that recommends air carriers educate crewmembers on the hazards of ionizing radiation. The
circular reports that pregnant crewmembers may run a risk as high as 1.3 per thousand births of severe illness to
their children as a result of background radiation exposure. This has prompted a study of problems in early

pregnancy of aircrews by the National Institute of Occupational Safety and Health (NIOSH).



The impetus to examine the impact of ionizing radiation stems from: (1) recent reductions in recommended
radiation exposure limits by the ICRP and the National Council on Radiation Protection and Measurements
(NCRP), and (2) recent scientific experimental results confirming the uncertainty in the amount of aircraft radiation
exposure. The NCRP examined the state of knowledge of atmospheric radiation in high altitude flight and made
recommendations on the need for improved information in order to develop a protection philosophy for high-
altitude commercial flight operations. The HSR Environmental Impact radiation element developed the
Atmospheric lonizing Radiation (AIR) project to respond to the need for reduction of uncertainties in measurements

applicable to HSCT based commercial operations after which an adequate protection philosophy can be developed.

Background

The Langley Research Center (LaRC) performed atmospheric radiation studies under the SST development program
in which important ionizing radiation components were measured and extended by calculations to develop the
existing atmospheric ionizing radiation (4/R) model. In that program the measured neutron spectrum was limited to
less than 10 MeV by the available 1960-1970 instrumentation. Extension of the neutron spectrum to high energies
was made using theoretical models. Furthermore, theoretical models of solar particle events showed that potentially
high exposures may occur on important high latitude routes but acceptable levels of exposure could be obtained if
timely descent to subsonic altitudes can be made. The principal concern was for pregnant occupants onboard the
aircraft (Foelsche et al. 1974). As a result of these studies the FAA Advisory Committee on the Radiobiological
Aspects of the SST (1975) recommended:

1. Crewmembers will have to be informed of their exposure levels

2.  Maximum exposures on any flight to be limited to 5 mSv

3. Airborne radiation detection devices for total exposure and exposure rates

4. Satellite monitoring system to provide SST aircraft real-time information on atmospheric radiation levels
for exposure mitigation

5. A solar forecasting system to warn flight operations of an impending solar event for flight scheduling and

alert status.

These recommendations are a reasonable starting point to requirements for the HSCT with some modification

reflecting new standards of protection as a result of changing risk coefficients.

One result of the SST studies was the realization that subsonic aircrew members are among the most highly
occupationally exposed groups (Foelsche et al. 1974, Schaefer 1968) which prompted the FAA to develop methods
to further study exposures resulting in the development of the CARI exposure estimation code (named after the
Civil Aeronautical Research Institute) based on the LUIN transport code (developed by the Department of Energy
(DOE) Environmental Measurements Laboratory) to generate the database (O’Brien and Friedberg 1994). The
estimated risk of serious illness to the child of an aircrew member during pregnancy is on the order of 1.3 per
thousand (Friedberg et al. 1992) and the FAA recommended that air carriers begin a program of training of their

employees on the risks of in-flight subsonic exposures (White 1994). The dose rates at the HSCT altitudes are a



factor of 2-3 higher than for subsonic operations and the HSCT crew annual flight hours will have to be reduced by
this same factor to maintain exposure levels comparable to the subsonic crews. One may assume that similar
instruction of aircrew will be required for HSCT operations and restrictions on crew utilization of the HSCT will by

necessity be different than on subsonic transports.

Regulations on exposure limitation are based mainly on the estimated cancer risk coefficients. These coefficients
have increased significantly over the last decade, as solid tumor appearance is higher among the WW2 nuclear
weapons survivors than initially anticipated (ICRP 1991). As a result, new recommendations for reducing
regulatory limits have been made by national and international advisory bodies (ICRP 1991, NCRP 1993).
Whereas subsonic crew exposures were well under the older regulatory limits, the substantial reductions (by factors
of 2.5 to 5) in exposure limitations recommended by these advisory bodies resulted in the need to improve aircrew
exposure estimates (Reitz et al. 1993). Hence, a workshop on Radiation Exposure of Civil Aircrew held in
Luxembourg on June 25-27, 1991 was sponsored by the Commission of the European Communities Directorate
General XI for Environmental Nuclear Safety and Civil Protection (Reitz et al. 1993). To be noted in the workshop
is the closure of the gap between subsonic aircrew exposures and the newly recommended regulatory limits and in
fact some concern that limits may be exceeded in some cases. Thus uncertainty in exposure estimates becomes a
critical issue and emphasis on the numbers of and spectral content of high energy neutrons as well as the penetrating
multiple charged ions were identified as a critical issue for subsonic flight crews. More recently Japanese flight
crews have requested from their government, health benefits on the basis that their exposures are "far greater than the
exposure of the average nuclear power plant worker" (Fiorino 1996).  The issues for HSCT commercial air travel
are compounded by the higher operating altitudes (higher exposure levels) and the possibility of exposures to a large
solar event wherein annual exposure limits could be greatly exceeded on a single flight (Foelsche et al. 1974,

Wilson et al. 1995).

Impact of AIR on HSCT environmental assessment

As a result of the higher expected exposures in high-altitude flight, the congressionally chartered
federal advisory agency on radiation protection, NCRP, examined the data on atmospheric radiation
and made recommendations (NCRP 1996) on the need for future studies. We summarize their

recommendations as follows:

1. Additional measurements of atmospheric ionizing radiation components with special emphasis on
high-energy neutrons

2. A survey of proton and neutron biological data on stochastic effects and developmental injury for
evaluation of appropriate risk factors

3. Develop methods of avoidance of solar energetic particles, especially for flight above 60,000 ft

4. Develop an appropriate radiation protection philosophy and radiation protection guidelines for

commercial flight transportation, especially at high altitudes of 50,000 to 80,000 ft



Clearly, these issues must be addressed before the HSCT goes into commercial service to ensure the safety of the
crew and passengers. The current effort in this assessment is the development of an experimental flight package to

reduce the uncertainty in AIR models in direct response to the NCRP recommendations.

Goals

The focused goal of this project is to develop an improved A/R model with uncertainties in the atmospheric
radiation components reduced to twenty percent or less to allow improved estimation of the associated health risks
to passengers and crew. Special emphasis will be given to the high-energy (10 to 1000 MeV) neutrons in the
altitude range of 50,000 to 70,000 ft. The results will be expressed in terms of an environmental 4/R model able to
represent the ambient radiation components including important spectral and angular distributions that will allow
evaluation of aircraft shielding properties and the geometry of the human body. The model must be capable of
representing the atmospheric radiation levels globally as a function of solar modulation. The model must
furthermore be capable of evaluating radiation levels during solar particle event increases in near real-time using data

from available satellite systems to allow risk mitigation and flight planning in the case of a large solar event.

Following the development of the A/R model, studies of impact of radiation exposure limitations on crew
utilization and impact on passengers (especially frequent flyers) will be made to assess the need of developing a
specific philosophy to control exposures in HSCT operations. These will result in requirements for study of the
economic impact on operations costs. For example, it has been suggested that the HSCT crew be utilized at one
third to one half the number of block hours as now utilized by subsonic aircraft to minimize exposures, which
requires more crews at increased cost. The other possibility is to rotate crews to less exposed routes for a portion of
each year and especially during a declared pregnancy. The need for and the extent of such exposure control measures

must await the improvement of the 4/R model.

Current predictive methods and impact on HSCT operations

The first model developed for atmospheric ionizing radiation was empirically based on the global measurements
program under the LaRC SST study (Foelsche et al. 1974). The instrumentation consisted of tissue equivalent ion
chambers, fast neutron spectrometers, and nuclear emulsion. Limited flights were made with tissue equivalent
proportional counters (TEPCs), Bonner spheres, and the Concorde prototype radiation-monitoring instrument. The
flights were made over most of solar cycle 20 with altitude surveys, latitude surveys, and measurements during the
solar particle event of March 1969. Unfortunately the program was terminated in the year prior to the largest solar
event observed during solar cycle 20, the 4 August 1972 event. The data set was augmented by the decades of
measurements of air ionization rates using argon filled steel-walled ion chambers. The high-energy neutrons were
estimated using Monte Carlo calculations as an extension of the measured 1 to 10 MeV flux from the fast neutron
spectrometers. These theoretical high-energy neutron flux calculations indicated that over half of the neutron dose is
from neutrons of energy above 10 MeV and are quite uncertain in their spectral content and intensity as was noted in

the LaRC study (Foelsche et al. 1974), concluded by the Luxembourg workshop (Reitz et al. 1993), and by the



NCRP (1995). The solar particle event predictions are based on Monte Carlo calculations using the Bertini nuclear

model and the United Kingdom nuclear data files (Foelsche et al. 1974).

In a recent report by LaRC, a survey was made of measurements and calculations of the neutron flux spectra for
which large uncertainties in the resulting neutron dose were estimated (Wilson et al. 1995). The effects of these
uncertainties on subsonic and HSCT flight crews are shown in figure 1. The exposure limits recommended by the
ICRP and NCRP as a result of the now known higher cancer risk coefficients and new standards for pregnancy (table
1 columns 3 and 4, note that foot note b /imits the average annual exposure to about 10 mSv), leave subsonic flight
a concern to aircrews throughout the world (Reitz et al. 1993, Fiorino 1996) and an emphasis on reducing the

uncertainties for development of an adequate radiation protection philosophy is most appropriate (NCRP 1995).

This is especially true for the HSCT with its much higher exposure rates as shown. = However, the concern for
frequently flying passengers is more for the slower subsonic flights (fig. 2) than the HSCT unless there is a large
solar event. Diplomatic and business couriers may be more exposed on subsonic flights if their number of trips is
fixed but the HSCT exposures would be higher if their flight hours are fixed. Clearly any advice to be given on

control of individual exposures to either crew/passengers is limited by the exposure uncertainties in figures 1 and 2.

A second model has appeared from the FAA using the LUIN transport code to generate the necessary database.
Although the LUIN code was initially in poor agreement with the LaRC measurements (Friedberg and Neas 1980),
the last several years have shown substantial improvements in the LUIN code to describe dose and dose equivalent
rates. A recent examination of the LUIN model in comparison with more advanced transport codes is shown in
figure 3. Shown are results of the FLUKA code, a Monte Carlo code (Merker) developed under the LaRC project,
and the 1997-1998 version of the LUIN code. Note that the differences in the range from 10 to 1000 MeV are as
large as an order of magnitude. Recall that the neutrons in this range contribute over half of the total neutron dose
so that these differences are quite important to exposures. To better understand the meaning of these comparisons, a
limited Bonner sphere measurement on Mount Zugspitze (Schraube et al. 1997) is shown in figure 4 with the

FLUKA results and emphasizes the large uncertainty in the present radiation model used by the FAA.

An informal December 1995 report on "HSCT Radiation Exposure" by Steven L. Baughcum and James R. Gillis
examined mission radiation exposures for four city-pairs. It is interesting to note that the same exposure was
calculated with the Seattle to Tokyo route which traverses from 55 degrees N to 25 degrees N geomagnetic latitude
and the Los Angeles to Tokyo route which traverses from about 40 degrees N to 25 degrees N, which is due to the
differences in flight times. A northern route from New York to London indicated that the northern routes are more
critical to high altitude radiation exposure. Baughcum and Gillis calculated 3.7 millirems for the 3-hour NYC to
London trip. If this exposure is converted to millisieverts and scaled up for a maximum annual 900 block hour
duty (actual duties could be less), the crewmember would have received 11.1 mSv (or 6.2 mSv for 500 block
hours). Wilson et al (1995) indicate that the same 900 block hours should produce a minimum cumulative
exposure of about 11.4 mSv (or 6.3 mSv for 500 block hours) at solar minimum but with current uncertainties that

it could be as high as 21 mSv (or 11.7 mSv for 500 block hours). The ICRP 60 recommended exposure limit for



occupational exposures is 20 mSyv per year and the new NCRP recommendation is for 10 mSv per annum for new
designs to assure that lifetime exposures do not exceed 10 x age (mSv). The lower value calculated by the CARI
code could be due to differences in solar modulation, in intensity/spectra of high-energy neutrons, in other radiation

components, and in the dosimetric evaluations.

A route from Los Angles to London was examined [Friedberg letter] using CARI-2 by Dr. Wallace Friedberg at the
FAA Civil Aeromedical Research Institute. His estimate was for a 6.3-hour mixed-Mach number flight that
avoided supersonic flight over the landmass. He estimated the radiation dose for the HSCT flight to be 49
microSv. For 900 block hours this would accumulate to be approximately 7 mSv (or 3.9 mSv for 500 block
hours). Baughcum and Gillis examined the same city pair for a similar 6.53-hour flight and came up with 5.5
mrem. Converting this to millisieverts and for 900 block hours this is approximately 7.59 mSv (or 4.2 mSv for
500 block hours). Wilson did not do a similar city pair estimate. Both of these estimates are within the ICRP 60
limit of 20 mSv per year, but push the new NCRP recommendation of 10 mSv per annum for new designs for
those crew members which fly near their maximum allowable block hours. Numerous comparisons of the AR

model with other measurements and calculations are given elsewhere (Wilson et al. 1991).

AIR model development

The basic quantities of the present 4/R model are the air ionization rate, the 1 to 10 MeV neutron flux, and the rate
of nuclear star events in nuclear emulsion. These quantities were measured over a complete set of altitudes,
geomagnetic latitudes, over the solar cycle, and scaled according to known procedures to allow a total time-
dependent mapping of the global radiation field as a function of time. The limitations of the model concern the
high-energy neutron spectrum, the quality factor of the ionic components, and the relative contribution of the

nuclear stars.

The first step in improved model development is to add estimates of the proton and light ion flux using available
transport models and databases. An international agreement with the Japan Atomic Energy Research Institute is
being negotiated to provide computational support for adding improved results for the radiation-induced fields from
the galactic cosmic ray protons. These results will be augmented by the light and heavier galactic cosmic ion
components using the LaRC cosmic ray transport codes. Global fields as a function of time will be generated using
the world wide vertical cutoff database and high-latitude neutron-monitor count rates. Model validation will require
a definition of the mapping of the model field quantities to the ER-2 instruments. Although each investigator is
responsible for the definition of their own instrument response functions, the LaRC team will assist in these

definitions to the extent possible within funding and manpower limitations.

AIR flight measurements

An instrument package has been developed in accordance with the NCRP recommendations through an international
guest investigator collaborative project to acquire the use of existing instruments to measure the many elements of

the radiation spectra. Selection criteria was established which included: (a) the instruments had to fit into the cargo



bay areas of the ER-2 airplane and able to function in that environment (Some high-quality laboratory instruments
were rejected because of their large size or inability to operate in the ER-2 environment.), (b) the instrument had to
come at no-cost for use by the project to meet budget constraints, (c) the instrument must have a principal
investigator which had their own resources to conduct data analysis, and (d) the array must include all significant
radiation components for which the NCRP had made minimal requirements. The flight package must be
operational and the first flight occur before or near the maximum in the galactic cosmic ray intensity (ca.
spring/summer 1997) and extend through the next cosmic ray minimum (ca. June 2000 + 13 months, Wilson et al.

1999).

The flight package developed uses all of the available space in the ER-2 cargo areas. The instrument layout is
shown in Figure 5. The primary instruments in the package consist of neutron detectors, scintillation counters, and
an ion chamber from the Environmental Measurements Laboratory of the Department of Energy and charged particle
telescopes from Institute of Aerospace Medicine of Deutsche Forschungsanstalt fur Luft- und Raumfahrt (DLR), and
Johnson Space Center. Ten other instruments from Germany, Italy, the United Kingdom, and Canada make up most
of the remainder of the flight package. These include passive track detectors from Institute of Aerospace Medicine,
DLR, and University of San Francisco; tissue equivalent proportional counters (TEPC) from Boeing and Defence
Research Establishment Ottawa; and dosimeters from Boeing, Royal Military College of Canada in Ontario and
National Radiological Protection Board (NRPB) in the UK. The existing primary instruments and data systems
were modified for operation on the ER-2. A data acquisition system was incorporated to control operation of the
entire instrument package, and to record data from the primary instruments during flight. Data from the other

instruments are recorded separately by each instrument and recovered after a flight.

Status of regulatory process

The inherent assumption in regulating occupational exposures is that society and the individual worker obtains
benefits from the execution of said occupation. The issue is the determination of the risks incurred by these
occupations and the acceptability of those risks to both the individual worker and the society at large. The
individual's decision to accept an at-risk occupation has to be made on a case by case basis with adequate
information on the risks to be assumed (informed consent). At the same time it is a matter of law that the employer
is to keep exposures as low as reasonably achievable (the ALARA principle) and is a function of the means at the
employer's disposal. With respect to the general public, it is inherently assumed that these individuals are exposed
without direct personal benefit and indeed without their consent. For this reason, the allowable exposures for the
general public are normally set by regulators to be an order of magnitude lower than the exposure limits for the

occupationally exposed.

The regulatory process is peculiar to each country. The process in the US is shown in figure 6. The ICRP is an
international advisory body composed of members of various national advisory bodies among its committees. The
NCRP is a congressionally chartered federal advisory council utilized by the national regulatory agencies in setting

standards. The recommendations of the NCRP typically result in changes in US regulations about 5 to 7 years



later. The latest changes in recommendations on exposure limitations are contained in the ICRP report 60 (1991)
and the report NCRP 116 (1993). Although there are no current regulations within the US governing aircrew
exposures, the FAA has published an advisory circular recommending training of aircrews on radiation exposure
risks (White 1994) and the ICRP has recommended that aircrews be recognized as an occupationally exposed group

with the usual regulatory requirements (ICRP 1991).

The status of current US regulations on exposures is discussed elsewhere (Fed. Reg. 1991, OSHA 1996, EPA 1994)
and in recently proposed changes to mainly cover pregnancy (Cool and Peterson 1991), and recent proposed
exposure limitations (ICRP 1991, NCRP 1993) are shown in table 1. It is anticipated that US and foreign
regulations will follow the NCRP 116 (1993) and ICRP 60 (1991) more closely by the end of the decade. Indeed,
the FAA advisory circular on the training of aircrew refers exclusively to the ICRP 60 (1991) recommendations with

obvious implications.

The European regulatory process is more complicated due to the inter-relation through the Commission of European
Communities (CEC). The process in the UK is shown in figure 7 as compiled by C. K. Wilson (1993). The CEC
has held a workshop on aircrew exposures (Reitz et al. 1993) which was a driving factor in the present project as
well as in various international organizations (Three of whom are collaborators in the ER-2 flight project). It is
anticipated that aircrew in Europe will be treated on the same level as other radiation workers and methods of
exposure estimates are being explored. For example, the NRPB in figure 7 is a government agency in the UK
developing dosimetric methods for use on commercial subsonic aircraft and a partner in the present ER-2 flight

project.

At present we have no clear picture of the Japanese regulatory process but the Japanese Aircrew Unions have
petitioned the government to treat their members on the same level as the other occupationally exposed workers

within their country (Fiorino 1996).

The above statements apply to mainly subsonic airtraffic and are driven by the lowering of the ICRP recommended
exposure limits as a result of the increased cancer risk estimates as determined from studies of the WW2 nuclear
weapons survivors. The exposures at HSCT altitudes are substantially higher during ordinary days due to the
higher operating altitudes and in addition may suffer from a solar particle event exposure in which high exposures
may occur on a single flight, affecting not only the crew but also the passengers. For example, OSHA (1996)
defines a "high radiation area" as one in which an hourly dose of 1 mSv is present (a level easily exceeded by a
major solar event in an HSCT at high latitudes) and requires a "conspicuous sign" reading "Caution, High
Radiation Area." The NCRP has cited a need for future studies to develop a radiation protection philosophy for risk
mitigation and exposure control for which the present project is in direct response. A simplified listing of the

NCRP recommendations is given in an earlier section of this report.
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Relationship to other Government Entities

The most cost-effective means of performing this project was to utilize available equipment and personnel to make
the necessary measurements and data analysis. This required us to look beyond the bounds of the US and the
resulting team is international in character. The work will be accomplished under various interagency, national, and

international agreements as follows:

United States

DOE Environmental Measurements Laboratory

DHHS National Institute of Occupational Health and Safety
FAA Civil Aeromedical Institute

NCRP National Council on Radiation Protection

NASA Johnson Space Center

Hampton University

Prairie View A&M University

Yale University

Canada
Royal Military College
Defence Research Establishment-Ottawa
Germany
DLR Institute of Aerospace Medicine
University of Kiel
United Kingdom
National Radiological Protection Board
Italy
University of Pisa
Istituto Superiore di Sanita’
Japan

Japan Atomic Energy Research Institute

Assessment of impact on HSCT

Studies have identified a substantial market for a future supersonic airliner--or High Speed Civil Transport-- to meet
the rapidly growing demand for long haul travel, particularly around the Atlantic and Pacific rim. Over the period

from 2005 to 2040, this market, without any environmental restrictions, could support over 1000 aircraft. The
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current HSCT is designed to carry 300 passengers at Mach 2.4 on transoceanic routes over distances up to 5,000

nautical miles.

The current Mach 2.4 aircraft design will cruise at altitudes between 53,000 to 65,000 feet (16.8 to 19.2 km).
Studies have indicated a utilization rate of at most 15 hours per day. If an average flight time of 4 hours is
assumed, an HSCT will fly at most four flights per day or 1460 flights per year. If a down time of 10 percent for
maintenance is assumed, the annual flights will be reduced to approximately 1314. For a load factor of 70 percent
the number of passengers on board per flight will be 210 with an on board crew of about 12 (pilot, co-pilot, and 10
flight attendants). Therefore the number of person flights (passengers and crew) per HSCT per year is approximately
291,708. Assuming the crew flies 8 hours a week then the required crew size per aircraft consists of 168 members
for which the majority are women of child bearing age (Reitz et al. 1993). One can further say that if there are 1000
units operating, the number of person flights per year would be 291,708,000 including the flights of the 168,000
crewmembers. Assuming a western distribution of ages, about 1 percent of the people flown will be pregnant,
which totals 2,917,080 pregnant person flights including the flights of the 1,680 pregnant crew members. Of the
2.9 million pregnancies flown, 972,360 will be in the first trimester, the most critical time in the development of

the fetus.

Background exposures of pregnant occupants- The FAA had estimated that subsonic crew exposures could result

in as much as a 1.3 per thousand incidence rate of severe illness to the developing child by working during
pregnancy (McMeekin 1990). This realization is in part the basis for the NIOSH/FAA study of pregnancy
termination of women in the airline industry (Grajewski 1997). The background radiation levels at HSCT altitudes
are a factor of 2 to 3 higher (Foelsche et al. 1974, Wilson et al. 1991) and incidence of severe illness could be as
high as 3-4 per thousand assuming subsonic work patterns apply (McMeekin 1990). In this assessment we assume
the crew will fly only one round trip per week so exposures are more comparable to subsonic exposures and the rate
of severe illness is 1.3 per thousand. Assuming a western distribution of population (including children) among the
168,000 crew members which underestimates the pregnancy rate, one would anticipate 2 or more births with severe
radiation induced developmental injury per year among the crewmembers. There is a clear need for development of

a radiation protection philosophy and counseling of crewmembers on their personal exposures (NCRP 1995).

Solar particle event exposures- Assuming 15 hours of operation of 1000 aircraft with a 10 percent down time

places 563 aircraft aloft at any time during the day. Utilization studies places 72 percent on high latitude routes
with approximately 104,895 occupants. If a solar particle event occurs and assuming western population
distributions, there could be as many as 1049 pregnancies on high latitude routes which could receive up to 10 to
20 mSv on a single flight unless means of controlling exposures is implemented. The number of individuals
expected with serious health effects can be quite high if adequate precautions are not taken during large solar event.
Clearly, some provision for protection of passengers and crew from such events needs to be developed (Reitz et al.

1993, NCRP 1995).
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Exposures of the Crewmembers- The risk of health effects of greatest concern is excess fatal cancer. The excess

risk of fatal cancer from background radiation among the crew (excepting pregnancy discussed in the preceding
subsection) can be found by using the risk coefficient of 6.3 per 100,000 per mSv (White 1994). The annual
exposure for flights from New York to London is as high as 21 mSv for 900 block hours (or 12 mSv for 500 block
hours) which is a little over a factor of two higher than the subsonic exposures estimated by the FAA (9.1 mSv for
950 block hours). Assuming a 20-year career, the lifetime excess risk of fatal cancer for 500 block hours is
20 x 12 x 6.3 = 1512 per 100,000 which is comparable to risks of subsonic flight given by the FAA (White 1994)
assuming 950 block hours per year. The expected number of excess cancer deaths among the 168,000 crewmembers

is 2,540 compared to the normally expected number of naturally occurring cancer deaths of 36,960.

Exposures of the Frequent Flyer- For present purposes we have taken the frequent flyer to be an individual who

makes ten round trips per year. Business and courier passengers may greatly exceed these values and would be
treated as occupationally exposed, as is the crew. The health concerns (excepting pregnancy) of the frequent flyer are
similar to the health concerns of the crew (fatal cancer) and depends strongly on the number of flights per year. The
frequent flyer on an HSCT will incur significantly less risk than corresponding flights on subsonic carriers unless a
large solar event occurs. The excess risk of fatal cancer from background radiation among the frequent flyers can be
found by using the risk coefficient of 6.3 per 100,000 per mSv. The annual exposure for flights from New York to
London is at most about 1 mSv for ten round trips which is almost a factor of two lower than the corresponding
subsonic exposures. Assuming a 20 year career, the lifetime excess risk of fatal cancer is 20 x 1 x 6.3 = 126 per

100,000. We have no reliable estimates of the number of such travelers or their work patterns.

Be’ as a maintenance hazard- Be' is a radioactive by-product of the interaction of cosmic rays with atmospheric
constituents. It decays by electron capture with a half-life of 54.5 days emitting a 0.479 MeV gamma in 10 percent
of the decays. The main source terms are in the stratospheric altitude range of 40,000 to 100,000 ft (Dutkiewicz and
Husain 1985) and at high latitudes (above 55 degrees magnetic). The transport in the atmosphere is of considerable

interest to atmospheric circulation studies and the DOE Environmental Measurements Laboratory has developed a

database on Be/ concentrations. The Be atom is an open electron shell structure and is expected to have a large

sticking coefficient to surfaces. The rate of adherence (mainly to leading edge surfaces, Fishman et al. 1991) will
depend on the atmospheric Be/ concentration along the trajectory, air flow, and surface properties and reach a steady

state in the 54.5 day time frame since the loss is mainly through decay to Li’ which is not radioactive. It has been
reported (A. Mortlock) that work crews on the Concorde wear radio-protective gear in servicing that aircraft. Given
data on the Concorde contamination levels and the DOE/EML source database, one could scale to the HSCT flight

conditions using a linear kinetics model.

Single Event Upsets- Single event upsets (SEU) from radiation found at high altitudes have been measured in

present day avionics technologies based on microelectronic devices (Normand et al. 1994). Such electronic devices

13



are sensitive to the sudden introduction of charge into an active element of their circuits. The amount of such

charge that is sufficient to change the state of a logic circuit is called the critical charge. As shown in figure 8, there

is a rough relationship between critical charge Q. and the device feature size L (note Q¢ is proportional to LZ).

The critical charge also depends on chip design factors and operating voltage. The charge released in the device is
proportional to the energy deposited by the particle (1 pico-coulomb of charge is released for every 22.5 eV
deposited in silicon). The charge released is not the charge collected since ionization within charged particle tracks
is very dense in the track center (Cucinotta et al. 1995) and recombination occurs on a very short time scale (Shinn
et al. 1995). Single event upsets in the device are then dependent on the charge collected in comparison to the
critical charge. The energy deposit depends linearly on the feature size while the critical charge depends on the
feature size squared. Decreasing the feature size by a factor of 2 reduces the charge collected by a factor of 2 while
the device sensitivity to upset increases by a factor of four. As the feature size decreases, new physical processes
resulting in small energy deposition are able to upset the device. For cosmic ray heavy ions that are directly

ionizing, the SEU rate is directly proportional to the cross sectional area of the sensitive region of each device

(approximately proportional to L2), and inversely proportional to the square of Qc (Qc_z, therefore to L_4); thus
overall it is strongly inversely proportional to L. For protons and neutrons that ionize indirectly, through nuclear
reactions with the device, the SEU rate may, very approximately, be taken to vary directly with the heavy ion SEU

rate. Thus for protons and neutrons too, the SEU rate variation is strongly inversely proportional to feature size.

One example of the importance of this effect to aircraft is in avionics. Whereas older devices with feature sizes on
the order of 4 microns were insensitive to nuclear reactions within the chip, smaller devices of <l micron are
sensitive to such effects.  This is shown in figure 9 where the energy regions of various ion types to which a
device upsets is shown in the figure along with the reaction products from high energy reactions in silicon. Note
that the sensitive region lies to the right hand side of the indicated curve for each feature size. These types of upsets
are caused by high-energy protons and neutrons (Normand et al. 1994). SEUs have been measured during flight by
computers in conventional aircraft that were protected by error correction and detection (EDAC) circuitry (Tabor and
Normand 1993).

These SEUs have been shown to be dominated by the atmospheric neutrons as shown in figure 10 (Normand
1996) since the altitude and latitude variations of the upsets correlate with the corresponding variations of the
atmospheric neutron flux. For HSCT flight at higher altitudes, the SEU rate is still expected to be dominated by
the neutrons, but protons and even primary cosmic rays, may also contribute very significantly to the SEU rate,

especially in the polar regions.

The next generation of computers have feature sizes that are fractions of a micron feature size and are expected to be
greatly more sensitive to these types of upsets than current technologies. Improved estimates of the intensity and
spectral distribution of atmospheric neutrons and protons are important to evaluation of the expected upset rates

which will be needed in the design of upset tolerant systems.
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Materials Effects- The flight of the aircraft at 15 hours per day for 30 years will accumulate a dose of 164,250 x 1
mrad per hour = 164 rad = 1.64 Gy. Materials degradation effects in polymers from ionizing radiation thresholds
are 10,000 Gy and no effects are anticipated. Metallic materials effect thresholds are even higher. Although the
effects of the radiation on materials are expected to be negligible, the effects of construction materials on the
radiation fields within the interior are measurable. For example, the measurements on board the RB-57F of 1-10
Mev neutrons were ten percent higher than on the balloon flights (Foelsche et al. 1974, Wilson et al. 1991).
Measurements of variations in radiation levels on subsonic air transports of up to 30 percent have been observed
(Wilson et al. 1994). The use of polymer composites especially those with neutron absorbing (carbon cored) boron
fibers is expected to lower the interior environment below that for metallic construction. In addition to the basic
wall materials, large metal structures (for example the wing box) may have a significant effect on the internal

environment (amplification) and needs to be evaluated.

Recommendations and future plans

The progress needed to provide for the radiation safety of the HSCT and develop a radiation protection philosophy
for future HSCT operations is given by the NCRP recommendations. Those recommendations embody in part the
recommendations of the FAA Advisory Committee on the Radiobiological Aspects of the SST but go beyond those
recommendations in recognition that the much higher fatal cancer risk coefficients found in recent analysis of the
WW?2 exposures needs to be addressed. To develop a comprehensive safety procedure it was recognized by the
NCRP that improved estimates of the exposure levels need to be made. This is the main emphasis of the current
task. In addition to this main task, the development of procedures for control of exposure levels on high latitude
routes during a solar particle event is also to be addressed. This is being accomplished by implementing transport
procedures to use GOES satellite data to provide real-time mappings of the solar particle event induced radiation
levels to provide guidance in exposure avoidance. Important solar events of the past will be examined to test
methods of reducing exposure through adjustments in the flight path. In support of these requirements we

recommend the following steps.

Improvements of AIR model- The AIR flight package was flown during the peak galactic cosmic ray intensities in

June 1997. The process of improvement and validation of the 4/R model using this flight data needs to continue.

The flights need to resume near the next galactic cosmic ray minimum (2000-2001).

The AIR model development should continue in parallel to the flight program and will utilize state of the art
transport codes and databases to generate input data to the A/R model. The response functions of each instrument
need to be modeled for validation of the 4/R model by comparison with the flight data. The Bonner sphere,
scintillation counters, particle telescopes, and nuclear track detectors will be used to improve the model spectral

intensities.

To further utilize the results of the flight measurement program on the ER-2, a parallel effort to fly an SEU

experiment should be considered. It would consist of an electronics board on which upsets would be detected,
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corrected and recorded, allowing direct correlation with the detector and dosimetry data from the instruments on the
ER-2.

Develop methods of evaluating solar particle induced radiation- A solar particle event routine will be developed
for conversion of the GOES satellite data into atmospheric radiation levels. An interagency agreement should be
established with NOAA Space Environmental Laboratory for integration of the AIR model and the satellite real-time
data stream. A geomagnetic storm field model based on horizontal storm field component needs to be developed

since geomagnetic storms may occur during particle event arrival.

The need for instrumentation to monitor the radiation levels will be met by some of the instruments included in the
ER-2 flight package. Both passive and active dosimetric device candidates are being flown for comparison with the
more detailed evaluations of the physical field measurements. The cross calibration of the several dosimetric

devices flown with the actual environment will provide a basis for a future HSCT monitoring system.

Advocate solar particle event forecasting- Develop HSCT requirements for solar event forecasting. An advocacy

package needs prepared for the Office of Space Sciences on needs for solar physics studies to meet HSCT

requirements.

Develop Be” model from Concorde operational experience- The Concorde should have a database on Be’

accumulation from flight operations. This data can then be scaled to HSCT altitudes and operation schedules using

the DOE/EML source database on Be/ concentrations and a linear kinetics model.

Reduce the biological uncertainties- The peculiarity of atmospheric ionizing radiation is that the exposure is

dominated by heavily ionizing particles. The risk coefficients associated with such radiations are the main source of
uncertainty especially for prenatal exposures. The NCRP should be funded to survey biological data for evaluation

of risk factors for stochastic and developmental injury in neutron and proton exposures.

Develop a philosophy for radiation safety of the HSCT- With a validated 4/R model and updated information on

the associated risk coefficients and available instrumentation for solar forecasting and monitoring, the NCRP should

be funded to develop a philosophy for radiation safety of high altitude commercial aircraft operations.
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Table 1. Current and Projected Maximum Allowable Exposure Limits (Wilson et al 1995)

Maximum allowable exposure, mSv

Present Proposed
United States United States Proposed Proposed
10 CFR Part 20 NUREG/BR-0117 NCRP Rep. ICRP Publ. 60
Exposure condition (1991) (Cool and Peterson 1991) 116 (1991)
(1993)
Occupation:
Annual ag 50 50 20
Lifetime b
Pregnancy (total) [50 (A%e -18)] 5 10X Age ¢
Pregnancy (monthly) 0.5
Public:
Annual, many years d1 1 1 1
Annual, occasional 5
Pregnancy (total) 5 ¢y
Pregnancy (monthly) 0.5

3ot to exceed 30 mSv in any quarter year.

bRecommended limit for new designs in 10 mSv/yr.

“Abdomen surface for x-rays, | mSv in utero.

d

5 mSv allowed with prior approval of NRC.
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Overview of Atmospheric Ionizing Radiation (4/R)

Preface

The SuperSonic Transport (SST) development program within the US was based at the Langley Research Center as
was the Apollo radiation testing facility (Space Radiation Effects Laboratory) with associated radiation research
groups. It was natural for the issues of the SST to be first recognized by this unique combination of research
programs. With a re-examination of the technologies for commercial supersonic flight and the possible
development of a High Speed Civil Transport (HSCT), the remaining issues of the SST required resolution. It was
the progress of SST radiation exposure research program founded by T. Foelsche at the Langley Research Center and
the identified remaining issues after that project over twenty-five years ago which became the launch point of the
current atmospheric ionizing radiation (A4/R) research project. Added emphasis to the need for reassessment of
atmospheric radiation resulted from the major lowering of the recommended occupational exposure limits, the
inclusion of aircrew as radiation workers, and the recognition of civil aircrew as a major source of occupational
exposures. Furthermore, the work of Ferenc Hajnal of the Environmental Measurements Laboratory brought greater
focus to the uncertainties in the neutron flux at high altitudes. A re-examination of the issues involved was
committed at the Langley Research Center and by the National Council on Radiation Protection (NCRP). As a
result of the NCRP review, a new flight package was assembled and flown during solar minimum at which time the
galactic cosmic radiation is at a maximum (June 1997). The present workshop is the initial analysis of the new data
from that flight. The present paper is an overview of the status of knowledge of atmospheric ionizing radiations.
We will re-examine the exposures of the world population and examine the context of aircrew exposures with
implications for the results of the present research. A condensed version of this report was given at the 1998

Annual Meeting of the NCRP with proceedings published in the journal of Health Physics (Wilson 2000).

Introduction

Within a year of the discovery of X-rays comes reports of adverse biological consequences such as dermatitis,
smarting of the eyes, and epilation followed by the first reported cancer within an X-ray produced ulcer (von Frieben
1903) and other adverse biological consequences (Upton 1989). As a result, various national and international
commissions were established to provide protection guidelines against exposures to X-ray devices and radium (ICR
1928). These early recommendations were mainly to limit adverse consequences of acute exposures to individual
workers and allowable limits remained high by today’s standards. With the growing awareness of chronic exposure
effects, the advent of nuclear technology, and the expansion of medical technology in the mid-twentieth century the
recommended allowable limits of exposure were reduced dramatically (by 1/3 from 1934 to 1950 and a further factor
of 3 by 1958, ICRP 1991). In the case of public exposures (non-occupational exposure) the judgement on
acceptable limitations are based on the background levels experienced in ordinary life and great interest in
understanding these exposures from natural radiation has developed over recent years. Furthermore, the largest

contribution to exposure of human tissues is from the natural background since every living individual is
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unavoidably exposed throughout their lifetime. The background exposures are important in assessing the natural
radiation risks to the society at large for comparison with the added risks of a new process or technology (NCRP
1995). In addition to the development of nuclear and medical technologies, air and space travel result in elevated

natural exposure levels, which have received greater attention in the last half of the twentieth century.

It had long been known that ions were present in the atmosphere since charged condensers (electrometers) would
slowly discharge over a period of time. Furthermore the discharge rate was increased by the known radioactivity
rays, cathode rays, and X-rays. Over most of the land mass approximately 10 to 20 ion pairs per cubic centimeter
are formed every second. Assuming the Earth’s natural radioactivity as the source, repeat of the experiments over
bodies of water in fact reduced the electrometer discharge rate (Hess and Eugster 1949). The estimated attenuation
of the most penetrating rays resulting from radioactivity in the atmosphere was 300 meters leading Th. Wulf, S.J.
to compare discharge rates on the ground with those on top of the Eiffel Tower. He found the rate to be only half
the ground level value and not a greatly reduced value as expected. Wulf rightly concluded that radiations must have
been penetrating from the top of the atmosphere, although that interpretation was controversial. Balloon flight data
was obtained by various investigators, but it was not until V. F. Hess developed an adequate electrometer
experiment able to operate in the temperature and pressure extremes at balloon altitudes that conclusive evidence was
found of radiations arriving at the top of the Earth’s atmosphere. Hess’s studies found the ionization rates to
decrease with altitude up to 500 meters followed by a steady increase at higher altitudes to where the ground level
rate is matched at 1500 meters. For this discovery, Hess would receive a Noble prize in physics (1936).
Observations during a solar eclipse (incorrectly) brought the conclusion that the source was not the sun (solar
cosmic rays arrive nearly isotropically) and probably came from deep space and the term “cosmic radiation” came
into use in 1926 (Hess and Eugster 1949). Prior to this date the term “high altitude radiation” was in common use.
J. Clay would discover that the ionization rates were smaller at lower latitudes in several voyages from Europe to
the Dutch Indies in the period of 1927-1929 demonstrating that many of the rays are charged resulting in deflection

in the geomagnetic field near the equator and allowing greater access in polar regions (Hess and Eugster 1949).

In the electrometer experiments, it was found that fresh air would result in faster discharge rates than older air (Hess
and Eugster 1949). This is now understood to be due to short lived radon decay products and cosmogenic
radioisotopes produced by the cosmic rays from atmospheric atoms. These are later recognized as important sources

of human exposures.

That the cosmic rays consisted in part of charged particles was directly demonstrated by coincidence experiments
using Geiger-Mueller tubes and resolving individual charged particle tracks within a Wilson cloud chamber. The
cloud chamber lead to the discovery of the positron as part of the cosmic rays, followed by the discovery of the
charged mesons, and further shed light on the important neutron component of the cosmic radiations in the
atmosphere (Bethe et al. 1940). Worldwide surveys of cosmic ionization during the years 1931-1932 were made by
several groups and Hess of Austria studied time variations associated with solar activity cycle on a mountaintop
from 1931-1937. Global radiation levels correlated well with the expected effects of the geomagnetic deflection of

cosmic radiations. A world wide network of stations began to develop leading to observed short term fluctuations
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in the global ionization rates simultaneously in both the southern and northern hemispheres and correlated with
solar disturbances (Hess and Eugster 1949). Observed large increases in the ionization rates would be attributed to
particles coming directly from the solar events (figure 1) while more modest decreases over a few days as seen for
the July-August 1946 event were attributed to disturbance of the local interplanetary medium by which approaching
cosmic rays were excluded from the local Earth environment (Forbush decrease). It was now clear that
extraterrestrial radiations from both the sun and the galaxy were contributing to the atmospheric ionization levels.
The next-to-last piece of important evidence from a human exposure perspective was the discovery of heavy ion
tracks by Phyllis Frier and coworkers (1948) using nuclear emulsion track detectors in high altitude balloon flight.
Although the initial emphasis of this discovery was the ability to sample cosmic matter, attention would turn to the
possibility of human exposure by these ions in high altitude aircraft and future space travel (Armstrong et al. 1949,

Schaefer 1950).

E. Goldstein introduced the term “cathode rays” at the time (1876) of his discovery of the canal rays (positive ion
beams, Hess and Eugster 1949). He suggested (incorrectly) that “cathode rays” from the sun were responsible for
the observed aurora. C. Stormer (1955) studied the equations of charged particle motion in the geomagnetic field to
understand the auroral patterns and found a general equation for the solutions that were open to asymptotic motion.
He also found solutions which were bound with no asymptotic solution which he (incorrectly) recognized as not
contributing to aurora but failed to suggest that these regions may be filled with trapped particles which are in fact
the source of the aurora during conditions of extreme geomagnetic disturbance. The trapped radiations were directly
observed by the first US satellite with a Geiger-Mueller tube (Van Allen et al. 1958) and are largely confined to the
“forbidden” regions of Stormer’s theory on the motion of charged particles in a magnetic dipole field (left hand
proton contours in figure 2). The inner zone particles shown on the left of figure 2 consist of stable trapped
radiations while the so-called outer zone particles on the right of figure 2 consist of a transient zone where particles
of the solar wind are inserted into the magnetosphere through the geomagnetic tail and radially diffuse inward until
they are depleted by precipitation into the Earth’s atmosphere near the poles. It is these outer zone particles that

mainly form the aurorae during geomagnetic disturbances.

Since the discovery of the magnetically trapped radiations, no new sources of natural radiations important to human
exposure have been found (except of course those of the same classes in other planetary bodies). Even so, human
activity has enhanced human exposures to natural radiations due to technological development. In what follows we
will give a quantitative presentation of the various components of natural radiations and the extent of human
exposures. Special attention will be given to the quality of the radiations involved as this also relates to the
interpretation of the associated risks. Of particular interest will be the comparison of the level of exposures and the

radiation quality of various groups of exposed individuals.

In the present chapter we will review the sources of atmospheric radiation exposure where most human exposures
occur. This will include sources in the lower atmosphere dominated by natural radioactivity to the higher altitudes

incountered by aircraft. There will be special emphasis on the most biologically effective components.
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The Origin of Atmospheric Radiation
Terrestrial Atmospheric Radiation Sources

Ionization in the lower atmosphere is dominated by radionuclides in the Earth’s crust. Over deep water, there are
few dissolved radionuclides so that the ionization is dominated by radiation incident on the top of the atmosphere.

The ionization over the landmass is complicated and depends on many physical and chemical factors.

Natural radioactivity. The radioactive elements remaining from the formation of the Earth are sustained by the
unusually long lifetimes of U-235, U-238, Th-232, Rb-87, and K-40. They are chemically bound and found in
various mineral formations either in quantity or as trace elements in the bulk. The decay of U-235, U-238, and Th-
232 consists of a complex sequence of events terminating with stable nuclei (see tables 1-3). The Rb-87 and K-40
decay through simple beta emission directly into stable isotopes. The decay sequences are determined by the
binding properties of neutrons and protons in nuclear matter. Nuclear instability is characterized by an excess of
either protons or neutrons over what is required for a stable configuration. Heavy nuclei tend to have more neutrons
than protons since the proton charge leads to large repulsive forces tending towards nuclear instability and is the
source of nuclear fission. An important decay mode is alpha particle decay (emission of a He-4 nucleus, which is
unusually tightly bound). Emission of beta particles (electrons of both charges, negatrons and positrons) to reduce
the nuclear neutron excess (negatron emission) or the nuclear coulomb repulsion (positron emission). Angular
momentum conservation requirements often result in an excited nuclear state that must be reduced in energy by

gamma ray emission.

Although the decay energies of these various processes are similar, the differing types of decay particles have vastly
differing penetration powers. The penetration of charged decay products is limited by the interaction with atomic
electrons. The alpha particles have typical ranges in air of few to several centimeters but only tens of micrometers
in condensed material. As an external source, alpha particle emitters are relatively harmless. If ingested or inhaled
and thereby brought into contact with sensitive cells the alpha particle emissions can be most hazardous. The
typical emitted electron has a range in air of tens of centimeters to meters but at most a few centimeters in
condensed matter. The decay electrons pose a limited hazard as an external source since they do not penetrate deeply
into the body. The stopping positrons undergo annihilation events with atomic electrons in which two energetic
gamma rays (0.511 MeV) are emitted. The nuclear-decay gamma rays as well as the energetic annihilation gamma
rays have no charge resulting in a slower attenuation rate penetrating even hundreds of meters of air and passing
through large thickness of condensed matter. Gamma rays are the major source of external exposure and a

contributor to atmospheric radiation from naturally occurring radioactivity.

The radioactive nuclei are chemically bound and reside as minerals of the Earth’s crust. As such they are generally
immobile and limited in human exposure except as an external source. Indeed only the upper 25-cm of the crust
provides the escaping gamma rays for exposure. This is true for all except the radioisotopes of Radon (Rn) which
appear in all three decay sequences. Radon has a closed electronic shell structure and is therefore chemically inert

and normally in a gaseous state but is still limited in movement by its physical interactions. Although the U-235,
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U-238, and Th-232 decay sequences all pass through this noble gas, the atom is trapped within the mineral matrix
with little chance of escape depending on the materials porosity. Generally diffusion within minerals occurs mainly
along the grain boundaries wherein escape to the atmosphere or to ground water is possible. The decay of Radium
(Ra) by alpha emission results in nuclear recoil of the Radon atom which near grain boundaries allows escape from
the mineral matrix. The lifetimes of Rn—219 and Rn-220 are short allowing little time for escape prior to decay
into chemically active Polonium. Consequently most exposure to radioactive alpha emission is related to the single

isotope Rn-222.

Distribution _of terrestrial radioactive nuclei. The Earth’s mantle is a relatively uniform mixture of molten

minerals. The formation of the crust in cooling processes differentiates among mineral content. The early
formation of silicate crystals is rich in iron and magnesium (dark colored mafic rocks). Later cooling results in
silicates rich in silicon and aluminum (light colored salic rocks). Final cooling provides silicates rich in potassium
and rubidium. Thorium and uranium are incompatible with the silicate crystal structure and appear only as trace
elements within the silicate rocks and reside mainly as constituents of minor minerals in which they are the main or
important constituents. The identification of specific igneous rock types is an indicator of radioactivity content (see

table 4).

Physical and chemical processes collectively known as weathering further separate mineral types. Erosion by water,
wind and ice mechanically breaks down the grain sizes and separates them into weather resistant and subjective
mineral grains. Although only slightly soluble in water, leaching by dissolution into unsaturated running water
transports mineral types to sedimentation points with mixing with other sedimentation products. Weather resistant
mineral grains such as zircon and monazite leads to small mineral grains rich in thorium and uranium ultimately
appearing as small dense grains in coarse sands and gravel in alluvium. Dissolved thorium and uranium minerals
add to the clay deposits. Thus weathering the igneous rock leads to sands depleted in radioactivity, fine clays rich
in radioactivity, and dense grains rich in thorium and uranium. In addition, decomposing organic materials produce

organic acids that form complexes with uranium minerals to increase their mobility.

Water carries dissolved minerals and mechanically reduced particulates to places with a downward thrust to where
sedimentation occurs. The buildup of successive layers of sedimentation forms an insulating layer against the
outward transport of heat from the mantle and increased pressure in the lower layers. This heat and pressure causes
phase transitions resulting in new segregation of mineral types. Within this same general process is the formation
of coal, crude oil, and natural gas. Uranium has a particular affinity to these organic products. The radionuclide
content is reasonably correlated with sedimentary rock type as noted in table 4. Eighty-five percent of the US
population lives over sedimentary bedrock, as does a majority of other national populations (see for example, van

Dongen and Stoute 1985 and Ibrahiem et al. 1993).

Activity of the soil is related first to the rock from which it is produced but altered by leaching, dilution by organic
root systems and the associated changes in water content, and augmented by sorption and precipitation (NCRP

1987, Weng et al. 1991).  Soil is transported laterally by water and wind. Modified by human activities as
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erosion, topsoil transport, and fertilizers. Biochemical processes modify activity several ways. Root systems
increase porosity and water content. Humic acids decompose rock into smaller fragments increasing water content
and leaching action. The lower soil is changed from an oxidizing to a reducing medium. The overall effect of
natural soil development is to reduce the radioactivity. The activity of a specific soil type depends on the local
region and the specific processes in action as seen by comparing same soil types in tables 5 and 6. Although
geological maps based on the uppermost bed rock is useful for a general characterization of activity, it is not a

reliable guide to quantitative evaluation.

Plants selectively take up radionuclides dissolved in water. The reducing action of floodwater in paddy rice greatly
reduces the Tc-95 activity of the rice grain compared to upland rice (Yanagisawa and Muramatsu 1995). Similar
reducing environments reduce the mobility of uranium. Leafy vegetables tend to have high concentration compared
to non-leaf vegetables (Yanagisawa and Muramatsu 1993). Similar metabolic differences are expected for other
radionuclides. Field corn was found to expire Rn-222 at a rate several times higher than the soil on which the corn

was growing (Pearson 1967).

External exposures from terrestrial radiation. The larger fraction of the earth’s surface where people live and

work has as natural cover the soil resulting from weathering processes. As noted, the lower atmospheric radiation
and the associated external exposures are mainly from gamma rays emitted from the top 25 cm of the surface layer
of the earth and the construction materials of the buildings. The buildings will reduce the exposure from the surface
layer but may themselves be constructed from radioactive material that may add to the radiation exposure more than
the shielding reduces it. The soil activity concentrations of China and the United States (UNSCEAR 1993) and the
associated dose rate in air are given in table 7. There is a broad range of dose rates. The activity concentration and
the associated dose rates for various building materials have been compiled by UNSCEAR (1993) and are given in
table 8 dependent on the fraction of the materials in the specific building. Conversion of air kerma (assumed to be
numerically equal to dose under equilibrium conditions) to effective dose depends on the geometry of the individual

and values are given for adults, children, and infants in table 9.

Results from national surveys representing 60 percent of the world population of outdoor dose rates have been
complied by UNSCEAR (1993). National average outdoor dose rates vary from 24 nGy/h for Canada to 120 nGy/h
for Nambia. The population average is 57nGy/h. Many of the surveys included indoor and outdoor dose rates,
which depends on construction materials used. The average indoor to outdoor dose rate ratio was 1.44 and varied
from 0.80 (United States) to 2.02 (Netherlands). There are areas of exceptionally high dose rates associated with
Th-232 and U-238 heavy minerals. Two such sites are Kerala, India with 200-4000 nGy/h (Sunta 1993) and the
coast of Espirto Santo, Brazil with 100-4000 nGy/h (Pfeiffer et al. 1981). Unusually high dose rates have been
reported in Kenya (12000 nGy/h, Paul et al. as reported in UNSCEAR 1993) and Ramsar, Iran (up to 30000 nGy/h,
Schrabi as reported by UNSCEAR 1993). These radiation exposures decline with distance above the surface due to

absorption by atmospheric constituents with an absorption length on the order of 300 m.
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Extraterrestrial Atmospheric Radiation Sources

The ionization in the upper atmosphere results in part from the extraterrestrial particles incident on the top of the
atmosphere. These particles are of two sources. A continuous stream of particles come from deep within the galaxy

while a more intense but transient source is from our own sun.

Galactic cosmic rays. Cosmic rays originating in the galaxy by processes not entirely understood (Hall et al. 1996)
upon entering the solar system interact with the outward propagating solar wind in which is embedded the solar
magnetic field. A solution of the Fokker-Planck equation was found by Parker (1965) in which the inward
diffusion of galactic cosmic rays is balanced by the outward convection by the solar wind. The density of cosmic

ions within the solar system assuming spherical symmetry is then related to the external density as

w(r.R) = uo(R) exp [ - Jy V(r’) dr’/ D(r’ R)] (D

where y(r,R) is the ion density at radial distance » and rigidity R (particle momentum per unit charge), to(R) is the

density in interstellar space, V(r) is the solar wind speed, and D(r,R) is the diffusion coefficient (Balasubramanyan
et al. 1967). The wind velocity and diffusion coefficient depend on the solar activity usually measured by the
number of sunspots seen in the solar surface and there is a phase shift between sunspot number and modulation as
the wind generated at the solar surface diffuses into the modulation cavity which extends far out into the solar
system. The relation of sunspot number to the cosmic ray induced neutron monitor count rate in Deep River,
Canada is shown in figure 3 during some of the more recent solar activity cycles. The inverse relation of solar
activity and cosmic ray intensity is clearly seen in the figure. A simplified version of the diffusion model was
implemented by Badhwar et al. (1994) in which the solar wind is held constant at 400 km/s and the diffusion
coefficient is taken as a function of time and is correlated with the Mt. Washington neutron monitor count rate. The
diffusion was found to be bimodal with unique dependence on the orientation of the solar magnetic dipole.
Assuming an isotropic diffusion coefficient in which the diffusion coefficient generally increases with radial distance

as D(r,R) = Dy(R) ¥ where s is on the order of 0 to 2. The above assumptions lead to

U(r,R) = to(R) exp { =V (rg"™* =r")/[(1 —s)Dy(R)]} (2)

where V) ,r(, and Do(R) are the wind speed, size of the modulation cavity (50 to 100 AU), and diffusion coefficient
at 1 AU respectively. Equation (2) is used to scale the modulated flux at 1 AU to arbitrary distance. Modulation
studies using various Pioneer, Voyager, and IMP spacecraft show variability of s with solar cycle for some restricted

energy ranges but the gross behavior for all energies above 70 MeV is well represented by s = 0.5 (Fujii and

McDonald 1997).

The GCR differential energy flux from the diffusion model is compared with measurements made in the near earth
environment in figure 4 near minimum solar activity. The most prominent particles are in a broad energy range
between 100 and 1,000 MeV per nucleon. These are very penetrating radiations able to penetrate deep into the

atmosphere although only the most energetic particles produce effects at ground levels. The flux near solar
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minimum or maximum depends on the degree of solar activity during the specific cycle as seen in the Deep River
neutron monitor data. The “worst-case” observed flux is shown in figure 5 for which all other recent solar minima
and maxima are expected to fall below the respective curves in the figure. A peculiarity of the GCR is the
significant number of multiple charged ions as displayed in figure 6. The means by which they interact with the
atmosphere and shield materials is still under active investigation as are the biological risk to such radiations

(Schimmerling et al. 1998, Wilson 2000, Cucinotta et al. 2001).

Solar sources. Solar cosmic rays or solar particle events (SPEs) were first observed as sudden short-term increases
in the ground level ionization rate (figure 1). The close correlation with solar flare events first identified them as
originating in the solar surface plasma with eventual release into the solar system (Meyer
et al. 1956). Thus it was assumed that the observation of solar surface phenomena would allow forecasting the
possibility of such events (FAA 1975). Modern opinion considers the particle acceleration region not to be on the
sun at all. Rather large coronal mass ejections from active regions of the solar surface propagate into the
interplanetary environment carrying along with them the local solar surface magnetic field frozen into the ejected
mass that is a good electrical conductor. There is a transition (shock) region between the normal sectored magnetic
field structure of interplanetary space and the fields frozen into the ejected mass which forms a transition region
(shock) in which the interplanetary gas is accelerated forming the solar particle event. The escape of the particles
from the acceleration region is diffusion limited so that a maximum intensity is implied (Reames 1999). However,
when the acceleration region passes the observation point the intensity is observed to increase by an order of
magnitude to high levels in so-called shock events and no upper limit in intensity is known within the shock
region. The SPE energies obtained in the acceleration process are related to the plasma density and velocity of
propagation of the ejected mass. To understand the SPE is then to understand the release of coronal mass and its

propagation into interplanetary space relative to the observation point.

The only solar particle events of interest to aircraft are those capable of ground level observations with ion chambers
(figure 1) or neutron monitors. The rate of occurrence of such events (Shea and Smart 1993) is shown in figure 7.
The ground level events vary greatly in intensity and only the most intense events are important to high-altitude
aircraft protection. The largest ground level event yet observed occurred on Feb. 23, 1956 in which neutron monitor
count rates rose to 3,600 percent above background levels (figure 8). No other events of this scale have been
observed in over fifty years. The next largest ground level event (370 percent over background) was that of
September 29, 1989 shown in figure 9 in comparison with a second series of events starting October 19, 1989. A
list of particle intensities of the larger events is shown in table 10. The low-energy intensities for dates before
November 1960 are most uncertain. The November 1960 event was probed by a series of sounding rockets using
nuclear emulsion. SPE data of the 70’s and 80’s are supported by satellite measurements using active detectors and

are most reliable.

It was found by Nymmik (1997) that the particle spectra tend to display a similar dependence above 30 MeV. From
the model of Nymmik, the event-integrated proton fluence of the September 29, 1989 event above 30 MeV is given

by
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J0(E)dE =1.39 x10° protons/cm? (3)
30

where E is the kinetic energy and ¢ (E) is the differential fluence in protons/(cmz-MeV). In this model, ¢ (E) is

given as a power law above 30 MeV by

o(E)E = € x [@]_45@ )
B Po

where, [ is the proton speed relative to the speed of light, p (E) is the momentum, p30 = 239.15 MeV/c is the

momentum corresponding to a proton energy of 30 MeV. The coefficient C is given by

9
c=— 13910 5 h3axi07 5)

2(239.15) " 1
J[ p<E)j s

The differential fluence in protons/(cmz—MeV) below 30 MeV is calculated by using an exponential distribution

(Shea and Smart 1990), since there is a flattening of the spectra below that energy based upon observations of this
event (Cleghorn and Badhwar 1997). This addition gives a very good empirical description of data below 30 MeV
and the event-integrated fluence for protons of the entire measured energy range is well described as illustrated in

figure 10.

Geomagnetic Effects. Charged particles arriving at some location within the geomagnetosphere are deflected by the
Lorentz force ev X B which prevents penetration for some directions of incidence and some energies. Such
phenomena were extensively studied by Stormer (1930) for a dipole magnetic field which provides the basis for
classifying the orbital trajectories of charged particles arriving at some location within the field. As a part of
Stormer’s theory, allowed trajectories with no connection to asymptotic trajectories exist; these are now recognized

as trapping regions associated with Van Allen radiation.

The geomagnetic field can be reasonably approximated by a tilted dipole with moment M = re331 500 nT
displaced from the Earth’s center by 430 km or 0.068r,, where 7, = 6378 km. The tilt angle is 11.7° at 69° W
longitude. The magnetic quadrupole contributions are then about 10 percent at the surface and decrease to 5 percent
at 2r,. Higher order moments are even smaller. The motion of charged particles in the geomagnetic field was

studied extensively by Stérmer. We outline his methods herein. In spherical coordinates, Stormer showed that the
azimuth angle ¢ is an ignorable coordinate possessing an integral for the particle’s trajectories such that

Cos = Y —(

muvr

2 (6)

ZeM ) sin@
r

muvr
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where m is the mass of the particle, Ze is the charge, v is the speed, c is the speed of light, r is radial distance from
the center of the field, 6 is magnetic colatitude, y is an integration constant, and @ is the angle between the velocity
vector and the azimuthal direction. The allowed Stdrmer regions consist of the space for which

|y _(ZeM)sin9|<1

=|mvr sin & \mvc) r’ |

Further analysis of the condition in equation (7) shows stable trapping regions as well as the Stormer main cone of

lcos o (7

transmission given for Y = 2mvu(ZeM | mvc )]/2- The Stérmer main cone is represented (Kuhn, Schwamb, and

Payne, 1965) by the solid angle element

Q=27x(1+cosw) (8)

which contains the allowed directions of arrival for particles of rigidity R (momentum per unit charge) given by

M sin* 9

R= 9)

¢ r2[1 +(1- sin® 9005(0)”2]2
Henceforth we change variables from the magnetic colatitude 0 to the magnetic latitude A, and note that Q varies
form 0 to 4m reaching its half-value at ® = m/2 including angles up to the vertical direction. The vertical cutoff
model is expressed as
Q=47 U[R-Rc(A,)] (10)
where the vertical cutoff rigidity from equation (9) is

M,
Rc(A,,) = cos” A, (11)
¢ 4cr?

and U(x) is the unit step function.

Not included in the above formalism are those trajectories that are cut off by the shadow cast by the solid Earth.
The fraction of the solid angle covered by the shadow of the Earth is estimated with the assumption that the

curvature of the local trajectories is large compared with the radius of the Earth (Kuhn, Schwamb, and Payne, 1965).

Q
sho_ 1 1+cos(sin_1 lj (12)
4w 2 r

The corrected solid angle for the vertical cutoff model is then

Then the solid angle fraction is

Q=QuU[R-Rc(M,,)] (13)
which leaves the local solid angle open to transmission of charged particles of rigidity R at altitude » and

geomagnetic latitude A ,,, .
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During times of intense solar activity, the solar plasma emitted in solar flares and subflares advances outward and
arrives at 1 AU from the Sun. If the Earth is locally present, the plasma interacts with the geomagnetic field in
which the plasma pressure performs work on the local geomagnetic field. The initial impact produces
hydromagnetic waves causing a general increase in geomagnetic intensity. As plasma flow is established, it
generates large electric ring currents and a corresponding impressed magnetic storm field. In the initial phase
(hydromagnetic wave), the storm field is parallel to the equatorial field after which the storm field reverses in the
main phase of the storm caused by ring currents within the magnetopause and opposes the quiet field, causing a net
decrease of the field strength. The main phase is followed by slow recovery to the quiet field conditions (Johnson,

1965).

The magnetic storm model used here assumes a uniform magnetic field impressed on the normal quiet field (Kuhn,
Schwamb, and Payne, 1965). The storm field strength can be found from the change in the horizontal field

component around the geomagnetic equator. We represent this field by Hg;. Typical values of Hg; in the main

phase range from substorm values —10nT to severe storms with —500 nT. On rare occasions, for very intense

storms, the storm field exceeds —1000 nT.

Magnetic disturbances have been observed for many years, and various classification schemes for such disturbances

have been proposed. The planetary magnetic index Kp is based on magnetometer measurements of 12 stations
worldwide. The Kp index is related to a derived planetary index ap and storm field strength by Bartels (Johnson,

1965) given in the table 11.

The vertical cutoff rigidity as given by equation (11) is further modified to approximate the effects of geomagnetic

disturbances. It was shown by Kuhn, Schwamb, and Payne (1965) that the appropriate equation is

Re(hy,) =122 cos47um{1+HLr3[+—lJ] (14)
r M | cos’A,,
This vertical cutoff replaces equation (11) and applies to storm conditions. Note the cutoff is zero whenever the
result of equation (14) is negative. The geomagnetic field is in fact not a simple dipole. The vertical cutoff for the
realistic field is shown in figure 11. Numerical solutions to the charged particle equations of motion in a more
realistic geomagnetic field model were introduced by McCracken (1962) and further advanced by Shea and Smart

(1983). The numerical work of Smart and Shea is indispensable in understanding extraterrestrial radiation in the

Earth’s atmosphere.

Atmospheric Interactions. The number of galactic cosmic rays incident on the Earth’s atmosphere is modified first
by the modulating effects of the solar wind and second by the deflections in the Earth’s magnetic field as discussed
in the prior sections. Upon entering the Earth’s atmosphere, they collide through coulomb interaction with the air
molecules delivering small amounts of energy to orbital electrons leaving behind an electron-ion pair. The ejected

electron has sufficient energy to undergo similar additional ionizing events. The cosmic ions loose a small fraction
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of their energy in these molecular collisions and must suffer many collisions before significantly slowing down.
On rare occasions the cosmic ion will collide with the nucleus of an air atom in which large energies are exchanged
and the ion and the nucleus are dramatically changed by the violence of the event. If the cosmic ion is a simple
proton then the outcome of the reaction is limited compared to the more complex ions such as Si or Fe. The proton
will under go collisions with constituents of the air atomic nucleus in which the constituents (neutrons, protons,
and small nuclear clusters) are directly ejected from the air nucleus. The remnant of the air nucleus is highly
disfigured and unstable emitting further air nuclear constituents in a cooling process similar to evaporation of water
molecules from a water droplet and final decay through the usual radioactivity channels of gamma, beta, and
electron conversion. Even protons and neutrons have unstable excited states that may emerge from the direct
knockout process and subsequently decay by emitting mesons. The more complex ions may also lose particles
through direct knockout with subsequent cooling adding decay products to the high-energy radiation field. As a
result of nuclear reactions with air nuclei the already complex cosmic radiations increases in complexity as the
atmosphere is penetrated. Even beyond the description above, the field further grows in complexity as a result of

the mesons produced.

Most of the mesons produced are m-mesons or pions. The energy required to produce a pion depends on charge state

and is about 135 MeV for neutral pions and 139.6 MeV for charged pions to which kinetic energy must be added.
The pions are unstable particles appearing in three charge states (-1, 0, +1) with decay products depending on the
charge. The decay process of charged pions is limited to so-called weak interactions as net charge must remain in

the final products and the relatively long lifetime is 26 nanoseconds with the following decay scheme

st +v (15)

The ui (muon) decays with a relatively long lifetime of a 2.2 microseconds as

wroet+v+y (16)

where e is a stable positive or negative electron and the neutrino v are stable massless (or nearly massless) particles

(actually there are at least two different neutrino’s having opposite spin polarization states). The lifetimes are
modified by the relativistic effect of time dilation depending on speed of the decaying particle. The neutrinos,

having no charge, interact only weakly passing through the Earth with relative ease. The neutral pion, having no

charge, decays quickly (= 10 ~16 s) by electromagnetic processes into two very high-energy gamma rays

0 —Sy+y (17)

It is the two gamma rays that add prolifically to the radiation field in a process known as the electromagnetic
cascade. This process is initiated by collision of the gamma rays with air atoms (A) producing high-energy

electron/positron pairs as

Y+A—oset+e +A (18)
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which in turn interact with air atoms to produce additional high-energy gamma rays as bremsstrahlung radiation

trAsy+et+A (19)

which in turn produce more electron/positron pairs. The positron also undergoes annihilation events

et+A—oy+ v +AT (20)

resulting in energetic gamma rays adding to the cascade process and the resulting radiation field. Other mesons are
produced in smaller number, as are antiprotons and antineutrons but are less important in human exposures because

of their low frequency of occurrence.

The specification of the atmospheric radiation environment requires solution of the appropriate equations describing
the above processes. The relevant transport equations are the linear Boltzmann equations for the flux density

0j(x, Q, E) of type j particles given by

Q "Voi(x,QE) = M| Ojk(€2,Q"E.E) ¢k(x.Q"E) dQ' dE' - {V/Ivti(B)] + oj(B)} 0j(x.Q,E) (21)
where 6j(E) and ij(Q,Q',E,E') are the media macroscopic cross sections, v is the particle speed, and Tj(E) is the
particle lifetime in the Earth’s rest frame. The ij(Q,Q‘,E,E') represent all those processes by which type k particles
moving in direction Q' with energy E' produce a type j particle in direction Q with energy E. Note that there may

be several reactions which produce a particular product, and the appropriate cross sections for equation (21) are the

inclusive ones. The total cross section 6j (E) with the medium for each particle type of energy E may be expanded

as

6j () = Gj at (E) + Gj el (E) + ¢ (E) (22)
where the first term refers to collision with atomic electrons, the second term is for elastic nuclear scattering, and the

third term describes nuclear reactions. The microscopic cross sections and average energy transfer for most particles

are ordered as follows:

Gj.at () ~ 10716 cm2 for which AEy¢ ~ 102 eV (23)
Gjel (E) ~ 10719 cm2 for which AEg] ~ 100 eV (24)
Gjr (B) ~ 1024 cm? for which AE;~ 108 eV (25)

This ordering allows flexibility in expanding solutions to the Boltzmann equation as a sequence of physical
perturbative approximations. It is clear that many atomic collisions (~ 10°) occur in a centimeter of ordinary matter,
whereas ~ 103 nuclear coulomb elastic collisions occur per centimeter. In contrast, nuclear reactions are separated by
a fraction to many centimeters depending on energy and particle type. Special problems arise in the perturbation

approach for neutrons for which 6j at (E) ~ 0, and the nuclear elastic process appears as the first-order perturbation.
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As noted in the development of equation (21), the cross sections appearing in the Boltzmann equation are the
inclusive ones so that the time-independent fields contain no spatial (or time) correlations. However, space- and
time-correlated events are functions of the fields themselves and may be evaluated once the fields are known (Wilson
et al. 1991a, Cucinotta et al. 1996). Such correlations are important to the biological injury of living tissues. For
example, the correlated release of target fragments in biological systems due to ion or neutron collisions have high
probabilities of cell injury with low probability of repair, resulting in potentially large relative biological
effectiveness (RBE) and quality factor (Shinn and Wilson 1991). Similarly, the passage of a single ion releases an
abundance of low energy electrons from the medium resulting in intense fields of correlated electrons near the ion
path. For example, electron tracks are visualized in nuclear emulsion in figure 12. The ions in the figure are
cosmic ions of about 400 A MeV resulting in an energy deposit which is laterally spread from the ion path by

distances which are large compared to a cell nucleus as seen in the figure (see also Cucinotta et al. 1998).

The solution of equation (21) involves hundreds of multi-dimensional integro-differential equations which are
coupled together by thousands of cross terms and must be solved self-consistently subject to boundary conditions
ultimately related to the environment at the boundary, the distribution and composition of the atmosphere, and the
geometry of the person’s body and/or a complex vehicle. In order to implement a solution one must have available
the atomic and nuclear cross section data. The development of an atomic/nuclear database is a major task in code
development.

The transport coefficients relate to the atomic/molecular and nuclear processes by which the particle fields are
modified by the presence of a material medium. As such, basic atomic and nuclear theories as evaluated by critical
experiments provide the input to the transport code database. It is through the nuclear processes that the particle
fields of different radiation types are transformed from one type to another. The atomic/molecular interactions are
the principal means by which the physical insult is delivered to biological systems in producing the chemical
precursors to biological change within the cells. The temporal and spatial distributions of such precursors within

the cell system govern the rates of diffusive and reactive processes leading to the ultimate biological effects.

The solution to equation (21) can be written in operational form as ¢ = G ¢B where ¢B is the inbound flux at the

boundary, and G is the Green's function which reduces to a unit operator on the boundary. A guiding principle in
radiation-protection practice is that if errors are committed in risk estimates, they should be overestimates. The
presence of strong scattering terms in equation (21) provides lateral diffusion along a given ray. Such diffusive

processes result in leakage near boundaries. If ¢ is the solution of the Boltzmann equation for a source of particles

on the boundary surface I', then the solution for the same source on I" within a region enclosed by I', denoted by

0T o(I") has the property

Oro(M) = or+er (26)
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where €T is positive provided I'; completely encloses I'. The most strongly scattered component is the neutron

field, for which an 0.2 percent error results for infinite media in most practical problems (Wilson et al. 1991b).

Standard practice in radiation protection replaces I as required at some point on the boundary and along a given ray
by the corresponding I'y evaluated for normal incidence on a semi-infinite slab. The errors in this approximation

are second order in the ratio of beam divergence and radius of curvature of the object, rarely exceed a few percent for

space radiations as those incident on the top of the atmosphere, and are always conservative. The replacement of I"
by I'y as a highly accurate approximation for space radiation applications has the added advantages that I'y is the
natural quantity for comparison with laboratory simulations and has the following properties: If Iy is known at a

plane a distance xq from the boundary (assumed at the origin), then the value of I'y at any plane x > X is

GN(X) = GN(x = Xo) GN(Xo) (27)
Setting x = X + h, where h is small and of fixed-step size gives rise to the marching procedures such as those in

the code HZETRN (Wilson et al. 1991D).

Estimates of the charged particle and nucleonic components (NCRP 1987) as a function of depth in the atmosphere

are shown in figure 13. The neutron and pion components show a net increase (buildup) near the top of the

atmosphere reaching a maximum at atmospheric depths of 50 to 100 g/cm2 followed by an exponential decline.
Protons show a steady decline in intensity. The decay of the charged mesons into charged muons causes a buildup
of the muon component that shows little decline. The reason is that most of the nucleons undergo nuclear
reactions, which accounts for their exponential decline while the charged pions are depleted by weak decay. Since
most pions are produced near the top of the atmosphere where high-energy nuclear collisions are plentiful, the pions
decline at greater depths. The muons from the pion decay are mainly produced in the upper atmosphere and have no
nuclear reactions and are therefore little attenuated in reaching the larger depths. Furthermore, their long lifetime is
effectively increased by relativistic time dilation, allowing many muons to reach the ground before they decay. The
electrons are from the electromagnetic cascade driven by the high-energy gamma ray decay of the neutral pion, which
are mainly produced in the upper atmosphere. The electron population declines as they loose energy through
bremsstrahlung and atomic collisional processes. The relationship between atmospheric depth and altitude is given

in figure 14.

Atmospheric radiations. The ionizing radiation within the earth’s atmosphere has been studied by many groups,

over many decades, and with various instruments. The observation over many decades with a common instrument
allows the study of the time and latitude structure on a consistent basis. Such long-term studies are by necessity
immune to modern detector development and their main value is the self-consistency of the resulting database. Two
such detectors have played such a role: high-pressure ion chambers (Neher and Pickering 1962, Neher 1961, 1967,
1971, Neher and Anderson 1962) and Geiger-Mueller counters (Bazilevskaya and Svirzhevskaya 1998). A more

limited study was made over most of solar cycle 20 (1965 to 1972) using tissue-equivalent ion chambers, nuclear
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emulsion, and fast neutron spectrometers (Foelsche et al. 1974). The detectors give complementary information, the
ion chamber relates directly to exposure (rate of ion formation in standard air), the Geiger-Mueller tube counts
number of particles (insensitive to neutral particles), and the neutron spectrometer provides new data not available in
the other two packages. The high-pressure ion chamber measures the ion current generated by the cosmic rays in the
filling gas. The filling gas is usually argon within a steel walled chamber to maintain electron equilibrium at the
gas/wall interface. It is relatively more sensitive to gamma radiation than the air molecules but the charged particles
can be more directly related to air exposure rates. It is insensitive to neutrons. The Geiger-Mueller tube is nearly
100 percent efficient in counting charged particles and rather inefficient in counting uncharged particles such as
gamma rays and neutrons. Only the neutron spectrometer allows clear identification of neutrons and their spectral

properties.

The Geiger-Mueller counter has the advantage of being lightweight and compact allowing radiosound balloon
studies that are relatively inexpensive as is necessary for long-term support. A remarkably detailed database on
many of the small temporal details was obtained over the years of 1957 to 1997 in the studies of Bazilevskaya and
Svirzhevskaya (1998). The cosmic ray flux is shown in figure 15 for low solar activity (February 1987) and high
solar activity (September 1989) at two locations with differing geomagnetic cutoffs (R, = 0.6 GV at Murmansk and

R, =6.7 GV at Alma-Ata). The count rate increases with atmospheric depth as the multitude of secondary charged

particles are added with deeper penetration into the atmosphere. The secondary particle generation process depends
on the energy of the initiating cosmic particles at the top of the atmosphere; low energies are less deeply

penetrating, with greater penetration depths at higher energies. The high latitude data (R, = 0.6 GV) in figure 15

shows only a net modest increase in count rate with depth at the top of the atmosphere near solar minimum since
the number of low energy particles present at the top of the atmosphere tend to dominate the GCR spectrum (see
figure 5) at this time in the solar cycle. As solar maximum is approached, the low energy particles can no longer
penetrate the solar modulation cavity (figure 5) and the resulting maximum atmospheric count rate moves deeper
into the atmosphere as seen in figure 15. Note also the percent increase in the count rate is likewise much higher
near solar maximum as one would expect. The low energy cosmic particles present at the top of the atmosphere are
likewise removed by the geomagnetic field at lower latitudes as seen by comparing the Murmansk curves (triangles)
with those measured at the lower latitudes at Alma-Ata (circles). Note that the count rates near the surface ( ~1,000
g/em’) are nearly independent of solar modulation and geomagnetic cutoff. This results from the fact that only the
highest energies primary particles contribute significantly to the ground level radiation and are little affected by

either factor (for example, see figure 5 for solar modulation effects).

Balloon flights during solar particle events (SPE) were likewise made by Bazilevskaya and Svirzhevskaya in which
large perturbations in the atmospheric radiation was observed (figure 16). In this case, the observed particles are
mainly protons since SPE are relatively low in energy for which meson production with their associated
electromagnetic cascades is limited. The proton mean free path to nuclear absorption is on the order of several tens
of g/em” so that relatively few of the protons beyond 100 g/cm” depths are primary particles. There is a nucleonic

cascade in which high-energy neutrons are in part responsible for carrying the radiation deep into the atmosphere

44



where they are converted into protons in nuclear reactions. The observations depicted in figure 16 show that the
SPE can easily dominate the radiation fields at aircraft altitudes even when the ground level fields are only slightly
affected as seen for the October 1989 event (compare figure 16 with figure 9). We anticipate that the much larger
ground level events will have correspondingly large disturbances in aircraft radiations as will be addressed

subsequently in this paper.

Observations were also made during large geomagnetic storms. In this case, the perturbations of the geomagnetic
field during the storm main phase compresses the geomagnetic field increasing the loss of trapped electrons by
increasing the rate of collision with the earth’s atmosphere. It is those trapped particles that populate the trapped
belts near the poles seen in figure 2 that are mainly lost to the atmosphere. These electrons were observed on May
1994 at high altitudes as seen in figure 17. As estimated by Foelsche et al. (1974), these particles pose no hazard to
high altitude aircraft as can be judged by the results in the figure 17.

Although not a naturally occurring event, many of the balloon flights were made during the period of atmospheric
nuclear testing. Measurements made in 1970 are shown in figure 18 in which high altitude radioactive pollution is
clearly observed. The particles observed here are mainly gamma rays. The main concerns for these types of
radiations is for aircraft surface contamination and intake into the cabin air circulation system (FAA 1975) followed

by inhalation.

The Geiger-Mueller count rate is not sufficient to relate to human risks. Additional information on linear energy
transfer (LET) is required as shown in figure 19 (Tobias 1952). In addition to the count rate is shown the average
rate of energy loss that is nearly proportional to the average specific ionization. As the composition of the radiation
changes through interaction with atmospheric constituents the energy loss rate of the radiation field is modified
having important implications on radiation risks. Evaluation of risks requires specific knowledge of the particles

and their corresponding energies present at the exposure.

Starting at the top of the atmosphere, a significant feature of GCR exposures is the presence of heavy ions which are
potentially very damaging. A comparison of the solution of equation (21) with measurements of Webber and
Ormes (1967) is shown in figure 20. The more massive ions attenuate more quickly in the atmosphere due to their
larger nuclear cross sections. They fragment into smaller ions and neutrons producing mesons in the process. The
fragmentation of the iron ions results in 120 different isotopes that need to be accounted (Kim et al. 1994). The
data in the figure groups the isotopes by charge number to improve the statistics of the experiment. The
fragmentation of the heavier ions result in contributions to the lightest ion group (Li, Be, B) which hardly changes
at all over to relatively large penetration depths. Clearly, the composition of the GCR is undergoing large changes
in the upper atmosphere. The penetrating component of the heavy ions poses some issues at high altitude
commercial operations as one hit per gram tissue each month is anticipated for the crew in supersonic transport

operations (Allkofer and Heinrich 1974).
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It was generally regarded that although neutrons played an important role in understanding the trapped radiations
and for the formation of many cosmogenic isotopes in the atmosphere, the role of neutrons in direct human
exposure was believed to be very limited (ICRP 1966) and estimates of dose equivalent was largely taken as the air
exposure (Wallace and Sondhaus 1978). However, when humans entered the space program the concern for space
radiation led to the development of computational shield models that uncovered the important role of neutrons as
secondary radiations. When the supersonic transport was first proposed, Foelsche proposed a number of concerns
relating to neutrons as a potentially important component in atmospheric radiation (Foelsche 1961, Foelsche and
Graul 1962). As a result a study of atmospheric radiations was made over most of solar cycle 20 in which neutrons
and other biologically important components were the focus. The study consisted of over 300 airplane flights using
the General Dynamics/Martin RB-57F, Lockheed U-2, and Boeing 707 aircraft and 25 high-altitude balloon flights
as indicated in figure 21. The intent was to gain information on GCR background levels and attempt to make
measurements during a SPE. A more detailed description is given by Foelsche et al. (1974) and Korff et al. (1979).

The acquired data set was used to derive a parametric atmospheric ionizing radiation model (Wilson et al. 1991b).

Figure 22 shows measurements by the neutron spectrometer and tissue-equivalent ion chamber made on a high-
altitude balloon flight near solar minimum (maximum GCR intensity) over Ft. Churchill, Canada (Rc = 0.2 GV).
The instruments were only lightly shielded (less than 1 g/cm’ fiberglass and foam). The features to be noted are the
broad maximum in the neutron flux, with peak at 60 to 70 millibars (mbar) and a leveling off of the ion chamber

dose rate above 50 mbar (1 mbar = 1 g/cmz). Also shown is the parametric environmental model (Wilson et al.

1991b). A second flight one month later above St. Paul, Minnesota (Rc = 1.3 GV) is shown in figure 23. The
lower energies of cosmic rays are removed by deflection in the geomagnetic field which reduces the ion chamber
dose rate considerably above 100 mbar and leaves the neutrons, produced mainly by higher energy cosmic rays,
little affected. This conclusion applies only above the latitude knee and at high altitudes where low energy particles
mainly contribute to the radiation field near solar minimum. As solar maximum is approached, the low energy
particles are eliminated by the solar modulation and this effect is reduced as noted below. At lower altitudes and
latitudes both ionization and neutron components result from high energy particles and the variations of ionization
and the neutron fields are comparable (Hewitt et al. 1980, Goldhagen et al. these proceedings). A third flight about a
week later over St. Paul shown in figure 24 includes the effects of a 15 cm thick tissue equivalent spherical
phantom on the measurements in which the neutrons are dramatically reduced with little affect on the ion chamber
dose rate. A reflight from Fort Churchill two years after solar minimum in figure 25 in which the neutron flux and
ion chamber dose rate have decreased by about the same percentage. Also shown in the figure are the resulting
model developed from the project (solid curve) and results of Monte Carlo calculations for the same time period
(dashed curve). The Monte Carlo evaluated neutron spectra were used to estimate those neutrons not seen by the
spectrometer as shown in figure 26. The conversion into dose and dose equivalent are shown in the figure. As can
be seen, over half of the neutron dose and nearly half of the dose equivalent are from neutrons above 10 MeV. The
contributions to dose equivalent from charged particle ionization, neutrons, and charged particle nuclear events in

tissue are shown in figure 27. The data in the figure is for high latitudes and various times in the solar cycle. The
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conversion to dose equivalent used the older quality factors which limit to 20 at 100 keV/micron and do not

decrease at higher values of LET.

There is a lower level short-term structure in the atmospheric radiation levels, shown in figure 28, which has two
sources. The diurnal variation is due to the relative tilt of the geomagnetic dipole to the solar wind direction during
daily rotation. The amplitude depends on the temporal intensity of the local solar wind. The longer sidereal
variation is related to solar rotation as the emitted coronal plasma depends on local features in the solar surface at
the time of emission. The solar wind expands as an archimedean spiral that co-rotates with the solar surface (similar
to a rotating water sprinkler) and long lived surface features will show a 28-day recurrence in the local cosmic ray
intensities accounting for the longer-period structure in the figure. Such time variations, up to a few percent, should
be taken into account in interpreting measured data such as that shown in figure 29. Figure 29 shows the model
results for ionization in air and a flight measurement of relative values of ionization rate using a high-pressure ion
chamber on an ER-2 aircraft on June 13, 1997. The model results in figure 29 do not yet include the short-term

variations.

Background exposure levels. The data set obtained by Foelsche et al. had sufficient coverage that a parametric

model by interpolation over geomagnetic cutoff, Deep River neutron monitor count rate, and altitude allowed a
global model of atmospheric radiations for all times to be made. For example, the modeled 1 to 10 MeV neutron
flux is shown in figure 30 in comparison to the flight data. The atmospheric ionization data was obtained from
Neher (1961,1967, 1971) and Neher and Anderson (1962) as compiled by S. B. Curtis (Boeing 1969) in table 12
for solar minimum and table 13 for solar maximum and utilized by Wallace and Sondhaus (1978). The tissue
equivalent ion chamber is taken as the conversion of air exposure rate to dose rate in tissue from all but the neutron
dose rate which is related to the 1-10 MeV flux (figure 30) assuming the Monte Carlo extension of the neutron
spectrum (figure 26). Added to this is a parametric representation of the nuclear stars in tissue estimated by the
nuclear emulsion data after subtraction of the neutron-induced stars. The resulting dose equivalent per 1000 hours
of operations (the maximum number of flight hours for crew members which does not include the “dead head
times”) is shown at solar minimum in figure 31. One can see that there is a high plateau in the Polar Regions
where dose equivalent rates are maximum for any given altitude with a broad deep valley in equatorial regions.
These are effects due to the geomagnetic field on the incident primary cosmic particles. The height of the polar
plateau relative to the equatorial valley increases at the higher altitudes. The concentration of iso-dose equivalent
contours in the intermediate latitudes is referred to as the knee of the latitude dependence. The irregularity of the
contours relative to geographic coordinates is due to the tilt of the dipole field and presence of the quadrupole
moments of the geomagnetic field. The north Atlantic flight corridor is one of the busiest in the world and is
among the most highly exposed routes in aircraft operations. Much of European flight is near or below the latitude
knee and somewhat lower exposures are expected. In distinction, flights over Canada are among the most exposed.
The maximum solar modulation in solar cycle 20 is shown in figure 32. As expected, the effects of modulation
show strong latitude and altitude dependence. Mainly those regions affected by the lower-energy particles show

significant modulation effects.
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Although most studies of atmospheric radiation are the result of concern for airline crew exposures, most
individuals are exposed as a result of the ordinary circumstances of life (where they live and work). The populations
of the world are located in large part on the coastal plains of the greater landmass. As a result, several studies of
cosmic ray exposures from sea level to a few thousand meters have been made. Measurements of the associated
environment require some care since the terrestrial radionuclide emissions are a confusing factor requiring some care
in evaluation since the terrestrial radiations depend on local geological factors. In addition, even the cosmic
radiations change character at ground level since interaction with the local terrain modifies the neutron fields above
the surface. One can see from figure 13 that the near sea level environment is mainly composed of muons with
smaller number of photons (not shown), electrons and neutrons which are produced high in the atmosphere by high-
energy cosmic rays. As a consequence, the sea level ionization rate in a high-pressure ion chamber is closely related
to both the absorbed dose and dose equivalent as the muons, photons, and electrons are minimum ionizing radiation
(quality factor is unity) and the neutron absorbed dose is small. The difficulty in use of the ion chamber to study
cosmic radiation near the surface is the confusion from the terrestrial radiation contributions that can be relatively
large on the surface and decline with increasing altitude from the surface. From the earliest measurements of Wulf
and Hess it was known that the atmospheric ionization rates declined with altitude followed by an increase at higher

altitudes until the ground levels are achieved again at about 1,500 m.

The sea level cosmic ray ionization rate at middle to high latitudes was reviewed and consistently found to be in the

3 3
range of 1.9 to 2.6 ion pairs/cm -s and the value of 2.1 ion pairs/cm -s has been consistently adopted since that
evaluation (UNSCEAR 1982). Note that this is significantly lower than the value given by Wallace and Sondhaus

in tables 12 and 13. Assuming the average energy for the formation of an ion pair in moist air is 33.7 eV, the

absorbed dose rate corresponding to 2.1 ion pairs/cm3—s is 32 nGy/h. Measurements near 15° geomagnetic north in
Taiwan by Weng and Chen (1987) on Mount Ali and by aircraft are shown in figure 33. The offset in dose rates on
Mount Ali seen in the figure results from the terrestrial radionuclide emissions from the moutain. Extrapolation of
the aircraft data to 100 m gives 34.5 nGy/h. Additional measurements over two deep water reservoirs and over
South Bay yielded 31+6 nGy/h. Subtracting contributions of radionuclides in the air and water yields the cosmic
ray contribution to be 26+7 nGy/h accounting for both uncertainty in Rn contributions in air and in the
measurements. The value adopted by UNSCEAR (1982) is in the range of uncertainty of the Taiwanese

measurements although lower values are indicated for the lower latitudes. Similar values were measured at Hong

Kong (27-31 nGy/h at 6.5° geomagnetic north) by Tsui et al. (1991) and Shenzen, China (28 nGy/h near 6.5°
geomagnetic north) by Yue and Jin (1987) indicating the ionization rates are lower by about 10-15 percent near the
geomagnetic equator. The absorbed dose at high and low latitudes is given by Hewitt et al. (1980) shown in figure
34.

The neutron flux at sea level is estimated (Hajnal et al. 1971) at 50 degree geomagnetic North to be 0.008

2
neutrons/cm -s. The energy spectrum is very broad and difficult to measure so that dose equivalent estimates are
still uncertain (Hajnal and Wilson 1991). Average effective dose equivalent was taken as 2.4 nSv/h by UNSCEAR
(1988). With the changing quality factor (ICRP 1991) the dose equivalent is estimated to increase by about 50
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percent (Wilson and Townsend 1988, Hughes 1993) for which UNSCEAR (1993) adopted the value of 3.6 nSv/h.
The latitude dependence was further studied by Nakamura et al. (1987) using He-3 counters in a multi-sphere
arrangement (six polyethylene spheres ranging from 5.1 cm to 45.2 cm) with results shown in figure 35 (older
quality factors). Changes in quality factors would require increasing these results by about 50 percent. The altitude
dependence over Japan was further studied using a high efficiency dose equivalent counter which was cross
calibrated with the multi-sphere spectrometer as shown in figure 36. Again these results should be increased by

about 50 percent for the changing quality factors.

The dose equivalent rate has been represented by the following functions. The direct ionization contribution is

approximated as

H,(z) = H,(0) [0.205 exp(-1.649 z) + 0.795 exp(0.4528 z)] (28)
where z is in km and Hy(0) is 32 nSv/h. The corresponding neutron dose equivalent is approximated (Bouville and

Lowder 1988) by

HN(z) = HN(0) exp(1.04 z) (29)

for z < 2 km and

HN(z) = HN(0) [1.98 exp(0.698 z)] (30)
for z > 2 km where HN(0) is 3.6 nSv/h. The results are shown in figure 37. The neutron dose equivalent is small

for altitudes less than 3 km and increases rapidly to be half of the total dose equivalent near 6 km.

Atmospheric SPE. 1t was clear from the observations in figure 16 that even a rather modest ground level SPE such
as that which occurred in October 1989 could dominate the particle flux at aircraft altitudes, but their importance to
human exposure needs to be explored. This requires measurements with instrumentation capable of distinguishing
the biologically important components, such as that of Foelsche et al. (1974). Two such flights were achieved on
March 30-31, 1969. The event was very modest as a ground level event but provides important information on
exposures to high altitude aircraft (see figure 38). Assuming Nymmik’s approximation is correct (see equation 4)
then the high-energy fluence important to aircraft exposure would be nearly proportional to the ground level
response. This relationship has been assumed to estimate the dose equivalent rate of other larger ground level
events as indicated in the figure. An independent assessment using the estimated spectral flux of the February 23,
1956 event is shown in figure 39 and is in reasonable agreement with the estimate obtained from projecting the

flight data.

The global distributions of dose equivalent rate during the February 23, 1956 event are shown in figure 40 at
selected altitudes using the methods of Wilson et al. (1970). Again one sees a radiation plateau in the polar region
and a broad valley at lower latitudes. Of particular note are the high rates over the north Atlantic as was the case for
the background levels only the knee is sharper and at higher latitudes. The altitude dependence of the dose
equivalent rate in the extreme north section of the usual US-to-Europe flight lanes is shown in figure 41. The

accumulated dose equivalent on a flight during this event can be quite high even at subsonic altitudes. One should
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keep in mind that this is the only event of this magnitude observed in over fifty years of observation and so is
extremely rare. The next larger event is the September 29, 1989 event in which dose equivalent rates were an order
of magnitude lower. The events of the magnitude of the September 29, 1989 are in fact rare with only one such

event per decade on the average.

Cosmogenic radionuclides. Cosmogenic radionuclides are produced in the many nuclear reactions with the air
atomic nuclei and to a lesser extent with the ground materials. The dominant isotopes are produced in reactions
with the oxygen and nitrogen atoms and to a lesser extent with other trace gases as argon and carbon dioxide. Their
importance in human exposure depends on the production rate, radionuclide lifetime, the chemical/physical
processes of the atmosphere/terrain, and the body processing following ingestion and/or inhalation. There are only
four such isotopes of importance to human exposure as given in table 14. The carbon-14 is mainly produced by
neutron (n,p) events in nitrogen-14. The hydrogen-3 and berylium-7 are produced in high-energy interactions with
nitrogen and oxygen nuclei. The sodium-22 is produced in high-energy interactions with argon. All of these
radionuclides are mainly produced in the atmosphere in which residence times can be 1 year in the stratosphere
before mixing with the troposphere. Residence times in the troposphere are only 30 days for nongaseous products.
Carbon-14 undergoes oxidation soon after production to form carbon-14 dioxide. Not all of these radionuclides are
accessible to human exposure. For example, about 90 percent of the carbon-14 is dissolved into deep ocean
reservoirs or resides as ocean sediment with the remainder on the land surface (4 percent), in the upper mixed layers
of the ocean (2.2 percent) and in the troposphere (1.6 percent). Carbon-14 enters the biosphere mainly through
photosynthesis. Hydrogen-3 oxidizes and precipitates as rain water. The berylium-7 concentrations are unevenly
distributed over the earth’s surface being strongly effected by global precipitation patterns (NCRP 1987). The
bioprocessing of sodium-22 is affected by the overlying canopy cover which serves as a filter to ground vegetation

(Jenkins et al. 1972) and shows large variation in tissues of elk, deer, and caribou (Jenkins et al. 1972).

External exposures. Although most studies of atmospheric radiation have been the result of concern for airline
crew exposures, most individuals are exposed as a result of the ordinary circumstances of life. Knowing the local
galactic cosmic ray environment is the beginning of the problem but the effects of shielding of building structures
and the human body are further modifying factors. It is usually assumed that the effective dose equivalent from the
directly ionizing component is the same as the dose equivalent (28 to 32 nGy/h from equator to high latitudes).
One must account then for modifications for building structures and occupancy factors. Indoor measurements in a
12-storey building showed a steady decline in cosmic ray exposures from the roof to the basement as shown in table
15. Additional studies by various groups are shown in table 16. The effective shielding factors vary by 30 percent
depending on where the measurement is made within the building as shown by Fujitaka and Abe (1984a). Fujitaka
and Abe (1984b) also show that the dose rate does not depend on the details of the building interior. However, the
location of other buildings can have an effect on exposures on the lower floors but all such parameters will have
only a 30 percent effect on the exposure. The single most important parameter is the floor material and structure
(Fujitaka and Abe 1986). The neutron transmission factors are usually taken as unity (UNSCEAR 1988, 1993).

The neutron spectrum must be better understood to improve on this estimate.
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The distribution of effective dose equivalent was modeled by Bouville and Lowder (1988) and used to estimate the
world population exposures based on terrain heights and population distributions. The annual effective dose
equivalent was estimated from equations (28) to (30) in UNSCEAR (1988) with slightly different values of Hy(0)
and assuming a building shielding factor of 0.8 and an occupancy factor of 0.8. The distribution of collective dose
in each altitude interval is shown in figure 42. About one half of the effective dose equivalent is received by people
living at altitudes below 0.5 km and about 10 percent of those exposed are above 3 km. Thus, 90 percent of all
exposures have less than 25 percent of the dose equivalent being contributed by neutrons (see figure 37). A small
fraction of people living at high altitudes receive exposures for which 40 to 50 percent of the exposure is from
neutrons. Some countries like the United States have large coastal regions where the population effective dose is
near that at sea level. Other countries with large cities on elevated plateaux such as Mexico, Kenya, Ethiopia, and
Islamic Republic of Iran have relatively high exposures (see table 17). For example, the cities of Bogata, Lhasa,
and Quito receive annual effective dose equivalents from cosmic radiation in excess of 1| mSv (UNSCEAR 1988) of

which 40 to 50 percent are from neutrons.

Passenger and crewmembers of commercial aircraft experience even higher dose equivalent rates of which 60 percent
are from neutrons. The exposures are dependent on altitude, latitude, and time in the solar cycle. Most operating
aircraft have optimum operating altitudes of 13 km but the many short flights operate at lower altitudes of 7-8 km

at speeds of 600 km/h. For longer flights 11-12 km is typical. Estimates of human exposures were made by
UNSCEAR (1993), assuming 3°109 passenger-hours aloft annually and 2.8 uSv/h at 8 km found 10,000 person Sv
as the collective dose equivalent. Worldwide, this is an annual average effective dose of 2 uSv although in North
America it is about 10 uSv. In any case, air travel is a small contribution to the annual worldwide average effective

dose from cosmic rays of 380 uSv.

A small number of supersonic airplanes operate at cruise altitudes of 15-17 km. The average dose equivalent rate on
the six French planes for the two years following July 1987 (from solar minimum through near solar maximum)

was 12 uSv/h with monthly values up to 18 uSv/h (UNSCEAR 1993). During 1990 the average for the French
planes was 11 puSv/h and the annual dose equivalent to the crew was about 3 mSv (Montagne et al 1993) while

2,000 flights of the British planes had an average of 9 mSv/h with a maximum of 44 mSv/h (Davies 1993). All of
the dose equivalent estimates of the Concorde use older values of quality factor and revised estimates would be
about 30 percent higher. The exposures to passengers on supersonic aircraft would be about the same as for the
equivalent subsonic flight wherein the higher rate of exposure is nearly matched by the shorter supersonic flight
time. Crew exposures can be substantially higher since time at altitude is about the same independent of speed.
There is only a negligible contribution to the collective dose since the supersonic traveler and crew represent a small

fraction of the airline industry.
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Internal exposures. Cosmic rays produce a number of radionuclides of which the four most important are given in
Table 14. The most significant exposures are for Carbon-14. The assessment of the exposures was made by
UNSCEAR (1977) from the known specific activity of Carbon-14 of 230 Bq per kg of carbon leading to an annual
effective dose of 12 pSv. The next most abundant of the radionuclides of Hydrogen-3, Berylium-7, and Sodium-22

in table 14 are totally negligible (UNSCEAR 1997). A concern for surface contamination by Be-7 for operations in

the stratosphere has not yet been answered.

Neutron Exposure Issues

It is useful tounderstand exposures aircraft in relation to otheexposures. His is especially true interms of
neutron exposures for which the corresponding neutron exposuceeiicients araincertain. The main exposures
to neutrons are either occupationally related and/or from the oésgsmic rays. &imates ofoccupational neutron
exposures vthin the US veregiven by theNCRP (1987)for the year1980. These estimateare based ondata
gathered inthe years1977 to 1984 andregiven in table 18. Studies by theEnvironmentalProtection Ayency
indicate thatsuchexposures hadecreased by factor of two inthe years1970 to 1980 due to ipnovement in
protection practice (Klement et al. 1972, EPA 1984). Not included in the table are crew members of aircraft.

The cosmic ray dose equivalent rates were discussed in an earlier section. In that section the rates were evaluated on
the basis of measurements made with various instruments. The ratio of the neutron dose equivalent rate to the total
dose equivalent rate according to the parametric atmospheric radiation model is shown in figure 43. It is clear from
the figure that 40 to 65 percent of the dose equivalent at ordinary aircraft altitudes are due to neutron exposures
depending on latitude and longitude of the flight trajectory. The fraction of neutron exposure is altitude dependent
but varies little over most aircraft operating altitudes. Since most commercial flights take place at relatively high
latitudes, one can assume that about 60 percent of the dose equivalent is from neutrons in commercial airline

operations.

Although a consistent data set over most of the geomagnetic latitudes and altitudes during most of solar cycle 20
has been measured, many of the individual components were not resolved due to instrument limitations at the time
of measurement and the major portion of the neutron spectrum depends on theoretical calculations for proton
interactions with the atmosphere (see figure 26). Prior measurements of the atmospheric neutron spectrum are
shown in figure 44. Hess et al. (1959) estimated the neutron spectrum using moderated boron trifluoride counters
and a bismuth fission chamber supplemented with a model spectrum. Korff et al. (1979) used a liquid scintillator
spectrometer sensitive mainly to 1-10 MeV neutrons with analysis assuming a simple power law spectrum (note
that the Korff et al. data in the figure is at a higher altitude). Hewitt et al. (1978) measured the neutron spectrum
using a Bonner sphere setup at subsonic altitudes and analyzed the data assuming a simplified spectral analysis. The
Hewitt et al. result confirms the importance of the high-energy neutrons but left the exact nature of the spectrum
uncertain due to limitations of the analysis methods. Nakamura et al. (1987) used a Bonner sphere setup at much
lower latitudes and his results are multiplied by 3X for comparison of spectral shape. Ferenc Hajnal of the US

Department of Energy Environmental Measurements Laboratory developed new analysis techniques for unfolding
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Bonner sphere neutron spectral data and found important structural features in Hewitt’s data near 100 MeV (see

figure 45) that have important implications for aircraft exposures (Hajnal and Wilson 1991, 1992).

A study of the atmospheric neutron spectrum lead by H. Schraube of GSF in Neuherberg has been funded by the

Directorate General XII of the European Union. The experimental component consists of a Bonner sphere

spectrometer with a 3He proportional counter (Schraube et al. 1998) on a mountaintop (Zugspitze). The theory part
of the study uses the FLUKA code at the University of Siegen and the known cosmic rays incident on the
atmosphere (with the multiple charged ions assumed to be dissociated into constituents, Roesler et al. 1998). It is
interesting to note that the structure expected from the analysis of Hajnal at 100 MeV (figure 45) appears in both the
measurements and the FLUKA calculation (see figure 46). Note that this feature is absent in the results from the
LUIN code (also shown in figure 46) which depended on the Hess spectrum for guidance as the LUIN code is not a
fundamental calculation in that information outside the LUIN result is used to patch an answer into the final values
(O’Brien and Friedberg 1994). The importance of the Schraube et al. study is that the neutron ambient dose
equivalent is about a factor of two larger than that estimated using the LUIN code (Schraube et al. 1998) and the
added contributions are from high-energy neutron interactions with tissue nuclei resulting in an array of high LET
reaction products at each collision event (see figure 47 where LET spectra of a 1 GeV neutron event is compared to a
typical alpha decay spectrum). Very little biological data exist on such radiation interactions (Baarli 1993, Wilson

et al. 1990, 1995) and the important cancer risk coefficients are very uncertain.

Further studies were started at the NASA Langley Research Center. An instrument package was developed in
accordance with the NCRP (1995) recommendations through an international guest investigator collaborative
project, thereby ensuring the availability of the numerous instruments required to measure the many components of
the radiation spectra. Selection criteria included: (a) the instruments had to fit within the cargo bay areas of the
ER-2 airplane and be able to function in that environment, (b) each instrument must have a principal investigator
with independent resources to conduct data analysis, and (c) the instrument array must be able to measure all
significant radiation components for which the NCRP (1995) had established minimal requirements. Also, the
flight package had to be operational and the first flight occur before or near the maximum in the galactic cosmic ray
intensity (ca. spring/summer 1997). Flights of the ER-2 package were in June 1997 during the maximum of the
galactic cosmic ray intensity (several months after sunspot minimum in September 1996, see figure 3). Preliminary

results of these flights will be presented at this workshop.

Estimates of dose equivalent rates are available from a number of sources. Only a few give separate values for
neutron contributions. Bagshaw et al. (1996) give average rates for long haul flignts from London to Tokyo as 3

uSv/hr for neutrons and an additional 3 puSv/hr for other components for a total of 6 uSv/hr. Schalch and

Scharmann (1993) employed a proton recoil spectrometer to estimate the neutron dose equivalent arriving at 8

uSv/hr for neutrons and 11.5 uSv/hr total on Frankfort/New York routes and 9.5 uSv/hr for neutrons and 11.8
uSv/hr total on Dusseldorf/San Francisco routes. Altitude and latitude dependent results using a high-pressure ion

chamber and spherical remmeter are given by Akatov (1993) in table 19. Although the quality of the ionization dose
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is not given, it is seen that the neutron dose equivalent rate is on the order of half or more of the exposure. Since
these measurements are made at solar minimum where the cosmic ray intensities are maximum, it can be concluded
that a discrepancy appears between the Schalch and Scharmann result measured at much lower altitudes during

elevated solar activity and the neutron dose equivalent rate given by Akatov at SST altitudes.

In addition to the flight routes used, the commercial aircraft crew exposures depend on the actual number of flight
hours, which may be as many as 1,000 hours per year. Hughes and O’Riordan (1993) estimate that long haul crews
are airborne 600 h/yr while short haul crews log only 400 h/yr and they used the average value of 500 h/yr.
Bagshaw et al. (1996) quote for a mix of ultra long haul and long haul as 600 h/yr while exclusive ultra long haul
crews fly up to 900 h/yr. Oksanen (1998) lists annual average cabin crew hour as 673 while the technical crew
hours are 578. The range of hours given by Oksanen range from 293 to 906 hours per year. In addition to
exposures in actual flight operations, added exposure is due to off duty flights in returning to a home base estimated

by some to be twenty percent of the actual flight hours that are logged.

Hughes and O’Riordan (1993) estimate an average annual dose equivalent 3mSv/yr (= 1.8 mSv/yr neutron) for UK
airlines with 6 mSv/yr (= 3.6 mSv/yr neutron) for near polar flights. Montagne et al. (1993) estimate and average
for Air France long haul pilots of 2 — 3 mSv/yr (= 1.2 — 1.8 mSv/yr neutron). Wilson et al. (estimate during the
years 1982 — 1983 that domestic crews in Australia received 1 — 1.8 mSv/yr (= 0.6 — 1.1 mSv/yr neutron) while
international flights receive 3.8 mSv/yr (2.3 mSv/yr neutron). Preston (1985) gives average dose equivalent rates of
9.2 uSv/hr (= 5.5 uSv/hr neutron) in British Airways operations of the Concorde for the year of 1979 with a
maximum observed rate of 38.1 uSv/hr (= 22 uSv/hr neutron). Observed technical crew exposures were on average

2.8 mSv/yr (1.7 mSv/yr neutron) and 2.2 mSv/yr (= 1.3 mSv/yr neutron) for the cabin crew (there are few flight

hours for these crews). Similar differences (20 — 30 percent) between flight deck exposures and cabin exposures

were observed by Wilson et al. (1994). Even differences between aircraft type (20 percent) were observed.

In estimating the collective dose equivalent we will follow the UNSCEAR (1993) who assumed 3010’ passenger-
hours in flight during 1985 and an annual average rate of 2.8 uSv/hr (= 1.6 uSv/hr neutron) resulting in a collective

dose equivalent of 8,400 person-Sv (5,040 person-Sv neutron). By 1997, air travel had grown to 4.3e10°

passenger-hours in flight leading to a collective dose equivalent of 12,000 person-Sv (7,200 person-Sv neutron).
The crew add little to the collective exposure due to their small number. If we assume that the worldwide
occupational exposure to neutrons is five times that in the US and consider the exposures in the high cities we can
construct the following table 20. The greatest collective dose equivalent of any group is the citizens of the high
cities (12,280 person-Sv) with aircrew the largest occupationally exposed group (7,200 person-Sv). The nuclear

workers are next largest with 338 person-Sv.

Concluding Remarks

In the present paper, we have given an overview of aircraft exposures and placed it in the context of world
population exposures. It is clear that among occupational exposures that the aircrews are among the most

consistently highly exposed individuals. In addition, a large fraction of these exposures are from high-energy
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neutrons for which there is inadequate biological response data. It is also clear from table 20 that aircrew are among
the highest exposed from neutrons as a result of their occupation. Still, the largest group exposures are those living
in the high cities for which the present study is of great interest, especially in view of the uncertainty in the
associated risk coefficients. The results of the present study for the development of the High Speed Civil Transport
will reach beyond the objective of evaluation of the radiation safety of the associated operations to an improved

understanding of the exposures of the world population which is of considerable interest (UNSCEAR 1993).
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Table 1. Principal nuclear decay sequence of Actinium Series (U-235).

Isotope Lifetime Decay mode(s) Decay energy, MeV
U-235 7.1x1078 yr o 4.4
Th-231 25.5h < 0.09 - 0.3
Pa-231 3.2x10M y o 5.0
Ac-227 21.6 y - 0.05
Th-227 18.2d o 5.8-6.0
Ra-223 11.4d o 5.5-5.7
Rn-219 4.0 s o 6.4-6.8
Po-215 1.8x10"-3 s o 7.4
Pb-211 36.1 min < 1.4, 0.5
Bi-211 2.15 min o 6.3, 6.6
T1-207 4.79 min < 1.44
Pb-207 - - —

Table 2. Principal nuclear decay sequence of the Uranium Series (U-238).

Isotope Lifetime Decay mode(s) Decay energy, MeV
U-238 4.5x10"9 yr o 4.2
Th-234 24.1d < 0.2, 0.1
Pa-234 1.17 min - 2.3
U-234 2.45x10M5 yr o 4.7-4.8
Th-230 7.7x10"4 yr o 4.6-4.7
Ra-226 1600 yr o 4.8
Rn-222 3.82d o 5.5
Po-218 3.05 min o 6.0
Pb-214 26.8 min < 0.7, 1.0
Bi-214 19.9 min < 0.4-3.3
Po-214 1.64x10"-4 s o 7.7
Pb-210 22.3 yr -© ~0.1
Bi-210 5.01d < 1.2
Po-210 138 d o 5.3
Pb-206 - - —
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Table 3. Principal nuclear decay sequence of Thorium Series (Th-232).

Isotope Lifetime Decay mode(s) Decay energy, MeV
Th-232 1.4x10M0 yr o 4.0
Ra-228 5.75 yr - ~0.1
Ac-228 6.13 h < 0.4-2.2
Th-228 1.91 yr o 53,54
Ra-224 3.66 d o 5.7
Rn-220 55.6d o 6.3
Po-216 0.15s o 6.8
Pb-212 10.6 h < 0.3, 0.6
Bi-212 60.6 min -¢ (64%) a (36%) 2.2, 6.1
T1-208 3.07 min < 1.0-1.8
Po-212 3.05x10"-7 s o 8.8
Pb208 - - -

Table 4. Concentrations (Bq/kg) of radioactivity in major rock types and soils (NCRP 1987)

Rock type K-40 Rb-87 Th-232 U-238
Igneous rocks
Basalt (average) 300 30 10-15 7-10
Mafic 70-400 1-40 7-10 7-10
Salic 1100-1500 150-180 60-80 50-60......
Granite (average) >1000 150-180 70 40
Sedimentary rocks
Shale sandstones: 800 110 50 40
Clean quartz <300 <40 <8 <10
Dirty quartz 400? 80?7 10-25? 40?
Arkose 600-900 80 <8 10-25?
Beach sands  (unconsolidated) <300 <40 25 40
Carbonate rocks 70 8 8 25
Continental upper crust
Average 850 100 44 36
Soils 400 50 37 66

Table 5. Concentrations (Bg/kg) of radioactivity in soil of Nordic countries (Christen et al 1990).

Soil type K-40 Ra-226 Th-232
Sand and silt 600-1200 5-25 4-30
Clay 600-1300 20-120 25-80
Moraine 900-1300 20-80 20-80
Soils with Alum shale 600-1000 100-1000 20-80
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Table 6. Mean concentrations (Bg/kg) of radioactivity in the Nile delta and middle Egypt (Ibrahiem et al. 1993).

Soil type K-40 U-238 Th-232
Coastal sand (monazite, zirconium) 223.6 26.4 47.7
Sand 186.4 10.7 9.8
Sandy loam and sandy clay 288.6 14.8 15.5
Clay loam and silty loam 317. 15.5 17.9
Loam 377.5 19.6 19.1
Clay 340.7 15.5 17.9

Table 7. Concentrations of natural radionuclides and absorbed dose rates in air (UNSCEAR 1993).

Radionuclide Concentration (Bg/kg) Dose Coefficient Dose rate (nGy/h)
Mean Range (nGy/h per Bg/kg) Mean Range
China

K-40 580 + 200 12 -2190 0.0414 24 0.5-90

Th-232 series 40 + 28 1.5 - 440 0.623 31 0.9 - 270

U-238 series 40 + 34 1.8 - 520 - See Ra subseries -

Ra-226 subseries 37 +22 2.4 - 430 0.461 17 1.1 -200
Total 72 2 - 560

United States

K-40 370 100 - 700 0.0414 15 4-29

Th-232 series 35 4 -130 0.623 22 2 — 81

U-238 series 35 4 — 140 - See Ra subseries

Ra-226 subseries 40 8 — 160 0.461 18 4-74
Total 55 10 - 200

Table 8. Estimated absorbed dose rates in air within masonry dwellings (UNSCEAR 1993).

Material Concentration (Bq/kg) Activity | Absorbed dose rate in air for indicated
utilization | fractional mass of building material (nGy/h)
Cx Craso Cr index’ 1.0 0.75 0.5 0.25
Typical masonry 500 50 50 1.0 80 60 40 20
Granite blocks 1200 90 80 1.9 140 105 70 35
Coal ash aggregate 400 150 150 2.4 180 135 90 45
Alum shale concrete 770 1300 67 9.0 670 500 390 170
Phosphogypsum 60 600 20 3.9 290 220 145 70
Natural gypsum 150 20 5 0.25 20 15 10 5

*Assuming full utilization of materials

Table 9. Conversion coefficients from air kerma to effective dose for terrestrial gamma rays (UNSCEAR 1993).

Radionuclides Conversion coefficient (Sv per Gy)

Adults Children Infants
K-40 0.74 0.81 0.95
Th-232 series 0.72 0.81 0.92
U-238 series 0.69 0.78 0.91
Overall 0.72 0.80 0.93
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Table 10. Fluence levels of solar events of cycle 19-22 associated with ground level events.

Date Proton fluence (p/cmz) at energies greater than--
Month Day(s) Year 10 MeV 30 MeV
9 9
2 23 56 2x10 1x10
9 9
7 10-11 59 5x10 1x10
9 9
7 14-15 59 8x10 1x10
9 8
7 16-17 59 3x10 9x10
a 9 9
11 12-13 60) 8x10 2x10
9 8
11 15 60 3x10 7x10
9 8
7 18 61 1x10 3x10
9 8
11 18 68 1x10 2x10
9 8
4 11-13 69 2x10 2x10
9 8
1 24-25 71 2x10 4x10
b 10 9
8 4-9 72) 2x10 8x10
9 8
2 13-14 78 2x10 1x10
9 8
4 30 78 2x10 3x10
9 8
9 23-24 78 3x10 4x10
9 9
5 16 81 1x10 1x10
9 8
10 9-12 81 2x10 4x10
9 8
2 1-2 82 1x10 2x10
9 8
4 25-26 84 1x10 4x10
9 8
8-9 12-7 89 8x10 2x10
9 9
9-10 29-13 89 4x10 1x10
10 9
10-11 19-9 89 2x10 4x10
9 8
11-12 26-5 89 2x10 1x10
AFoelsche et al (1974)
bWwilson and Denn (1976)
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Table 11. Relation of Magnetic Indices to
Magnetic Storm Field Strength

K ap | Hg(l, nT
0 0 0
1 4 8
2 7 14
3 15 30
4 27 54
5 48 96
6 80 160
7 132 264
8 207 414
9 400 800
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Table 12. Ionization Rates in Air Measured by Argon-Filled Chambers?

at Solar Minimum (C = 98.3 in 1965)

Ton pairs, cm™3, for air depths, g/cmz, of—

R, GV 30 40 50 60 70 80 90 100 120 140 200 245 300 1034
0 445.0 | 430.0 | 414.0 399.0 | 383.0 | 366.0 349.0 332.0 | 298.0 266.0 | 181.0 136.0 95.0 11.4
.01 445.0 | 430.0 | 414.0 399.0 | 383.0 | 366.0 349.0 | 332.0 | 298.0 266.0 | 181.0 136.0 95.0 11.4
.16 444.0 | 430.0 | 414.0 399.0 | 383.0 | 366.0 349.0 332.0 | 298.0 266.0 | 181.0 136.0 95.0 11.4
.49 411.8 | 4043 394.4 382.0 | 369.0 | 354.8 3394 | 325.0 | 2923 264.5 181.0 136.0 95.0 11.4

1.97 325.0 | 333.0 | 340.0 335.0 | 330.0 | 3125 308.0 | 300.0 | 285.0 264.0 | 181.0 134.0 95.0 11.4
2.56 300.0 | 305.0 | 310.0 305.0 | 300.0 | 290.0 285.0 | 280.0 | 255.0 230.0 | 173.0 126.0 95.0 11.4
5.17 185.0 | 195.0 | 208.0 208.0 | 208.0 | 208.0 208.0 | 208.0 | 195.0 185.0 | 135.0 103.0 75.0 10.6
8.44 127.6 | 137.0 145.0 150.2 | 153.8 | 155.8 156.0 154.6 | 149.7 1422 | 111.3 87.0 66.6 10.4
11.70 85.0 92.0 98.0 100.0 | 102.0 | 105.0 107.0 110.0 | 108.0 105.0 80.0 77.0 60.0 10.0
14.11 70.0 75.0 82.0 85.0 89.0 | 93.6 95.0 100.0 | 98.0 95.0 78.0 68.8 50.0 10.0
17.00 66.3 73.8 80.0 84.8 88.5 91.1 92.6 93.5 93.4 90.5 75.0 62.3 48.0 10.0

4Experimental data extrapolated to provide estimates of ionization rates over a wide range of altitudes and geomagnetic cutoffs.
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Table 13. Tonization Rates in Air Measured by Argon-Filled Chambers?

at Solar Maximum (C = 80 in 1958)

Ion pairs, cm™3, for air depths, g/cmz, of—

R, GV 30 40 50 60 70 80 90 100 120 140 200 245 300 1034
0 264.6 | 267.5 | 267.0 265.0 258.0 | 252.0 | 243.0 235.0 | 2163 197.0 145.0 109.2 78.8 11.4
.01 264.6 | 267.8 | 267.0 265.0 258.0 | 251.0 | 243.0 235.0 | 216.3 197.0 145.0 109.2 78.8 11.4
.16 264.0 | 2649 | 265.0 264.0 257.0 | 250.0 | 243.0 233.0 | 215.0 197.0 145.0 109.2 78.8 11.4
.49 264.0 | 2649 | 265.0 262.0 256.0 | 249.0 | 242.0 231.0 | 213.2 197.0 145.0 109.2 78.8 11.4
1.97 264.0 | 265.0 | 265.0 262.0 252.0 | 245.0 | 241.0 231.0 | 212.5 197.0 145.0 107.8 78.8 11.4
2.56 235.0 | 237.5 | 240.0 240.0 239.0 | 238.0 | 237.0 230.0 | 209.0 197.0 145.0 101.6 78.8 11.4
5.17 162.5 168.0 | 179.0 182.0 178.0 1752 | 174.0 173.8 | 170.0 160.0 159.0 88.3 65.0 10.6
8.44 95.0 103.5 112.0 118.0 118.0 119.0 | 120.0 122.0 | 118.0 117.0 100.6 78.7 60.2 10.4
11.70 78.2 85.0 90.7 92.7 94.8 98.0 | 100.0 103.1 | 101.2 98.4 75.0 72.2 56.2 10.0
14.11 65.7 70.7 77.5 80.5 84.3 89.0 90.5 955 | 93.5 90.9 74.0 65.9 47.9 10.0
17.0 63.0 70.3 76.4 81.4 84.8 87.5 89.1 90.2 | 90.1 87.4 72.6 60.3 46.5 10.0

3Experimental data extrapolated to provide estimates of ionization rates over a wide range of altitudes and geomagnetic cutoffs.




Table 14. Cosmogenic radionuclides contributing to human exposures (Lal and Peters 1967).

Radionuclide | Half-life Main decay modes Target nucleus Global Inventory
Hydrogen-3 12.33 years B 18.6 keV N, O 3.5 kg
Berylium-7 53.3 days Electron conversion,y | N, O 32¢

477 keV
Carbon-14 5730 years B 156 keV N, O 68 mt
Sodium-22 2.60 Ar 1.9 k

ocm YRR BT 45, 1,820 ke &
v 1,275,511 keV

Table 15. Cosmic ray absorbed dose rate in the center of a 12 storey
building in NY, NY (Miller and Beck 1984)

Level Dose rate, nGy/h Transmission factor
Roof 314 1
12 20.2 0.64
10 20.2 0.64
8 18.1 0.58
5 17.4 0.55
4 13.7 0.44
2 11.5 0.37
Basement 8.6 0.27
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Table 16. Cosmic ray shielding factors in various dwellings

Dwelling Sheilding factor Reference
20 cm concrete 0.85 Lauterbach and Kolb 1978
Single homes, wood ceilings 0.82 Julius and van Dongen 1985
Row houses and office 0.76 Julius and van Dongen 1985
buildings, wood ceilings
Dwellings with concrete 0.50 Julius and van Dongen 1985
ceilings and floors
Apartment buildings 0.42 Julius and van Dongen 1985
Wooden houses 0.81-0.96 Fipov and Krisiuk 1979
Stone buildings 0.72-0.92 Fipov and Krisiuk 1979
Modern buildings 0.54-0.86 Fipov and Krisiuk 1979

Table 17. Average annual exposures to cosmic rays (UNSCEAR 1993)

Population |  Altitude

Location (millions) (m) Annual effective dose (ULSv)

Ionizing | Neutron Total
High-altitude cities

La Paz, Bolivia 1.0 3,900 1,120 900 2,020
Lhasa, China 0.3 3,600 970 740 1,710
Quito, Ecuador 11.0 2,840 690 440 1,130
Mexico City, Mexico 17.3 2,240 530 290 820
Nairobe, Kenya 1.2 1,600 410 170 580
Denver, United States 1.6 1,610 400 170 570
Tehran, Iran 7.5 1,180 330 110 440
Sea level 240 30 270

World average 300 80 380
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Table 18. Neutron exposure estimates for radiation workers for the year 1980. (NCRP 1987)

Occupational Number of Average annual Collective effective

category exposed effective dose dose equivalent
individuals equivalent (mSv) (person- Sv)

US DOE

contractors 25, 000 2.6 64

US Nuclear

power 1,100 0.5 0.6

US Navy 12,000 0.24 2.9

Totals 38,100 1.8 (mean) 67.5

Table 19. Atmospheric dose equivalent rates measured onboard the TU-144 during March to June 1977 near
Solar minimum (Akatov 1993).

Radiation levels at latitudes of --

40°-45° N 46°- 58°N 65°-72° N
Altitude, km Ionising, Neutron, Ionising, Neutron, Ionising, Neutron,
uGy/hr uSv/hr uGy/hr uSv/hr uGy/hr uSv/hr
13 2.3 2.6 2.9 4.2 3.5 5.0
14 2.6 3.0 3.2 5.0 4.1 5.9
15 2.8 3.0 3.4 5.4 4.7 6.7
16 2.9 3.2 3.5 5.8 5.2 7.6
17 3.0 3.5 3.7 6.1 - -
18 3.1 3.4 3.8 5.5 - -

Table 20. Neutron collective dose equivalents for various exposed groups.

Category Collective dose equivalent, person-Sv
Occupational worker 338

Commercial aircraft operations 7,200

High cities 12,280
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Figure 1. Ground level ion chamber observations of solar particle events of 1946 and 1949. (From Foelsche et al.
1974).
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shown.
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Figure 15. Atmospheric cosmic ray intensity at high latitude (triangles, Murmansk, R.=0.6 GV) and intermediate

latitude (circle, Alma-Ata, R, = 6.7 GV) near solar minimum (open February 1987) and solar maximum (filled,

September 1989). From Bazilevskaya and Svirzhevskaya (1998).
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Figure 16. Atmospheric cosmic ray intensity during the October 1989 solar particle event (Bazilevskaya and
Svirzhevskaya 1998).
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Figure 17. Magnetospheric electron precipitation event in May 1994 (Bazilevskaya and Svirzhevskaya 1998).
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Figure 18. Atmospheric radioactivity following an atmospheric nuclear test in 1970 (Bazilevskaya and
Svirzhevskaya 1998).
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Figure 21. High-altitude radiation measurements made with neutron spectrometers and tissue equivalent ion
chambers between 1965 and 1971 (Foelsche et al. 1974).
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Figure 22. Galactic cosmic-ray maximum (August 3, 1965; 1 year after sunspot minimum: Fort Churchill,
Canada; geomagnetic latitude = 69°). Neutron flux from 1 to 10 MeV (right scale), and ion chamber dose rate (left
scale) is a function of atmospheric depth (Foelsche et al. 1974). The solid lines are corresponding values from the

AIR model (Wilson et al. 1991Db).
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Figure 23. Galactic cosmic-ray maximum (September 2, 1965; St. Paul, Minnesota; geomagnetic latitude ~ 55°).

Neutron flux from 1 to 10 MeV (right scale), and ion chamber dose rate (left scale) is a function of atmospheric
depth. Compare with data in figure 22 at higher latitude. (Foelsche et al. 1974) The solid lines are corresponding
values from the AIR model (Wilson et al. 1991b).
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Figure 24. Galactic cosmic-ray maximum (September 8, 1965; St. Paul, Minnesota; geomagnetic latitude ~ 55°).
In flights of figures 22 and 23, the sensors were lightly shielded (less than 1 g/cm2 of fiber glass and foam). In this
flight, the sensors were surrounded by tissue equivalent material, including calcium, of about 15 g/cm2 thickness to

obtain an approximate measurement of the neutron fluxes and ion chamber dose rates in the center of the human
body. (Foelsche et al. 1974)
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Figure 25. Galactic cosmic rays 2 years after galactic cosmic-ray maximum (July 15, 1967; Fort Churchill, Canada;
geomagnetic latitude ~ 69°). Compare with figure 22 for a flight at galactic cosmic-ray maximum. The neutron
flux and ion chamber dose rate have both decreased about 25 to 30 percent at SST altitudes (solar modulation). The
short-dashed line is the attitude dependence obtained by theory. (Foelsche et al. 1974) The solid lines are
corresponding values from the AIR model (Wilson et al. 1991b).
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Figure 31. Background exposure levels in upper atmosphere at solar minimum (1965).
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Figure 32. Maximum solar modulation ratio in atmospheric radiation levels.
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Figure 32. Concluded.
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Figure 33. Measured absorbed dose rates on Mt Ali and in aircraft (Weng and Chen 1987).
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Figure 42. Distribution of the collective effective dose equivalent form cosmic radiation as a function of altitude
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AIR Instrument Array

Preface
The large number of radiation types composing the atmospheric radiation requires a complicated combination of
instrument types to fully characterize the environment. A completely satisfactory combination has not as yet been
flown and would require a large capital outlay to develop. In that the funds of the current project were limited to
essential integration costs, an international collaboration was formed with partners from six countries and fourteen
different institutions with their own financial support for their participation. Instruments were chosen to cover
sensitivity to all radiation types with enough differential sensitivity to separate individual components. Some
instruments were chosen as important to specify the physical field component and other instruments were chosen
on the basis that they could be useful in dosimetric evaluation. In the present paper we will discuss the final

experimental flight package for the ER-2 flight campaign.
Instruments Provided

The environment consists of various energies of photons, electrons, muons, light ions, high-energy heavy ions,
target nuclear fragments, and neutrons. The main emphasis of this study was on the nature of the neutron
spectrum especially above 10 MeV. Several instruments were considered but only the DOE Environmental
Measurements Laboratories multisphere (Bonner sphere) neutron spectrometer with its 3-He proportional counters
had sufficient dynamic range, had sufficient sensitivity to minimize spectral statistical uncertainty, and could
operate in the ER-2 environment. In addition, a high pressure ion chamber, scintillation counters with varying
sensitivity to ions, muons and electrons, gamma rays, and total high-energy neutron flux, bubble detectors,
charged particle telescopes, plastic nuclear track detectors, thermoluminescence detectors (TLD), and tissue
equivalent proportional counters made up the experimental instrumentation. No single instrument gave an
exclusive measurement of any individual component and requires some correction from the components
emphasized by the other instruments. Some of the instruments were chosen for their good resolution of the

physical fields while others were chosen as candidate dosimetric methods.

The instruments of the AIR flight are listed in table 1. The DLR/Kiel particle telescope is limited in charged
particle information and cannot clearly separate the electrons and muons from other charged ions. The DLR/Kiel
plastic track detector is used to identify and count multiple charged ions. The University of San Francisco particle
track detectors will record LET spectra of nuclear star events. The NRPB nuclear etch track dosimeters will record
nuclear recoil events. The Yale/University of Pisa Bubble counter will record the rate of high LET events. The
DREO TLD’s will record the total ionization during the flight. The JSC particle telescope will allow
identification of charge particle type. The RMC Bubble detector will record the total high LET events on each
flight. The DREO and the Boeing tissue equivalent proportional counters (TEPCs) will record the lineal energy

spectra allowing an evaluation of dose and estimation of dose equivalent rate during the flight. The PVAMU
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Single Event Upset experiment will record the events seen in a digital memory device. The Boeing PDM-303 is a
solid-state neutron dosimeter device carried by the pilot. The DOE multisphere neutron spectrometer is the
primary instrument on the ER-2 flights. The ion chamber and scintillation counters will allow information of
specific charged components to be collected to make corrections to the neutron spectrum. The instrumentation and
their particle detection characteristics are given in Table 2. A plus sign in the table indicates the primary
sensitivity of the specific instrument that was targeted by the measurement and the minus sign indicates a lessor-

confounding factor of the primary measurement.
Description of the Flight Package

The ER-2 has four pressurized and heated payload areas available: 1) The nose, where instruments are mounted to
a removable rack that slides into the aircraft nose section. The nose area can support a payload weight of 650 Ibs
(294 kg) maximum, with a volume of 47.8 cubic feet (1.35 cubic meters) maximum. 2) The equipment bay, or Q-
bay as it is called, where instruments are also mounted to racks that are attached to the aircraft structure. The
maximum weight capacity of the Q-bay is 1300 lbs (590 kg) minus the nose payload weight. The volume
available in the Q-bay is 64.6 cubic feet (1.83 cubic meters). 3) The left superpod has a removable nose section
and a midbody section under the wing. The payload weight capacity of a superpod is 650 lbs (294 kg), and the
volume available is 86 cubic feet (2.43 cubic meters). 4) The right superpod is identical to the left superpod. Each
payload area is pressurized to an altitude equivalent to about 30,000 ft (9.1 km) when the aircraft is at 65,000 ft
(19.8 km). The actual payload area internal pressure is 3.88 psi greater than the external pressure when the aircraft
is above 18,300 ft (5.6 km). The temperature in each payload area during flight depends on the instrument heat
generated in that area, and may be supplemented by aircraft heater/fan units. The instruments had to be packaged

within these confines and the associated environmental factors resolved.

Placement of the A/R instrument components in the ER-2 was determined primarily by the requirement to separate
the EML detectors as much as possible, to place the largest Bonner sphere detectors in a payload area away from
the smallest Bonner sphere detectors, and to not place detectors under the ER-2 wing where fuel is carried.
Lockheed (ER-2) Engineering also required that any detector containing flammable materials be placed inside a
sealed container. This requirement applied to all of the EML detectors. In addition, the RMC Bubble Detector
instrument, the University of Pisa Bubble Counter instrument, and the JSC Particle Telescope were placed inside
sealed containers because they were designed to operate at sealevel pressure. The use of sealed containers greatly
increased the complexity of the instrument array design. In addition, the EML detector signals had to be carried
by the existing aircraft wiring from the other payload areas to the right superpod midbody section, where the
control and data storage electronic modules were located. The final component locations in the ER-2 for all of the
AIR detectors are shown in Figure 1. The A/R array filled nearly all of the available payload areas. Only the left
superpod midbody section under the wing was left empty. The total weight of the AIR package was about 1800
Ibs (818 kg), well under the maximum ER-2 capacity of 2600 lbs (1180 kg).
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Physically, the A/R flight hardware consists of five aircraft racks and three electronics modules. The racks are
mounted in the ER-2 nose, the Q-bay, and the left and right superpod nose sections. The electronics modules are
mounted in the left and right superpod midbody sections. The 4/R nose rack is shown in Photograph 1, on a
ground support stand. The AR components are mounted to a standard aircraft nose rack. Six cylinders attached
directly to the rack contain EML Bonner spheres #1, #2, #4, #6, #7, and #8. The Bonner spheres are arranged
consecutively from the smallest to the largest, starting at the forward end (left in the photograph). These cylinders
are sealed on the ground and maintain one atmosphere pressure inside during flight. At the aft end of the rack, the
two large boxes mounted above the cylinders are a Power Supply and Distribution Unit and a Bonner sphere
amplifier box. Aircraft ballast weights are attached to the forward end of the rack, ahead of the first Bonner sphere
cylinder. The long box on the forward end of the rack, mounted above the cylinders, contains the NRPB
dosimeters. It is sealed on the ground and maintains one atmosphere pressure inside during flight. Immediately
aft of the NRPB dosimeter box are the cylindrical pressure vessel for the Yale/University of Pisa Bubble Counter,
and the flat plate pressure vessel for the DLR/Kiel plastic nuclear track detectors (barely visible behind the Bubble
Counter cylinder in the photograph). The smaller rectangular box aft of the Yale/University of Pisa Bubble
Counter cylinder contains the DLR/Kiel DOSTEL telescope. Photograph 2 shows the nose rack installed into the
ER-2 nose cone. The view is of the aft end of the nose cone looking forward. The Q-bay rack is shown in
Photograph 3, on a ground support stand. The A/R components are mounted to a modified aircraft Q-bay rack.
At the forward end of the rack (left in the photograph) are the cylindrical JSC Particle telescope pressure vessel and
a Bonner sphere amplifier box. Just aft of the JSC Particle Telescope is the EML Ion Chamber sealed cylinder.
The tall cylinder in the middle of the rack is the sealed container for an EML scintillation counter. The cylinder
visible at the aft end of the rack is another sealed container for EML scintillation counters. The EML Bonner
Sphere sealed cylinders for detectors #9 and #10 are located on the far side of the rack in this view, as is the RMC
Bubble Detector sealed cylinder. The Power Supply and Distribution Unit for the rack is located under the JSC
Particle Telescope. Photograph 4 shows a view of the Q-bay rack installed in the ER-2. The row of cylinders
visible in the foreground are the sealed containers for EML Bonner Sphere #9 (far right), the RMC Bubble
Detectors (center), and EML Bonner Sphere #10 (far left). The rack holding TEPC units from DREO and from
Boeing is visible on the far left, attached to the aft bulkhead of the ER-2 Q-bay. Photograph 5 shows a view of
the Q-bay rack from under the ER-2 Q-bay (forward is to the right). The cylinders visible are for the EML Bonner
Spheres, the EML Ion Chamber, and the EML scintillation counters. The two superpod nose racks are identical,
and one is shown in Photograph 6, on a ground support stand. These racks each contain two sealed cylinders for
the larger EML Bonner Spheres (#11, #12, #13, and #14). Photograph 7 shows the left superpod nose rack
installation. The Power Supply and Distribution Unit and the amplifier box for each pod nose rack are mounted
in the front of the superpod midbody section, just behind the nose racks. The EML computer components and the
EML NIM bin assemblies are mounted in the midbody section of the right superpod. Photograph 8 shows a front
view of the right midbody section, containing the nose rack Power Supply and Distribution Unit, the Bonner
Sphere amplifier box, and components of the EML computer assembly. The EML NIM bin assemblies are shown
in Photograph 9 being installed into the center section of the right superpod midbody. The forward end of the

midbody section is to the left in this view.
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Table 1. Atmospheric Ionizing Radiation (47/R) Measurements

Experiment

1. DLR/Kiel University DOSTEL
[on nose rack]

2. DLR/Kiel University Particle PNTD’s
[on nose rack]

3. University of San Francisco
Target Fragment PNTD’s
[on nose rack]

4. NRPB Etch Track Dosimeters
[on nose rack]

5. Yale/University of Pisa Bubble
Counter
[on nose rack]

6. DREO Al,0; TLD’s
[on Q-bay lower rack]

7. JSC Particle Telescope
[on Q-bay lower rack]

8. RMC Bubble Detectors
[on Q-bay lower rack]

PI

Dr. Guenter Reitz
Dr. Rudolf Beaujean

Dr. Guenter Reitz
Dr. Rudolf Beaujean

Dr. Eugene Benton

Dr. David Bartlett

Dr. Francesco d’Errico

Dr. Thomas Cousins

Dr. Gautam Badhwar

Dr. L.G.I. Bennett
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Comments

Size: 140mm x 240mm x 10mm thick mounting
plate. Unit is 150mm above mounting plate top.
Wt.: not specified (<5 Ibs)

Power: £12VDC, 30 ma each leg; +5VDC, 15 ma

Connectors: LaRC supplies two 6-pin connectors to
terminate power & data cables.

Size: 416mm x 260mm x 19mm high
Wt.: <1 kg
Power: none required

Size: 2.57x2.57x2.5”

Wt.: 0.4 lbs

Power: none required
Requires pressurized container.

Size: CR39’s are 4cm x 4cm x 0.5cm each. TLD’s
are S5cm x 6cm x lem each.

Wt.: very light, each unit

Power: none required

Want to fly as many of each type as possible -
prefer 50 each.

Size: 17 cm diam. x 16 c¢m tall cylinder

Wt.: 3 kg

Power: 10 watts peak, 28VDC (ER-2 power)
Connectors: LaRC supplies U. of Pisa with an 8-10
pin connector to terminate power cable.

Size: few millimeters on a side for each TLD

Wt.: <1lb

Power: none required

Want to fly 6 TLD’s. Mount near EML ion chamber.

Size: 9.25” dia. x 21” high

Wt.: 45 1bs

Power: 28VDC, 45 watts (ER-2 power)
Connector: PTO7H-20-16P in base.

Size: 8.5” dia. x 16.5” tall cylinder

Wt.: 15 lbs

Power: 20 watts, 115VAC, 400Hz (ER-2 power)
Connector: MS3449H10C6P connector in base plate.



Experiment

9. Boeing TEPC

[on Q-bay vertical rack]

10. DREO TEPC

[on Q-bay vertical rack]

11. Single event upset
[on left superpod rack]

12. Boeing PDM-303

[carried in cockpit]

13. DOE Multisphere Neutron Spectrometer
[various locations]

14. DOE Ionization Chamber
[on Q-bay rack]

15. DOE BGO/Plastic Scintillation Counters
[on Q-bay rack]

16. DOE Nal Scintillation Counter
[on Q-bay rack]

Dr

Dr

Dr

Dr. Eugene Normand

. Alexander Chee

. Thomas Cousins

. Tom Fogarty

Dr. Paul Goldhagen

Dr. Paul Goldhagen

Dr.

. Paul Goldhagen

Dr. Paul Goldhagen

Comments

Size: 7.25” dia. x 20” long cylinder with 9” square
top flange.

Wt.: 22 lbs

Power: 28VDC, max at startup 2 amps (ER-2 power)
Connector: MS3449H10C6P connector in top

flange.
Size: 7.25” dia. x 20” long cylinder with 9” square
top flange.
Wt.: 22 lbs

Power: 28VDC, max at startup 2 amps (ER-2 power)
Connector: MS3449H10C6P connector in top
flange.

Size: 177 x 17”7 x 6” high

Wt.: unspecified, approx. 15 Ibs

Power: 115VAC, 400Hz, 1 amp (ER-2 power)

LaRC supply external box & connectors. PVAMU
supply internal hardware.

Size: 57 x0.38”x 17
Wt.: few oz.
Power: none required

Size: various (14) spheres 1.3” tol5” diameter
Wt.: 1190 lbs
Power: 500 watts

Size: 127 x 127 x 177
Wt.: 30 Ibs
Power:

Size: 20” x 10” x 29”
Wt.: 30 Ibs
Power:

Size: 20” x 10” x 29”
Wt.: 30 Ibs
Power:

Table 2. AIR Instrument Array and Sensitivity to Environmental Components

Target fragments
Instrument Photons Leptons Neutrons Light ions HZE ions
Bonner spheres + - -
ITon telescope - + +
Neutron telescope +

lon chamber + + + + +
TEPC + + + + + +
PNTD ¥ N T T
BGO scintillator - - + - - -
Nal scintillator + + + + -
Organic scintillator - + - + + -
Bubble detectors + - -

+ indicates prime measurement, - indicates confounding factor

113



Q-bay:
Nose: EML Bonner spheres
EML Bonner spheres 1, 2, 4, 9and10
6,7,and 8 EML scintillation counters (3)
Power supply and distribution unit EML ion chamber
DLR/Kiel University DOSTEL Power supply and distribution
DLR/Kiel University Particle PNTD’s unit
| University of San Francisco Target DREO Al,O3 TLD's
Fragment PNTD’s ;
NRPB etch track dosimeters ‘éSMCCp&:E%IE tg é?;g?oprg
Yale/University of Pisa bubble counter Boeing TEPC
DREO TEPC
Carried in cockpit: -
Boeing PDM-303 _‘,,‘-'
= . Nfmn
- - o -]
- - -
, e -—
Right superpod forebody: - 4 — '
EML Bonner spheres [ ! Left superpod midbody:
11 and 12 “ L ; Power supply and distribution
unit
Right superpod midbody:
EML NIM bin Electronics
racks (2) Left superpod forebody:
EML Computer EML Bonner spheres 13 and 14
Power supply and PVAMU SEU
distribution units

Figure 1. Instrument Locations on the ER-2
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Photograph 2. Nose Rack Installed in the ER-2

115




Photograph 3. Q-Bay Rack on Ground Support Stand
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-

Photograph 4. Q-Bay Rack Installed in the ER-2 (Top View)
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Photograph 5. Q-Bay Rack Installed in the ER-2 (Bottom View)

Photograph 6. Pod Rack on Ground Support Stand

117




Photograph 8. Pod Rack Electronics Installed in the ER-2
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Photograph 9. Right Pod Mid-Body Electronics Installed in the ER-2
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AIR Model Preflight Analysis

Preface

Atmospheric ionizing radiation (4/R) produces chemically active radicals in biological tissues that alter the cell
function or result in cell death. The 4/R ER-2 flight measurements will enable scientists to study the radiation
risk associated with the high-altitude operation of a commercial supersonic transport. The ER-2 radiation
measurement flights will follow predetermined, carefully chosen courses to provide an appropriate database
matrix that will enable the evaluation of predictive modeling techniques over a large dynamic range. Explicit
scientific results such as dose rate, dose equivalent rate, magnetic cutoff, neutron flux, and air ionization rate
associated with these flights are predicted by using the AIR model. Through these flight experiments, we will
further increase our knowledge and understanding of the AIR environment and our ability to assess the risk from

the associated hazard.

Introduction

The broad aim of the atmospheric ionizing radiation (4/R) ER-2 flight measurement campaign is to improve our
understanding of the ionizing radiation environment, for example, composition, spectral distribution, and
corresponding intensities in the upper troposphere and lower stratosphere where people flying future supersonic
transports will spend the majority of their flight time. These radiation measurements will enable radiobiologists to
improve our understanding of the health risks associated with this exposure to high-altitude flight. The impetus to
examine the impact of ionizing radiation stems from (1) recent reductions in recommended radiation exposure
limits by the International Commission on Radiological Protection (ICRP 1991) and the National Council on
Radiation Protection and Measurements (NCRP 1993), and (2) recent experimental results showing that an
uncertainty in aircraft radiation exposure exists. The NCRP examined the state of knowledge of atmospheric
radiation in high-altitude flight and made recommendations on the need for improved information to develop a
protection philosophy for high-altitude commercial operations. The High-Speed Research (HSR) Environmental
Impact Radiation group developed the A/R project to reduce the uncertainties of radiation measurements
applicable to the high-altitude flight program of the High-Speed Civil Transport (HSCT). Once these

uncertainties are reduced, an adequate protection philosophy can be developed.

Langley Research Center (LaRC) performed atmospheric radiation studies under the Supersonic Transport (SST)
development program in which important ionizing radiation components were measured and extended by
calculation to develop the existing 4/R model. In that program, the measured neutron energy spectrum was
limited to an upper value of 10 MeV by the instrumentation of that era. Extension of the neutron spectrum to

higher energies was made by using theoretical models. Subsequent evaluation of solar particle events showed that
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high exposures will occur on important high-latitude routes, but acceptable levels of exposure can be obtained if a
timely descent to subsonic altitudes is made. The principal concern was for pregnant occupants onboard the
aircraft (Foelsche et al. 1974). As a result of these studies, the Federal Aviation Administration (FAA) Advisory

Committee on the Radiobiological Aspects of the SST recommended (FAA 1975) the following:

1. Crewmembers will have to be informed of their exposure levels.

2. Maximum exposures on any flight should be limited to 5 mSv.

3. Airborne radiation detection devices for total exposure and exposure rates will be provided.

4. A satellite monitoring system should provide SST aircraft real-time information on atmospheric radiation

levels for exposure mitigation.

5. A solar forecasting system will warn flight operations of an impending solar event for flight scheduling

and alert status.

These recommendations are a reasonable starting point for requirements of the HSCT with some modification

reflecting new standards of protection as a result of changing risk coefficients.

One result of the SST studies was the realization that subsonic aircrews are among the most highly exposed
occupational groups (Foelsche et al. 1974, Schaefer 1968). This study prompted the FAA to develop the CARI
(Civil Aeronautical Research Institute) exposure estimation code based on the LUIN transport code (developed
by the Department of Energy (DOE) Environmental Measurements Laboratory) to further study these air crews
(O’Brien and Friedberg 1994). The estimated risk of serious illness to the child of an air crew member during
pregnancy is on the order of 1.3 per thousand in excess of the general population risk rate of 1.15 per thousand
(Friedberg et al. 1992), including all types of cancer and mental retardation among children. Hence, the FAA
recommended that air carriers begin to train their employees on the risks of in-flight subsonic exposure (White
1994). The dose rates at the HSCT altitudes are a factor of 2 to 3 higher than for subsonic operations, and the
HSCT crew’s annual flight hours will have to be reduced by this same factor to maintain exposure levels
comparable to those of the subsonic crews. One may assume that similar instruction for aircrews will be required
for HSCT operations and that restriction on crew usage of the HSCT will, by necessity, be different from those

on subsonic transports.

Regulations for exposure limits are based primarily on the estimated cancer risk coefficients. These coefficients
have increased significantly over the last decade because solid tumor appearance is higher among the World War
II nuclear weapons survivors than was initially anticipated (ICRP 1977, BEIR 1990, UNSCEAR 1988, ICRP
1991). As a result, new recommendations for reducing regulatory limits have been made by national and
international advisory bodies (ICRP 1991, NCRP 1993). Whereas subsonic crew exposures are well under the
current regulatory limits, the substantial reductions (by factors of 2.5 to 5) in the recommended limits will result

in the need to improve aircrew exposure estimates (Reitz et al 1993, Fiorino 1996). Hence, a workshop on

124



Radiation Exposure of Civil Air Crews held in Luxembourg on June 25 to 27, 1991 was sponsored by the
Commission of the European Communities Directorate General XI for Environmental Nuclear Safety and Civil
Protection (Reitz et al. 1993). The workshop noted the closure of the gap between subsonic aircrew exposures
and the newly recommended regulatory limits and, in fact, was concerned that limits may be exceeded in some
cases. Therefore, uncertainty in exposure estimates becomes a critical issue, and emphases on the number and
spectral content of high-energy neutrons, as well as the penetrating multiple charged ions, were identified as a
critical issue for subsonic flight crews. The issues for HSCT commercial air travel are compounded by the higher
operating altitudes (higher exposure levels) and the possibility of exposures to a large solar event, wherein annual
exposure limits could be greatly exceeded on a single flight (Foelsche et al. 1974, Wilson et al. 1995). Because of
the higher expected exposures in high-altitude flight, the congressionally chartered Federal Advisory Agency on
Radiation Protection (NCRP) examined the data on atmospheric radiation and made recommendations (NCRP

1995) on the need for future studies as follows:

1. Make additional measurements of atmospheric ionizing radiation components with special emphasis on

high-energy neutrons.

2. Conduct a survey of proton and neutron biological data on stochastic effects and developmental injury for

evaluation of appropriate risk factors.

3. Develop methods to avoid solar energetic particles, especially for flight above 60 000 ft.

4. Develop an appropriate radiation protection philosophy and radiation protection guidelines for

commercial flight transportation, especially at high altitudes of 50 000 to 80 000 ft.

Clearly, these issues must be addressed before the HSCT goes into commercial operation to ensure the safety of
the crew and passengers. In direct response to the NCRP recommendations, development of an experimental
flight package to reduce the uncertainty in A/R models is being readied. The focused goal of this project is to
develop an improved 4/R model with uncertainties in the atmospheric radiation components of 20 percent or less
to allow improved estimation of the associated health risks to passengers and crew. Special emphasis will be

given to the high-energy (10 to 1000 MeV) neutrons in the altitude range of 50 000 to 70 000 ft.

The results will be expressed in terms of an environmental A/R model able to represent the ambient radiation
components, including important spectral components with angular distributions, which will allow evaluation of
aircraft shielding properties and the geometry of the human body. The model also must be capable of
representing the atmospheric radiation levels globally, as a function of solar modulation and of evaluating
radiation levels during solar particle event increases. Following the development of the 4/R model, impact
studies on radiation exposure limits for crew usage and passengers (especially frequent flyers) will be performed
to assess the need of developing a specific philosophy to control exposures in HSCT operations. Using data from
available satellite systems, new real-time software, based on the new 4/R model, will allow risk mitigation and

flight planning in the case of a large solar event.
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These studies will result in requirements for studying the economic impact on operations costs. For example, it
has been suggested that the HSCT crew be used at one-third to one-half the number of block hours now used by
subsonic aircraft to minimize exposure. This reduction in hours will require more crews at increased cost. The
other possibility is to rotate crews through less exposed routes for a portion of each year, especially during a
declared pregnancy among the crew. The need for and the extent of such exposure control measures must await

the improvement of the A/R model.

ER-2 Measurement and Instrumentation

An instrument package is being developed in accordance with the NCRP recommendations through an
international guest investigator collaborative project to acquire the use of existing instruments to measure the
many elements of the radiation spectra. Instrument selection criteria were established which include the
following: (1) instruments must fit into the cargo bay areas of the ER-2 airplane and be able to function in that
environment (some high-quality laboratory instruments were rejected because of their large size or inability to
operate in the ER-2 environment), (2) instruments must be free for the project to meet budget constraints, (3)
instruments must have a principal investigator with his or her own resources to conduct data analysis, and (4) the
instrument array must include all significant radiation components for which the NCRP made minimal
requirements. The flight package must be operational, and the first flight must occur before or near the maximum
in the galactic cosmic ray intensity (circa spring-summer 1997) and extend through the next cosmic ray minimum

(circa June 2000).

The flight package developed used all available space in the ER-2 cargo areas. The instrument layout is shown in
figure 1. The primary instruments in the package consisted of neutron spectrometer detectors, scintillation
counters, an ion chamber from the Environmental Measurements Laboratory (EML) of the Department of
Energy, and charged-particle telescopes from the Institute of Aerospace Medicine of Deutsche Forschungsanstalt
fur Luft- und Raumfahrt (DLR), and Johnson Space Flight Center. Ten other instruments from Germany, Italy,
the United Kingdom (UK), and Canada made up most of the remainder of the flight package. These included
passive track detectors from the Institute of Aerospace Medicine, DLR, and the University of San Francisco;
tissue equivalent proportional counters (TEPC’s) from Boeing and the Defence Research Establishment in
Ontario, Canada; and dosimeters from Boeing, the Royal Military Academy in Ontario, Canada, and the National
Radiological Protection Board (NRPB) in the UK. The existing primary instruments and the data systems were
modified for operation on the ER-2. A data acquisition system was incorporated to control operation of the entire
instrument package, and to record data from the primary instruments during flight. Data from the other
instruments were recorded separately by each instrument and were recovered after a flight. The first flights were
in June 1997 near solar minimum and need to be continued through solar maximum, which is expected on June

2000 £ 13 months.
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AIR Model Development

The basic quantities of the present 4/R model are the air ionization rate, the 1 to 10 MeV neutron flux, and the
rate of nuclear star events in nuclear emulsion. These quantities were measured over a complete set of altitudes,
geomagnetic latitudes, and over the solar cycle and were scaled according to known procedures to allow a total
time-dependent mapping of the global radiation field (Wilson et al. 1991). The limitations of the model concern
the high-energy neutron spectrum, the quality factor of the ionic components, and the relative contribution of the
nuclear stars. The first step in improved model development is to add estimates of the proton and light ion flux by
using available transport models and databases. An international agreement with the Japan Atomic Energy
Research Institute is being negotiated to provide computational support for adding improved results for the
radiation-induced fields from the galactic cosmic ray protons. These results will be augmented by the light and
heavier galactic cosmic ion components by using the LaRC cosmic ray transport codes. Global fields, as a
function of time, will be generated by using the worldwide vertical cutoff database and high-latitude neutron
monitor count rates. Model validation will require a definition of the mapping of the model field quantities to the
ER-2 instruments. Although all investigators are responsible for defining their own instrument response
functions, the LaRC team will assist in these definitions to every extent possible within funding and manpower
limitations. The first model developed for atmospheric ionizing radiation was empirically based on the global
measurements program under the LaRC SST study (ref. 1). The instrumentation consisted of tissue equivalent ion
chambers, fast neutron spectrometers, and nuclear emulsion. Limited flights were made with tissue equivalent
proportional counters (TEPC’s), Bonner spheres, and the Concorde prototype radiation-monitoring instrument.
The flights were made over most of solar cycle 20 with altitude surveys, latitude surveys, and measurements
during the solar flare of March 1969. Unfortunately, the program was terminated in the year prior to the largest
recorded solar event that was observed during solar cycle 20, the 4 August 1972 event. The data set was
augmented by the decades of measurements of air ionization rates using argon filled steel-walled ion chambers.
The high-energy neutrons were estimated by using Monte Carlo calculations as an extension of the measured 1 to
10 MeV flux from the fast neutron spectrometers. These theoretical high-energy neutron flux calculations
indicate that over half the neutron dose is from neutrons of energy above 10 MeV and are quite uncertain in their
spectral content and intensity, as was noted in the LaRC study (Foelsche et al. 1974), concluded by the
Luxembourg workshop (Reitz et al. 1993) and by the NCRP (1995). The solar particle event predictions are
based on Monte Carlo calculations using the Bertini nuclear model and the United Kingdom nuclear data files

(Foelsche et al. 1974).

The AIR model development should continue to parallel that of the flight program and should use state-of-the-art
transport codes and databases to generate input data to the AIR model. The response functions of each instrument
need to be modeled for validation of the 4/R model by comparison with the flight data. The Bonner sphere,
scintillation counters, particle telescopes, and nuclear track detectors will be used to improve the model spectral

intensities.
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Flight Trajectory

All flights originate from Moffett Field, California, the current home base of the NASA ER-2 aircraft. The
ground track of the scheduled flights (flights 2, 3, 5, 6, and 7) are shown in figure 2 with radiation contours of the
AIR model.

Flight 1 will be approximately a 2-hr engineering flight required by the ER-2 operations office with pilot’s
choice of flight path (assumed to be a racetrack around the home base). The aim is to check aircraft operational
characteristics and all aircraft and experimental instrumentation to ensure that everything is operating

satisfactorily prior to the acquisition of science measurements.

Flight 2 will be approximately a 6.5-hr flight on prescribed northern and easterly headings and will return to
home base over the reverse flight path. The aim for this flight is to determine whether radiation measurements are
being affected by the shielding characteristics of onboard aviation fuel, to determine the consistency of
instrument readings, and to take science data as a function of altitude along a constant-radiation, geomagnetic

latitude line. The flight plan for flight 2 is as follows:
» (37°24'N, 122 ° 6' W) Take off and climb from Moffett Field.
* (39°19'49" N, 121 ° 27' W) Turn easterly and continue climb.

* (38°30'N, 117 ° W) Begin 20-min altitude hold (assumed to be near Wine Glass at 63 000 ft);
then climb back to an altitude at which climb at constant Mach number can be attained along the

prescribed easterly heading.
* (37°30'N, 112 ®* W) Correct course to maintain constant cutofT.

* (35° 54' N, 105° W) Correct course to maintain constant cutoff. Begin to maintain constant

altitude for 10 min before reaching point F.

* (34°39'N, 100 ° W) Execute 180 ° turn and make slow descent (500 ft/min) (Amarillo) to 52 000
ft. Maintain 52 000 ft for 10 min and then climb to normal cruise altitude along the prescribed flight

path, repeating the ground track on the return to Wine Glass.
* (35°54'N, 105 ® W) Correct course to maintain constant cutofT.
* (37°30'N, 112 ®* W) Correct course to maintain constant cutofT.

 Before returning to Wine Glass, descend to the same altitude as on the outbound leg over Wine

Glass (assumed to be 63 000 ft) and maintain that altitude for about 20 min.

* (38°30'N, 117 ° W) Wine Glass, start descent in preparation of ending mission.
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* (39°19'49" N, 121 ° 27' W) Turn south and continue descent.
* (37°24'N, 122 ° 6' W) Land at Moffett Field.

Flight 3 will be approximately an 8-hr flight on prescribed northern, western, and southern headings. The aim is
to obtain radiation measurements as a function of geomagnetic latitude as far north as possible with an altitude
excursion along a constant-radiation, geomagnetic latitude line at the extreme northern latitude location. The

flight plan for flight 3 is as follows:

* (37 °24'N, 122 ° 6' W) Take off and climb from Moffett Field and ascend to cruise altitude.

Cruise to point G.

* (59°00'N, 116 ° 00' W) Turn west toward point H. Hold altitude fixed for 5 min (Ft. Nelson)
after west turn; then execute a medium-rate descent (750 ft/min) to 52 000 ft. Maintain 52 000 ft for

5 min.

* (60° 00' N, 123 ° 40" W) Turn southerly (toward Moffett Field) and ascend to cruise altitude.
Cruise to Moffett Field.

* (37°24'N, 122 ° 6' W) Descend and land.

Flight 4 will be an engineering flight of approximately 2 hr after instrumentation additions-changes with pilot’s
choice of flight path (assumed to be a racetrack around home base). The aim is to allow time in flight schedule to
check aircraft operational characteristics and all aircraft and experimental instrumentation to ensure everything is
operating satisfactorily prior to the acquisition of additional science measurements. This flight will be used only

if necessary.

Flight 5 will be approximately a 6.5-hr flight on a prescribed southerly heading over the North Pacific Ocean. At
the position Latitude 17 deg N, longitude 127 deg 28 min W, execute a 180 ° turn and return to base. The aim of
the mission is to obtain radiation measurements as a function of geomagnetic latitude to as far south as

reasonably possible.

Flight 6 will be approximately a 6.5-hr flight on prescribed northern, western, and southern headings. The aim is
to obtain radiation measurements as a function of geomagnetic latitude as far north as possible with altitude
excursions along a constant-radiation, geomagnetic latitude line near Edmonton, Canada. The flight plan for

flight 6 is as follows:

e (37°24'N, 122 ° 6' W) Take off and climb from Moffett Field, ascend to cruise altitude, and

cruise to point J.
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* (54°48'N, 116 ° 48' W). Turn west toward point K. Hold altitude fixed for 5 min after west turn;

then execute a medium-rate descent (750 ft/min) to 52 000 ft and maintain 52 000 ft for 5 min.
* (56°00'N, 125 ® W) Turn south, ascend to cruise altitude and cruise toward Moffett Field.
* (37°24'N, 122 ° 6' W) Descend and land.

Flight 7 is a repeat of flight 5. The aim of flight 7 is to check data measurement repeatability.

Flight 8a will be approximately a 3-hr flight; however, this flight must be combined with flight 8b with a 12-hr
interval between the flights. Science requirements dictate that flight 8a should be launched about 11:00 a.m.
Immediately after takeoff, climb to maximum altitude, cruise for about 30 min, and hold constant altitude for
about 10 min. Initiate descent about 12:00 noon and descend at about 500 ft/min (slow rate) to 52 000 ft; then
continue descent at the standard rate of descent to landing. The aim of this flight is to acquire daylight data for

comparison with nighttime data to determine diurnal variation of radiation.

Flight 8b will be approximately a 3-hr flight after dark (with takeoff after about 11:00 p.m.) with a flight path
similar to flight 8a (assumed to be a racetrack around the home base). Climb to maximum altitude, cruise for
about 30 min, and hold a constant altitude for about 10 min. Initiate descent at 12:00 midnight and descend at
about 500 ft/min (slow rate) to 52 000 ft; then continue descent at the standard rate of descent to landing. The aim
of this flight is to acquire nighttime data for comparison with daylight data to determine diurnal variation of

radiation.

The total flight hours for these missions is 44 hr. We currently budgeted for 46 hr; an additional 2 hr (as reserve)

are recommended in case we need extra engineering flights.

Expectation from A7R Model

Computer simulations are made for flights 2, 3, 5, and 6. For each flight, the ground track is depicted in figure 2.
The ground track is taken as great circular routes between the navigation points in the figure. The flight path, the
location of the flight path, the latitude, the longitude, as well as the altitude profile as a function of time, are
obtained. The flight path for flight 2 is shown in figures 3(a) to 3(c). The scientific quantities such as magnetic
cutoff, dose equivalent rate, dose rate, neutron flux, and air ionization rate are predicted as a function of flight
time, expressed in minutes. The results for flights 2, 3, 5, and 6 are presented in figures 3(a) to 20. For example,
figures 3(a) and 3(b) show the coordinates of the flight path in which the pilot tries to maintain a constant
geomagnetic cutoff. Because flight 2 has the prescribed northern and easterly heading and return to home base
over the reverse flight path, the coordinates clearly show all the locations as a function of time. Figure 3(c) shows
the altitude profile that the airplane is to execute, which also serves as the input data in the AIR model. Figures
3(d) to 7 are the predictions from the AIR model. Because flight 2 is designed to fly parallel to geomagnetic
latitude for the major leg (easterly heading and reverse), clearly figure 3(d) shows that the magnetic cutoff value

is a horizontal straight line about 4 GV. Figures 4 and 5 show the predictions for dose equivalent rate and dose
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rate from the AIR model. Keep in mind that those rate values are a complicated function of flight coordinates as
well as the altitude and other factors. Based on the figures, clearly the altitude factor alone suggests that the rate
can change from 12 to ~15 percent from 16 km to 20 km altitude. The 4/R model predicts the neutron flux whose
energy range is about 1 to 10 MeV in figure 6 and air ionization rate in figure 7 along the flight path for flight 2.
That is, the AIR model predicts an altitude variation in the 1 to 10 MeV neutron flux of about 12 percent and in

the air ionization rate of 11 percent at the 4 GV cutoff.

Figures 8(a) to 12 show similar quantities for flight 3, that is, the 8-hr flight on prescribed northern, western, and
southern headings. As we mentioned earlier, the purpose for this flight is to obtain radiation measurements as a
function of geomagnetic latitude to as far north as possible, with an altitude excursion along a constant-radiation,
geomagnetic latitude line at the extreme northern latitude location. Figure 8(b) shows that at the extreme northern
latitude, the magnetic cutoff value registers with 0.5 GV were achieved where the altitude survey was performed.
Compare figures 9 to 12 with figures 3(c) through 5 for the flight 3 route; the AIR model predicts much higher
radiation values than does the flight 2 route. In other words, flight 3, from a radiation safety point of view, flies in
a less safe route than flight 2, as was expected. The altitude survey at 0.5 GV shows a variation on the order of 11
percent in 1 to 10 MeV neutron flux and 23 percent for the air ionization rate. Because the prime purpose of
flight 3 is to perform a latitude survey, we see that the high-altitude variation in the environment during the cruise
portion of the flight, along the northern path, is 32 percent in the 1 to 10 MeV neutron flux and 33 percent in the

air ionization rate.

Flight 5 will examine the latitude dependence of the high-altitude environment south of the ER-2 base at Ames
Research Center. The model predicted a variation of only a few percent in the radiation levels in a possible
altitude survey, and such a survey was eliminated from the flight plan because it was to take place over the
Atlantic Ocean and was considered an unnecessary hazard to the pilot. The cutoff reached is predicted to be over
12 GV, giving a latitude survey in conjunction with flight 3 a factor of 24 in cutoff variation. It is clear from

figures 14 and 15 that a valley in exposure rates is being approached as we fly into equatorial regions.

Flight 6 is a shorter northern flight to the edge of the northern plateau of the exposures, while repeating the
latitude dependence measurements up to 0.8 GV. The maximum environmental quantities are lower, but the

altitude variation is a somewhat smaller excursion.

Concluding Remarks

The atmospheric ionizing radiation (4/R) ER-2 preflight analysis, one of the first attempts to obtain a relatively
complete measurement set of the high-altitude radiation level environment, is described in this paper. The
primary thrust is to characterize the atmospheric radiation and to define dose levels at high-altitude flight. A
secondary thrust is to develop and validate dosimetric techniques and monitoring devices for protecting aircrews.
With a few chosen routes, we can measure the experimental results and validate the AIR model predictions.
Eventually, as more measurements are made, we gain more understanding about the hazardous radiation

environment and acquire more confidence in the prediction models.
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Q-bay:
Nose: EML Bonner spheres
EML Bonner spheres 1, 2, 4, 9and10
6,7,and 8 EML scintillation counters (3)
Power supply and distribution unit EML ion chamber
DLR/Kiel University DOSTEL Power supply and distribution
DLR/Kiel University Particle PNTD’s unit
[ University of San Francisco Target DREO Al,03 TLD's
Fragment PNTD’s ;
NRPB etch track dosimeters éSMCCpSL:tg(l:)IEtg ﬁzgg’é
Yale/University of Pisa bubble counter ;
Boeing TEPC
DREO TEPC

Carried in cockpit:
Boeing PDM-303

. o S bk
- ' Toe
. i
- -—
L d br -
Right superpod forebody: — : .
EML Bonner spheres = = Left superpod midbody:
11 and 12 - r Power supply and distribution
unit
Right superpod midbody:
EML NIM bin Electronics
racks (2) Left superpod forebody:
EML Computer EML Bonner spheres 13 and 14
Power supply and PVAMU SEU
distribution units

Figure 1. Instrument locations on the ER-2.
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Flight path coordinates
Latitude, Longitude,

deg deg

37 24 -122 06
39 19 -121 27
38 30 -117 00
37 30 -112 00
35 54 -105 00
34 39 —100 00
59 00 -116 00
60 00 -123 40
17 00 -127 28
54 48 -116 48
56 00 -123 00
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June 1997 ER-2 Flight Measurements

Preface

Within our current understanding of the atmospheric ionizing radiation, the ER-2 flight package was designed to
provide a complete characterization of the physical fields and evaluate various dosimetric techniques for routine
monitoring. A flight plan was developed to sample the full dynamic range of the atmospheric environment
especially at altitudes relevant to the development of the High Speed Civil Transport. The flight of the instruments
occurred in June of 1997 where predictive models indicated a maximum in the high altitude radiation environment
occurring approximately nine months after the minimum in the solar sunspot cycle. The flights originated at
Moffett field at the Ames Research Center on ER-2 aircraft designated as 706. The equipment was shipped mid-
May 1997 for unpacking and checkout, size fitting, systems functional test, and preflight testing on aircraft power
with flight readiness achieved on May 30, 1997. The equipment was qualified on its first engineering flight on June
2, 1997 and the subsequent science gathering flights followed during the period of June 5 — 15, 1997. Herein we

give an account of the flight operations.

Introduction

The NASA Earth Resources (ER)-2 is a civilian version of the Air Force’s TR-2 aerial reconnaissance aircraft. Both
of these aircraft are the direct descendents of the old Lockheed U-2 which carried cameras on spy missions starting
in the mid 1950s. The AIR/ER-2 flights were launched from Moffett Field, CA, and were precisely flown by the
pilots along coordinates provided by the AIR Project as discussed in Chapter 4. The operations of the ER-2 aircraft

were conducted under the management of the High Altitude Missions Branch at the Ames Research Center.

The AIR Project is an international collaboration devised by scientists at the NASA Langley Research Center and
the DOE Environmental Measurements Laboratory with more than 12 domestic and foreign laboratories to make
measurements and calculations of the stratospheric radiation field due to galactic cosmic rays. The first series of ER-
2 flights for the AIR Measurement Project were successfully completed on schedule at the peak of the galactic

cosmic radiation in June 1997.

The measurement part of the AIR Project involved placing 15 instruments on multiple flights of the NASA ER-2
aircraft. The instrument layout is shown in Figure 1. Payload integration of the international instrument array with
the ER-2 was done by Langley Research Center and Lockheed Skunk works personnel in a very short time and on a
constrained budget and fixed launch window. The first series of flights took place June 2-15, 1997 from the NASA
Ames Research Center in California, covering altitudes from 52,000 to 70,000 feet and latitudes from 18 to 60
degrees N. The six flights are listed in Table 1. Data from these measurements are being used to benchmark an
improved Langley model of the radiation environment which can be used to calculate radiation exposures that will

be incurred in future high-speed civil transport (HSCT) commercial operations.
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May 15-June 15, 1997 AIR Missions Plan: Sortie Definitions

All flights originate from Moffett Field, CA, the home base of the NASA ER-2 aircraft. The priority order of
flights could change due to unexpected delays and the fixed June 15, 1997 end date for the campaign. The science
flights in order of priority are 2,3,6,7,8,4 and 5.

Flight 1: This will be approximately a two-hour engineering-flight required by the ER-2 operations office with
pilot's choice of flight path (assumed to be a racetrack around the home base). The aim is to check aircraft
operational characteristics, and all aircraft and experimental instrumentation to assure everything is operating

satisfactorily prior to the acquisition of science measurements.

Abort Criteria: Red light condition - Computer is not recording measurement data. Turn switch off, wait
two minutes and then turn switch back on. If red light is still on, repeat off/on procedure once more. If
red light persists, return to base.

Success criteria: All systems go for measurements.

Flight 2: This will be approximately a six & one-half hour flight on prescribed northern and easterly headings and
return to home base over the reverse flight path. In the vicinity of Wine Glass (lat 38 deg 30 min N, long 117 deg
W) maintain the current, standard-climb altitude (assumed to be about 63,000 ft) for about 20 minutes and then
climb back to an altitude at which climb at constant Mach number can be attained along the prescribed easterly
heading,. In the vicinity east of Amarillo, Texas (lat 34 deg 39 min N, long 100 deg.W), execute a 180 degree turn
and descend to 52,000 feet at about 500 feet per minute (slow descent). Maintain 52,000 feet for 10 minutes and
then climb to maximum altitude along the prescribed flight path repeating the ground track on the return to Wine
Glass. Before returning to Wine Glass descend to the same altitude as on the outbound leg over Wine Glass
(assumed to be 63,000 ft) and maintain that altitude for about 20 minutes. The aim for this flight is to determine if
radiation measurements are being affected by the shielding characteristics of on-board aviation fuel, determine
consistency of instrument readings, and take science data as a function of altitude along a constant-radiation,

geomagnetic latitude line.

Abort Criteria: Constant red light condition after two restart attempts - Computer is not recording
measurement data.

Success criteria: Seventy percent of instruments functioning and sufficient data as required to determine
any possible effects from aviation fuel shielding.
Flight 3: This will be approximately an eight hour flight on prescribed northern, western and southern headings.
In the vicinity east of Fort Nelson, CANADA (lat 58 deg, 30 min N, lon- 1 18 deg, W), execute a turn to the west
and descend to 52,000 feet at a descent rate of about 750 feet per minute (moderately slow descent rate). Maintain
52,000 feet for about 5 minutes and then climb at constant Mach number. In the vicinity west of Fort Nelson (lat
60 deg, 30 min N, lon 60 deg 30 min W) execute a turn to the south and climb to cruise altitude and return to

home base. The aim is to obtain radiation measurements as a function of geomagnetic latitude to as far north as
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possible with an altitude excursion along a constant-radiation, geomagnetic latitude line at the extreme northern

latitude location.

Abort Criteria: Constant red light condition after two restart attempts - Computer is not recording
measurement data.

Success criteria: Seventy percent of instruments functioning and data acquired.

Flight 4: This will be an engineering flight of approximately three hours after instrumentation additions with
pilot's choice of flight path (assumed to a racetrack around home base). If this flight is combined with flight 5 on
the same day there should be a 12hour interval between the flights which would dictate that flight 4 should be
launched about 10:00 am. After engineering flight objectives are obtained for flight 4, continue to acquire science
data by climbing to maximum altitude and hold for about 10 minutes. Initiate descent about 12:00 noon and
descend at about 500 feet per minute (slow rate) to 52,000 feet and then continue descent at the standard rate of
descent to landing. The aim of this flight is to acquire daylight data for comparison with night time data to

determine diurnal variation of radiation.

Abort Criteria: Constant red light condition after two restart attempts Computer is not recording
measurement data.

Success criteria: All systems go for measurements.

Flight 5: This will be approximately a three hour flight after dark (with take-off after about 10:00 PM) with a
flight path similar to Flight 4 (assumed to be a race track around the home base). Climb to maximum altitude,
cruise for about 30 minutes and hold a constant altitude for about 10 minutes. Initiate descent at 12:00 midnight
and descend at about 500 feet per minute (slow rate) to 52,000 feet and then continue descent at the standard rate of
descent to landing. The aim of this flight is to acquire night-time data for comparison with daylight data to

determine diurnal variation of radiation.

Abort Criteria: Constant red light condition after two restart attempts - Computer is not recording
measurement data.

Success criteria: Seventy percent of instruments functioning and data acquired.

Flight 6: This will be approximately a six & one-half hour flight on a prescribed southerly heading, over the
North Pacific ocean. At the position Latitude 17 deg N, lon 127 deg 28 min W, execute a 180 degree turn and
return to base. The aim of the mission is to obtain radiation measurements as a function of geomagnetic latitude to
as far south as reasonably possible. An altitude variation at the extreme south was not attempted since less than on

percent variation is expected and there is a danger of flame out.

Abort Criteria: Constant red light condition after two restart attempts - Computer is not recording
measurement data.

Success criteria: Seventy percent of instruments functioning and data acquired.
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Flight 7: This will be approximately a six and one-half hour flight on prescribed northern, western, and southern
headings. In the vicinity of Edmonton, CANADA (lat 53 deg 43 min N, lon 1 19 deg 48 min W), execute a turn
to the west and descend to 52,000 feet at a descent rate of about 750 feet per minute (moderately slow descent).
Maintain 52,000 feet for about 5 minutes. In the vicinity east of Fort St. John, Canada (lat 56 deg 33 min N, lon
125 deg W), execute a turn to the south and return to base climbing to the highest altitude. The aim is to obtain
radiation measurements as a function of geomagnetic latitude to as far north as possible with altitude excursions

along a constant radiation, geomagnetic latitude line near Edmonton, CANADA.

Abort Criteria: Constant red light condition after two restart attempts - Computer is not recording
measurement data.

Success criteria: Seventy percent of instruments functioning and data acquired.

Flight 8: This is a repeat of flight #6. The aim of this flight is to check data measurement repeatability.

Abort Criteria: Constant red light condition after two restart attempts - Computer is not recording
measurement data.

Success criteria: Seventy percent of instruments functioning and data acquired.

The total flight hours for these missions is 42 hours. We currently are budgeted for 46 hours. The 4 extra hours is

held as reserve in case we need additional engineering flights for unknown reasons.

Results of the June 1997 Campaign

Flight #1 (N97-104, Engineering Test

The first flight was an Ames/Lockheed-required two hour duration engineering flight. The Ames flight number was
N97-104. Its purpose was to verify compatibility of the instrument array with all of the ER-2 systems, including
aircraft flight handling. All instruments in the array were fully operational, and gathered data during the flight,
except as noted below. The pilot reported no interference with ER-2 systems, and the instrument array was certified
by Ames/Lockheed for flying on the ER-2. The flight ground track is shown in Figure 2 and consisted of a race

track path around Ames. Figure 3 shows the altitude profile.

Ten of the fourteen EML detectors functioned properly during the flight. Post flight review of the EML data
showed that the high voltage power supplies for four detectors cut off during the flight: in the nose bonner sphere
#2 and in the Q-bay bonner sphere #9, bonner sphere #10, and the ion chamber. Science data from these detectors
ended when the high voltage was lost. Two of the EML detector cutoffs were caused by a leak in the pressure
containers surrounding the detectors. Faulty pressure fittings on these containers were found and replaced. All of
the EML pressure containers functioned properly for the remainder of the flights. The other 2 EML detector cutoffs
were the continuation of a intermittent problem discovered earlier during all-up system operation, and was not

resolved.
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After this flight, the JSC Particle Telescope flight data was retrieved from the unit and sent to JSC for analysis.
They reported back that the unit was not reading data from 8 of the 10 detector channels, effectively making its data
useless. A quick look inside the unit revealed a malfunctioning connector, but fixing it did not cure the problem.
Because of budgetary and time constraints, JSC elected not to fix the problem at that time. The Particle Telescope

was left in place on the ER-2 rack, and operated on subsequent flights, but did not produce meaningful data.

The ER-2 system that records the high altitude (above 10 km) ambient pressure also failed during this flight,
making it impossible to read both the high altitude pressure and the low altitude pressure at the same time. The
pressure readings at high altitude were considered most important, so the system was configured to record only the
high altitude ambient pressure for subsequent flights. In spite of a few issues concerning a few detectors and the

altimeter, the overall mission reached the threshold of success as defined in the planning document.

Flight #2 (N97-105, Easterly)

The second flight was to be a six and one-half hour flight on a prescribed northern and easterly path and return over
the reverse path. Leaving Moffett Field the craft headed on a northerly path to the vicinity of Wine Glass (38°
30”N, 117° W) and then followed an easterly line of constant magnetic latitude to Amarillo, Texas. The altitude
continuously increased as the ER-2 “cruise climbed” until Wine Glass where a constant altitude was maintained for
20 minutes. Normal cruise climb then resumed to Amarillo. An altitude dip was performed shortly after
turnaround. After turnaround, the pilot retraced the previous path back to Ames. Just before leaving the constant
magnetic latitude path, the pilot descended to match his altitude at the same location during the outward bound leg.
He held this altitude for 20 minutes to allow a comparison of the measured data at two distinct fuel loads at the
identical locations in the radiation fields. The Ames flight number was N97-105. All instruments in the array were
fully operational, and gathered data during the flight, except as noted below. The flight ground track is shown in

Figure 4 where a storm over northern New Mexico was avoided. Figure 5 shows the altitude profile.

Twelve of the fourteen EML detectors functioned properly during this flight. Post flight review of the EML data
showed that again the high voltage power supplies for two detectors were cut off by the computer system: bonner
sphere #2 in the nose and bonner sphere #10 in the Q-bay. Science data from these detectors ended when the high
voltage was shut off. The detector shutdowns were again caused by the same problem that showed up on the

previous flights, and was not yet resolved.
The JSC Particle Telescope was operated, and the flight data was left onboard the unit.

Flight #3 (N97-106, North-1):

The third flight path headed north as far north as the ER-2 could fly in an extended 8 hour mission, turned west
along a constant geomagnetic latitude line, and then returned directly to Ames. An altitude dip was executed along
a constant magnetic latitude line at the northern extremity of the path. The Ames flight number was N97-106. All
instruments in the array were fully operational, and gathered data during the flight, except as noted below. The

flight ground track is shown in Figure 6. Figure 7 shows the altitude profile.
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Eleven of the fourteen EML detectors functioned properly during this flight. Post flight review of the EML data
showed that the high voltage power supplies for three detectors cut out during the flight: bonner sphere #2 in the
nose; bonner sphere #10 in the Q-bay; and bonner sphere #12 in the right superpod. Science data from these
detectors ended when the high voltage was lost. The three detector cutoffs were the continuation of the same

problem that showed up on the previous flights, and was not yet resolved.

Flight #4 (N97-107, South-1):

The fourth flight path was south, following a path nearly perpendicular to the geomagnetic latitude lines down to

about 18° latitude, and then back along the same path to Ames. The Ames flight number was N97-107. The ER-2

was allowed to cruise climb in altitude the entire flight. All instruments in the array were fully operational, and

gathered data during the flight. The flight ground track is shown in Figure 8. Figure 9 shows the altitude profile.

All of the EML detectors functioned properly during this flight. Software changes installed prior to this flight
apparently stopped the high voltage shutdown problem.

The JSC Particle Telescope was operated again, and the flight data was left onboard the unit.

Flight #5 (N97-108, North-2):

The fifth flight path was essentially a repeat of the first northerly flight. The outbound and return legs were
shortened to allow a 6.5 hour flight time. An altitude dip was again executed during the westerly, constant
geomagnetic latitude at the northern extreme. The Ames flight number was N97-108. All instruments in the array
were fully operational, and gathered data during the flight, except as noted below. The flight ground track is shown
in Figure 10. Figure 11 shows the altitude profile.

All of the EML detectors functioned properly during this flight. The JSC Particle Telescope was operated, and the
flight data was left onboard the unit.

Flight #6 (N97-109, South-2):
The sixth flight path was a repeat of the first southerly flight #4. The Ames flight number was N97-109. All

instruments in the array were fully operational, and gathered data during the flight. The flight ground track is

shown in Figure 12. Figure 13 shows the altitude profile.

All of the EML detectors functioned properly during this flight. The JSC Particle Telescope was operated, and the
flight data was left onboard the unit.
Postmortem

The loss of high voltage on the early flights was software/hardware interaction problem and change in software
parameters allowed reliable operation in successive flights. The JSC telescope ran without fault although some of

the data failed to record rendering the data unusable. The inability to down load data without disassembling the
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device would have allowed the determination of the continued problem and a possible fix between flights. The
DOSTEL instrument operated properly, but analysis of the flight data months after the flight series has shown an
interference on some of the data. The source of the interference appears to be an ER-2 navigation transmitter
(TACAN). Although the DOSTEL data shows noise in a middle spectral range the spectrum can still be
constructed by interpolation with a loss in accuracy. The BGO and plastic scintillation counters were never
completely integrated into the system and data from them was not obtained. The Nal scintillation counter did
obtain data and although noise appears in the lower spectral channels the real data range appears not to have been

effected.

Conclusions:

In spite of the low funding and the fast track to meet the June 1997 flight date, the overall performance of the flight
package was well over the threshold required for success and the flight team received an award for the “Outstanding
planning, coordination and implementation of a complex Atmospheric Ionizing Radiation ER-2 flight
measurements campaign in support of the Environmental Impact element of the HSR Program.” Members of the

team are listed in an appendix at the end of these proceedings.
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Table 1 - AIR flights at Ames - June, 1997

Flight Designation Date Duration | AIR Flight No. [ Ames Flight No. Start Time End Time
Engineering 6/2/97 2 hrs 101 N97104 20:00 GMT | 22:00 GMT
East 6/5/97 6.5 hrs 102 N97105 16:00 GMT | 22:33 GMT
North 1 6/8/97 8 hrs 103 N97106 16:00 GMT | 23:47 GMT
South 1 6/11/97 6.5 hrs 104 N97107 16:00 GMT | 22:30 GMT
North 2 6/13/97 6.5 hrs 105 N97108 16:00 GMT | 22:37 GMT
South 2 6/15/97 6.5 hrs 106 N97109 18:00 GMT [ 00:24 GMT

156




Q-bay:
Nose: EML Bonner spheres
EML Bonner spheres 1, 2, 4, 9and 10
6,7,and 8 EML scintillation counters (3)
Power supply and distribution unit EML ion chamber
DLR/Kiel University DOSTEL Power supply and distribution
DLR/Kiel University Particle PNTD’s unit
] University of San Francisco Target DREO Al,03 TLD's
Fragment PNTD’s ;
NRPB etch track dosimeters ‘g{SMCCp;:Eng tgﬁzg?oprz
Yale/University of Pisa bubble counter -
Boeing TEPC
DREO TEPC

Carried in cockpit:
Boeing PDM-303

¥ - 4 Mric
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L L T— F o
Right superpod forebodly: —_ — ;
EML Bonner spheres = e g Left superpod midbody:
11 and 12 L . 1 Power supply and distribution
unit
Right superpod midbody:

EML NIM bin Electronics

racks (2) Left superpod forebody:
EML Computer EML Bonner spheres 13 and 14
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Preliminary Analysis of the Multisphere Neutron Spectrometer

Abstract

Crews working on present-day jet aircraft are a large occupationally exposed group with a relatively high
average effective dose from galactic cosmic radiation. Crews of future high-speed commercial aircraft flying at
higher altitudes would be even more exposed. To help reduce the significant uncertainties in calculations of such
exposures, the Atmospheric Ionizing Radiation (AIR) Project, an international collaboration of 15 laboratories,
made simultaneous radiation measurements with 14 instruments on five flights of a NASA ER-2 high-altitude
aircraft. The primary AIR instrument was a highly sensitive extended-energy multisphere neutron spectrometer with
lead and steel shells placed within the moderators of two of its 14 detectors to enhance response at high energies.
Detector responses were calculated for neutrons and charged hadrons at energies up to 100 GeV using MCNPX.
Neutron spectra were unfolded from the measured count rates using the new MAXED code. We have measured the
cosmic-ray neutron spectrum (thermal to >10 GeV), total neutron fluence rate, and neutron effective dose and dose
equivalent rates and their dependence on altitude and geomagnetic cutoff. The measured cosmic-ray neutron spectra
have almost no thermal neutrons, a large "evaporation" peak near 1 MeV and a second broad peak near 100 MeV
which contributes about 69% of the neutron effective dose. At high altitude, geomagnetic latitude has very little
effect on the shape of the spectrum, but it is the dominant variable affecting neutron fluence rate, which was 8 times
higher at the northernmost measurement location than it was at the southernmost. The shape of the spectrum varied

only slightly with altitude from 21 km down to 12 km (56 - 201 g cm™ atmospheric depth), but was significantly

different on the ground. In all cases, ambient dose equivalent was greater than effective dose for cosmic-ray

neutrons.

Introduction

The earth is continually bathed in high-energy particles that come from outside the solar system, known as galactic
cosmic rays. When these particles penetrate the magnetic fields of the solar system and the Earth and reach the
Earth’s atmosphere, they collide with atomic nuclei in air and create cascades of secondary radiation of every kind
(Reitz 1993). The intensity of the different particles making up atmospheric cosmic radiation, their energy
distribution, and their potential biological effect on aircraft occupants vary with altitude, location in the geomagnetic
field, and time in the sun's magnetic activity cycle (Reitz 1993, Wilson 2000, Heinrich et al. 1999). The atmosphere
provides shielding, which at a given altitude is determined by the mass thickness of the air above that altitude, called
atmospheric depth. The geomagnetic field provides a different kind of shielding, by deflecting low-momentum
charged particles back into space. The minimum momentum per unit charge (magnetic rigidity) a vertically incident

particle can have and still reach a given location above the earth is called the geomagnetic vertical cutoff rigidity (or
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simply cutoff) for that point. (Values of geomagnetic cutoff as a function of geographic location used in this paper
are the ones used by recent versions of the CARI and LUIN codes, O’Brien et al. 1992, O’Brien 1999, Reitz et al.
1993.)

Over the past 10 years, there has been increasing concern about the exposure of air crews to atmospheric cosmic
radiation (O’Brien et al. 1992, Reitz et al. 1993, Goldhagen 2000). At aviation altitudes, the neutron component of
the secondary cosmic radiation contributes about half of the dose equivalent, but until recently it has been difficult to
accurately calculate or measure the cosmic-ray neutron spectrum in the atmosphere to determine accurate dosimetry
(Goldhagen 2000, Wilson et al. 1995, Roesler et al. 1998, Kurochkin et al 1999, Roesler et al. 2001). Dose rates
from atmospheric cosmic radiation at commercial aviation altitudes are such that crews working on present-day jet
aircraft are an occupationally exposed group with a relatively high average effective dose (Wilson 2000, O’Brien et
al. 1992, Goldhagen 2000). Crews of future high-speed commercial aircraft flying at higher altitudes would be even
more exposed (Wilson 2000).

The Atmospheric Ionizing Radiation (AIR) Project Measurements

To help reduce the significant uncertainties in calculations of such exposures, the Atmospheric lonizing Radiation
(AIR) Project, an international collaboration of 15 laboratories organized by the NASA Langley Research Center,
made simultaneous radiation measurements with 14 instruments on a NASA ER-2 high-altitude aircraft (Goldhagen

2000). Of the many AIR measurements, this paper discusses only the neutron spectrometry.

The AIR ER-2 flights were scheduled for June 1997, a time of maximum galactic cosmic radiation (solar minimum),
and were designed to cover as wide a range of latitude and altitude as possible within the operational capabilities of
the ER-2. There were five measurement flights. Their four paths (there were two identical South flights) are shown

on a map in Fig. 1. All flights originated at the NASA Ames Research Center (37.4° N, 122° W) in California and

started with a northward climb. The East flight provided a long period of nearly constant radiation level by flying at
constant geomagnetic cutoff. The rest of the flights measured the effects of latitude and of altitude at low
geomagnetic cutoffs. The East and the two North flights included an altitude dip while flying magnetic west at
constant geomagnetic cutoff, allowing measurements at altitudes from 21.3 km (70,000 ft) down to 16 km (52,500
ft). Fig. 2 shows graphs of altitude as a function of time after takeoff for three of the flights. Overall, the flights
covered latitudes from 18° to 60°N, corresponding to geomagnetic vertical cutoff rigidities from 12 GV to 0.4 GV,

and atmospheric depths from 50 to 110 g cm™, not including initial climb and final descent, which yield some data
p p g g

at lower altitudes for one latitude. Neutron spectrometry measurements were also made on the ground.

The High-Energy Multisphere Neutron Spectrometer

The primary AIR instrument was a highly sensitive extended-energy multisphere (Bonner sphere) neutron
spectrometer (MNS, Thomas and Alvera 2001) designed specifically for cosmic-ray measurements (Goldhagen and

Van Steveninck 1995, Tume et al. 1996). Its 14 detectors are spherical 5.08 cm-diameter *He-filled proportional
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counters, with one unshielded, one surrounded with a layer of cadmium, and the rest surrounded with high-density
polyethylene spheres with diameters ranging from 6.7 to 38 cm. Moderator diameters and masses for all the
detectors are given in Table 1. The large cross-sectional area of the *He proportional counters and simultaneous
measurement with all the detectors gives the spectrometer high sensitivity. To reduce response to thermal neutrons,
all but the largest moderator spheres are surrounded with thin cadmium shells. To meet the safety requirements for
flight on the ER-2, each detector, together with its high-voltage supply and preamplifier, was enclosed in a
cylindrical aluminum container sealed at atmospheric pressure. Detectors were placed in all four major payload bays

of the ER-2. Due to space constraints, detectors 3 and 5 were not flown.

The signal processing and data acquisition electronics and methods were similar to those described for previous
MNS measurements (Goldhagen and Van Steveninck 1995, Harver and Hajnal 1993, Goldhagen et al. 1996). After
passing through a preamplifier and a purpose-built amplifier (Goldhagen and Van Steveninck 1995), signals from
each proportional counter were routed through one of a pair of 8-channel multiplexers to an analog to digital
converter and the pulse height stored in a computer-card multichannel analyzer. Pulse-height spectra were recorded
on the computer’s magneto-optical disk every 60 s throughout each flight. Pulses as small as 5% of the peak pulse-
height from *He(n,p)’H thermal-neutron capture were recorded. During analysis, neutron capture pulses were
cleanly separated from electronic noise and pulses from minimum ionizing particles by setting a software threshold
at 24% of the peak pulse-height channel. The average in-flight cosmic-ray neutron count rate in the detectors was

about 4 to 32 per s, allowing statistically sound spectra to be collected in a few minutes.

Even very large Bonner spheres with standard all-plastic moderators have responses that drop to low values as the
energy increases from about 15 MeV to several hundred MeV (see Fig. 3, curves 8 - 12), so standard MNSs cannot
be used to measure the shape of neutron spectra at energies much above 20 MeV. Following suggestions of Hsu et
al. (1994) based on work by Birattari et al. (1990), the Environmental Measurements Laboratory developed high-
energy detectors incorporating 1.65 cm thick metal shells within their polyethylene moderators. Detectors 13 and 14
have the same diameter moderators (30 and 38 cm) as detectors 11 and 12, but detector 13 has a 25-kg lead shell
embedded in its moderator, and 14 has an 18-kg steel shell. High-energy neutrons striking the nuclei of atoms with
high atomic number cause hadronic showers with easily detected secondary neutrons, creating a rising response with

increasing energy (see Fig. 3, curves 13 - 14).

Detector responses as a function of energy (see Figures 3 and 4) were calculated for neutrons at energies up to
150 MeV using MCNP (version 4b, Briesmeister 1997) and MCNPX (version 2.1.5, 19-Mar-2000, Hughes et al.
1997, Waters 1999) with evaluated cross sections (Briesmeister 1997, Chadwick et al. 1997) and for neutrons,
protons and charged pions from 10 MeV to 100 GeV using MCNPX with cross sections from nuclear models (see
Fig. 5). The methods used with MCNP have been described previously (Goldhagen et al. 1996, Kniss 1996) and are
similar to those used by Mares et al. (1991, 1997). We used a continuous distribution of incident energy, with the
results grouped into 20 equal-log(E)-width bins per energy decade. The dips in response at neutron energies between

10* and 10" MeV come from nuclear resonances in the cadmium shells and aluminum surrounding the spheres. Of
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the high-energy nuclear models currently available in MCNPX, we chose the Bertini model with preequilibrium
from 150 MeV to 3.5 GeV and the “scaled Bertini” model above 3.5 GeV. We did not use the “Fluka model” in
MCNPX because it is from an early version of the FLUKA code (Aarnio et al. 1990) which gives very different
answers (Preal 1999) from more recent versions. From 10 to 150 MeV, we had a choice of results for our neutron
response functions. For detectors 1-13, we chose the results from MCNPX with evaluated cross sections. For
detector 14, with its steel shell, we used the results from the Bertini model starting at 70 MeV because above that
energy the evaluated cross sections for iron give evaporation neutron yields higher than experimental data (fig. 24a
of Mares et al. 1991). Recently, we learned of an experiment (Zucker et al. 1998) showing that the Bertini model
with preequilibrium overestimates the yield of moderatable neutrons from protons on lead by about 13% at incident
energies from 0.5 to 1.4 GeV. This means our response function for detector 13 may be too high by a similar amount
in this energy region. The effects of the various materials surrounding each detector were included in the response
calculations by modeling the entire assembly of AIR apparatus in each ER-2 payload bay. Fig. 4 shows the neutron
response functions of three of the detectors with and without including the effects of nearby materials. Response
decreased at low energies because of shielding effects and increased at high energies because of hadron showers in
surrounding metals. We have verified our response calculations at fission energies to within 4% using measurements
of a calibrated **Cf neutron source (Kniss 1996). An experiment to verify the calculated responses in the energy

range 150-700 MeV has been performed at the Los Alamos Neutron Science Center, but has not yet been analyzed.

For all the larger detectors, the raw count rates must be corrected for counts caused by high-energy cosmic-ray
protons and pions, which produce neutrons by nuclear interactions with the metals and carbon in the detectors and
their surroundings. This requires calculating response functions for these particles as well as for neutrons and
knowing their (approximate) cosmic-ray spectra. Fig. 5 compares calculated neutron, proton and charged pion
response functions for detectors 9 and 13. Surrounding materials were included in the calculations. At present, the
only available calculation of proton and pion cosmic ray spectra for all locations in the atmosphere is from the LUIN
code (O’Brien 1999, 1978). This analytic radiation transport code relies on several approximations which are valid
only above several hundred MeV, but it is still widely used (within the CARI code, O’Brien et al. 1997) for aircraft
route dose calculations. There is also a recent Monte Carlo calculation of cosmic radiation in the atmosphere

(Kurochkin et al. 1999) that includes proton and pion spectra at one location (at 200 g cm™ above Braunschweig,

Germany). We calculated the count rates that would occur in our detectors at this location assuming the charged
hadron fluence spectra calculated by Kurochkin et al. and by using LUIN-99 (O’Brien 1999), and found the former
to be 1.22 times the latter. To estimate the charged-hadron count rates present in the AIR MNS measurements, we
used 1.11 times the proton plus pion counts predicted by the LUIN spectra at each measurement location folded with
our calculated proton and pion response functions. This charged-hadron count rate was subtracted from the raw

count rate to get the neutron count rate.

Once the neutron count rates and response functions of the MNS detectors are known, a deconvolution (unfolding)
computer code is applied to determine the neutron spectrum. The deconvolution process is not straightforward

because information in addition to the measurement and the response functions must be applied to obtain a unique
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solution. We use the unfolding code MAXED (Reginatto and Goldhagen 1998, 1999, 2001), which takes into
account the individual uncertainties in the detector count rates and allows for the inclusion of a priori information in
a well defined and mathematically consistent way. The a priori information is in the form of an initial (default)
spectrum that represents knowledge about the spectrum before the measurement is made (Reginatto and Goldhagen
1998). Since MAXED applies no smoothing, it preserves any structure in the default spectrum that is finer than the

resolution of the spectrometer.

Measured Cosmic-Ray Neutron Spectra

As initial spectra for unfolding our measurements and for comparison with them, we examined available calculated
cosmic-ray neutron spectra. Fig. 6a shows graphs of three calculated cosmic-ray neutron spectra for different

locations in the atmosphere made by different groups (Roesler et al. 1998, Kurochkin et al. 1999, Armstrong et al.

1973) using different Monte Carlo radiation transport codes. Neutron fluence rate (neutrons cm™ s™') per lethargy

(the natural logarithm of energy) is plotted on the vertical axis versus neutron energy in MeV with a logarithmic

scale on the horizontal axis. (Fluence rate per lethargy is equivalent to E(d@/dE), where E is particle energy and @ is

fluence rate.) The calculated spectra have been scaled to fit one of our measurements (see below), so they overlap
and their shape can be compared. The calculated spectra all have a large “evaporation” peak centered at 1 or 2 MeV,
a smaller peak at about 100 MeV, and detectable numbers of neutrons up to about 10 GeV (10* MeV). The spectrum

of Roesler et al. (1998), calculated for 200 g cm ™ at 4.3 GV cutoff, shows fine structure from nuclear resonances in

the nitrogen and oxygen of the atmosphere. It also has a larger ratio of high-energy neutrons to evaporation neutrons

than the calculations by Kurochkin at al. (1999, 200 g cm™, 2.9 GV cutoff) and by Armstrong et al. (1973, 50 g

cm™, 4.6 GV cutoff). Only the Armstrong calculation included thermal energies.

Fig. 6b shows cosmic ray neutron spectra unfolded from our MNS measurements at one location using each of the
calculated spectra in Fig. 6a as the default spectrum. (The Armstrong thermal tail was attached to the other two
calculated spectra before unfolding.) Except for their bin structure, the three unfolded spectra are practically
identical, and we can refer to any of them as the measured spectrum. The measured spectrum is generally similar to
the calculated spectra, but it has a taller evaporation-neutron peak and is lower from 10 to 0.2 MeV. The measured
spectrum has a smaller 100-MeV peak than the Roesler spectrum, a wider valley between the two peaks than the

Kurochkin spectrum, and almost no thermal neutrons.

When the calculated spectra are scaled (without changing their shapes, as in Fig. 6a) to fit the measured neutron

count rates, the Roesler and Kurochkin spectra fit better than the Armstrong spectrum (reduced x* = 9.8, 10.6, and

18.2, respectively). In the rest of the figures in this paper, we show measured spectra unfolded using the Kurochkin
rather than the Roesler spectrum as the default spectrum only because the former’s simpler structure facilitates

visual comparisons.
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The data unfolded in Fig. 6b were taken on the shorter North flight near the northern extreme of its outbound leg
(54°N, 117°W, cutoff = 0.8 GV) at an atmospheric depth of 56 g cm™ (20 km (65,600 ft) altitude). Over 2x10°

neutron counts were recorded in 10 minutes. Fig. 7 shows the same measured spectrum together with a spectrum
measured for 24 minutes near the southern extreme of the South 1 flight (18.7°N, 127°W, 12 GV cutoff) at almost

the same atmospheric depth (53.5 g cm™, 20.3 km). The total neutron fluence rate at the northern location was 8

times the fluence rate at the southern location; the southern spectrum is shown multiplied by 8. The spectra have
almost the same shape. What difference there is may be due to the lower statistics of the southern measurement and
the relatively large uncertainty of the correction for charged hadrons when applied to two locations with such

different geomagnetic cutoffs.

Figure 8 shows cosmic-ray neutron spectra measured at three different altitudes on the ER-2 and on the ground. The
locations, atmospheric depths, and altitudes of the measurements are given in Table 2. The measurement at 56 g

cm™ (dotted line) is the same northern spectrum shown in Figs. 7 and 6b. At 101 g cm™, the atmospheric depth is

1.8 times greater, but the total neutron fluence rate decreased by less than 3%. The small difference between the

spectral shapes at 56 g cm™ and 101 g cm™ is large enough to affect the ratio of dosimetric quantities to total

neutron fluence. The difference is probably real, because the two measurements were taken on the same flight with
nearly the same total counts and count rate at nearly the same cutoff. The difference between the spectrum measured

at 201 g cm™ (11.9 km, 39,000 ft) and the spectra at higher altitudes may be within our uncertainties. The
measurement at 201 g cm™ was taken by combining 2 minutes of data from each of 4 flights as the ER-2 rapidly

climbed through normal commercial aviation altitudes shortly after takeoff (see Fig. 2). About 54,000 neutron
counts were recorded in those 8 minutes. The cosmic-ray neutron spectrum measured on the ground shows a
distinctly different shape, because soil reflects neutrons differently than air does. As expected, a significant number
of thermal neutrons is produced in the ground. Normalized to the same total fluence rate as the in-flight
measurements, the ground spectrum is lower from 10 to 2 MeV and enhanced or the same at higher energies. The

data for the ground measurement shown were collected for a week and had about 2.1x10° neutron counts.

Dosimetric Results and Discussion

Total fluence, effective dose, and ambient dose equivalent (H*(10)) rates have been determined from the cosmic-ray
neutron spectra measured at the five locations analyzed so far. The results for these integral quantities are shown in
Table 2. These values are the mean of the two values obtained from measured spectra unfolded using the Roesler
and Kurochkin calculated spectra as default spectra, although no integral quantity differed by more than 3.3%
between the two unfolded spectra. We used the neutron fluence to effective dose (isotropic irradiation) and H*(10)
conversion factors from ICRU Report 57 (1998) up to 20 and 201 MeV, respectively, and from Ferrari and
colleagues (1997, 1998) above those energies. Ambient dose equivalent was always greater than effective dose. For

the high-altitude spectra, neutrons with energies >10 MeV made up 24% of the total fluence rate and contributed 38-
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39% of H*(10) and 68-70% of the effective dose rates. The high-energy fractions were slightly lower at 201 g cm™

(22%, 36%, 66%) and higher on the ground (25%, 44%, 72%).

Ours are the first MNS measurements of cosmic-ray neutrons to make a correction for response to associated

charged hadrons. Fig. 9 shows the measured neutron spectrum at 56 g cm™ with and without the correction for

protons and pions. The proton spectrum used for the correction is also shown. The total fluence rate of the
uncorrected neutron spectrum is too high by 7%. Since all of the excess is at high energy, the uncorrected H*(10)
and effective dose rates are too high by 11% and 51%. Clearly, the effect of charged hadrons should not be ignored

in measurements of this kind. Since our correction for charged hadrons is based on LUIN and a calculation at one

location that differs from it by 22%, the estimated uncertainty in our correction is roughly +20%, and the propagated
uncertainties in H*(10) and effective dose are #2% and +10%. New calculations by Roesler et al. (2001) should

soon provide us with better atmospheric cosmic-ray particle spectra at several locations, which we can use for

default neutron spectra in our unfolding as well as improved charged-hadron correction.

When comparing our measured cosmic-ray neutron spectra to similar measurements by others ,e.g. (Schaube et al.
1997), note that if the unfolding is cut off much below 10 GeV, especially if the effect of charged hadrons is
ignored, the high-energy neutron peak can be surprisingly enlarged. Figure 9 shows a spectrum unfolded from our

uncorrected data while limiting the energy to <I GeV.

Summary and Conclusions

We summarize our results at the five locations analyzed so far as follows. At high altitude, geomagnetic latitude has
very little effect on the shape of the spectrum, but it is the dominant variable affecting neutron fluence rate, which
was 8 times higher at the northernmost measurement location than it was at the southernmost. The shape of the

cosmic ray neutron spectrum varies only slightly with altitude from 21 km down to 12 km (56 - 201 g cm™

atmospheric depth), but is significantly different on the ground. In all cases, ambient dose equivalent was greater
than effective dose for cosmic-ray neutrons. These are very encouraging results for those who are modeling and
measuring air crew doses. They strongly suggest that the shape of the neutron spectrum is constant everywhere
commercial aircraft now fly and allow the use of relatively simple measurements of H*(10) as a conservative

estimator of neutron effective dose.

Only a small sample of the AIR MNS data have yet been analyzed. With further analysis, we will have a database

of cosmic-ray neutron spectra and associated dosimetric quantities at solar minimum for a wide range of latitudes at
high altitude, one latitude at commercial aviation altitudes, and for several times in the solar cycle at several
latitudes and altitudes on the ground. The results can be used to verify, and if necessary, correct cosmic-ray transport
calculations used to determine air crew doses. In addition, the results have applications in radiation effects on
microelectronics, in determining source terms for cosmogenic nuclides used for atmospheric tracers and geological

dating, and in evaluation of the background radiation exposure of the world population.
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Table 1. Detector Moderator Diameters and Masses

Outside Diameter Mass of Mass of
Detector Polyethylene Converter Shell
No. (in) (cm) (kg) (kg)

1 (bare) - - - -

2 (Cd) - - - -

3F 2.620 6.66 0.0773 -

4 3.234 8.21 0.2021 -

57 3.849 9.78 0.3893 -

6 4.626 11.75 0.7306 -

7 5.626 14.29 1.3845 -

8 6.814 17.31 2521 -

9 8.232 20.91 4,478 -
10 9.830 24.97 7.680 -
11 11.846 30.09 13.481 -
12 14.974 38.03 27.305 -
13 11.848 30.09 11.262 25.225 Pb
14 15.030 38.18 25.395 17.917 Fe

*Not flown because of ER-2 space constraints.

Table 2. Neutron Integral Quantities Measured at Various Locations

Atmospheric Altitude Neutron Effective H* (10)

Geographic Cutoff Depth Fluence Rate  Dose Rate Rate

Location (GV) (gecm?) (km) (ft) (cm?s?) (MSvh™Y)  (uSvh™)
19°N, 127°W 12 53.5 20.3 66,500 1.28 0.91 1.06
54°N, 117°W 0.8 56 20.0 65,600 10.2 6.9 8.5
56°N, 121°W 0.7 101 16.2 53,300 10.0 6.2 7.8
38°N, 122°W 4.5 201 11.9 39,000 34 21 2.7
37°N, 76°W 2.7 1030 0 0 0.0122 0.0083 0.0093
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Fig. 1. Flight paths of the AIR measurement ER-2 flights.
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Fig. 2. Altitude as a function of time during three of the flights.
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Fig. 3. Calculated neutron response functions for each of the detectors of the EML high-energy multisphere
spectrometer. The curves for detectors number 10 and 11 are dashed only to help visually distinguish them from
nearby curves.
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Fig. 4. Calculated neutron response functions for a small, medium and large detector of the MNS with (solid curves)
and without (dashed curves) including the containers, other detectors and surrounding materials in the response
calculation.
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Fig. 5. Calculated neutron, proton and charged pion response functions for detectors 9 (8.2 diameter moderator)
and 13 (11.8” moderator with 25 kg embedded lead shell). Surrounding materials were included in the calculations.

181



—— Kurochkin et al., '99
X 2.4

1.0 F —— Roesleretal., 98
x 4.0

----- Armstrong et al., '73
x 2.4 :

05 F W = i I -

E dN/dE (cm-2 sec-1)

.............

Fluence Rate per Lethargy

1.5
1.0

0.5

Fluence Rate per Lethargy
E dN/dE (cm-2 sec'1)

0.0- L L
108 10°

104 10 100 102 104
Neutron Energy (MeV)

Fig. 6. (a) Three calculated cosmic ray neutron spectra [9-10, 33] used as default spectra in unfolding the measured
spectra. The calculated spectra are shown scaled to give the best fit to the data used to unfold the spectra in (b). (b)
Cosmic ray neutron spectra unfolded from measurements at high altitude and high northern latitude (56 g cm™

atmospheric depth, 20 km altitude; 54°N, 117°W, 0.8 GV geomagnetic cutoff) using each of the calculated spectra
in (a) as the default spectrum.
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Fig. 7. Cosmic-ray neutron spectra measured at the same northern location as in Fig. 6b and at the south
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is shown multiplied by 8.
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Atmospheric Ionizing Radiation (AIR) ER-2 Stratospheric
Measurements Post-flight Analysis: The Argon Filled Ion Chamber

Preface

Atmospheric ionizing radiation is a complex mixture of primary galactic and solar cosmic rays and a
multitude of secondary particles produced in collision with air nuclei. The first series of Atmospheric
Ionizing Radiation (AIR) measurement flights on the NASA research aircraft ER-2 took place in June
1997. The ER-2 flight package consisted of fifteen instruments from six countries and were chosen to
provide varying sensitivity to specific components. These AIR ER-2 flight measurements are to
characterize the AIR environment during solar minimum to allow the continued development of
environmental models of this complex mixture of ionizing radiation. This will enable scientists to study
the ionizing radiation health hazard associated with the high-altitude operation of a commercial supersonic
transport and to allow estimates of single event upsets for advanced avionics systems design. The argon
filled ion chamber representing about 40 percent of the contributions to radiation risks are analyzed herein
and model discrepancies for solar minimum environment are on the order of 5 percent and less. Other

biologically significant components remain to be analyzed.

Introduction

The AIR ER-2 flight measurements are part of a program established by the High-Speed Research (HSR)
program to study the radiation risk associated with the high-altitude flight operation of a commercial
supersonic transport (Foelsche et al. 1974, FAA 1975, Schaefer 1968). This program also includes the
development of an AIR predictive code, and a national assessment of the radiation health hazard associated
with high altitude flight. The High Speed Research Project Office (HSRPO) at the Langley Research
Center has been delegated the responsibility by NASA Headquarters, Washington DC, to develop key
technologies to enable the development of an economically viable and environmentally acceptable High
Speed Civil Transport (HSCT, a supersonic airliner) by the year 2005. The leading candidates for the new
HSCT supersonic transport is a Mach 2.4 configuration which will cruise efficiently at altitudes between
18 to 20 kilometers. Marketing networks show about 60% of HSCT operations will occur at northern
geomagnetic latitudes. Because of the high-altitude at cruise and predominately northern-latitude operating
networks, the aircraft is less protected from the natural environment of galactic and solar cosmic rays.
Thus arises the need to access the possible high-altitude radiation health hazard to which the HSCT crew
and passengers will be subjected (O’Brien and Friedberg 1994). The National Council on Radiation
Protection and Measurements (NCRP) recommended that a program be established to reduce the
uncertainties in risk estimates for high altitude flight to levels comparable with those of ground based

occupational exposure risks (1993, 1995).
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Hazardous radiation comes in two forms: non-ionizing, (ultraviolet, infrared and microwave) and ionizing,
(gamma, x-rays, and subatomic particles). Both types are dangerous because of their adverse biological
effects when they pass through body tissue. At flight altitudes, cosmic radiation consists of high-energy
subatomic particles, originating for the most part outside the solar system, which collide with and disrupt
atoms of nitrogen, oxygen, and other constituents of the atmosphere. Additional subatomic particles are
produced from these collisions. The particles from beyond the solar system and their secondary particles
produced in the atmosphere are referred to collectively as galactic cosmic radiation. Another source of in-
flight ionizing radiation is solar cosmic radiation, which arises primarily from solar particle events
(resulting from coronal mass ejection). Although charged particles are continuously being ejected from the
sun, they are usually too low in energy to contribute to the radiation level at flight altitudes. However, on
infrequent and unpredictable occasions, the numbers and energies of ejected solar particles are high enough
to increase substantially the dose rate at these altitudes. The understanding of such complex radiation
environment at high altitudes requires a diverse array of instruments that are not available at any one
laboratory. A national and international collaboration has been devised to ensure that the environmental
components are adequately covered within a reasonable budget with existing instrumentation and within
the payload requirements of the NASA ER-2 aircraft. The (AIR) ER-2 flight measurements took place from
June 2 to June 15, 1997. There were a total of five science mission flights (ER-2 Sortie 97-105 to 97-109)
and one engineering flight (flight 97-104) flown. A total of 37.2 hours of airtime were logged.
Instruments on board were selected based the recommendations by the National Council on Radiation and
Protection (NCRP) (1995) to help provide a basis for radiation monitoring during high altitude operations
of the ER-2 aircraft. This whole airborne campaign is coordinated by the National Aeronautics and Space
Administration Langley Research Center (NASA/LaRC) in collaboration with the US Department of
Energy (DOE), Environmental Measurements Laboratory (EML); the NASA Johnson Space Center; the
German Aerospace Research Establishment (DLR); Canadian Royal Military College (RMC); Canadian
Defense Research Establishment Ottawa (DREO); UK National Radiological Protection Board (NRPB); the
Boeing Company; the University of Pisa, Italy; the University of San Francisco, California; the National
Institute of Occupation and Health (NIOSH); and the Federal Aviation Agency (FAA), Civil Aeromedical
Institute. The flight package placement on the ER-2 aircraft is shown in figure 1.

AIR Model Version 0

The AIR model version 0 is the parametric fit to data gathered by the Langley Research Center studies of
the radiation at SST altitudes in the years 1965 to 1971 covering the rise and decline of solar cycle 20.
Scaling of the data with respect to geomagnetic cutoff, altitude, and modulation of the Deep River Neutron
Monitor was found to allow mapping of the environment to all locations at all times resulting in an
empirically based model named AIR model Version 0 (Wilson et al. 1991). The basic data consisted of
tissue equivalent ion chamber rates, fast neutron spectrometer, and nuclear emulsion detection of nuclear

reaction products in amino acids (gel). The model was based on global surveys with airplane and balloons.
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The latitude surveys by balloons and aircraft are shown for the transition maximum in figure 2. The curves

in the figure are our approximation to the data and given by

oKX,R,C) =f(R,C) exp(-x/A) - F(R,C) exp(-x/I\)

where
f(R,C) = exp(250/A) @, (R,C)
F(R,C) = (N M) f(R,C) exp(X/ A =X/ N)

and

AN=A[1-@(RC) exp(x/N/f(RC)]
where the transition maximum altitude X,, corresponds to

Xm = 50 + In{ 2000 + exp[-2(C-100)]}

¢, (R,C) = 0.17 + [0.787 + 0.035 (C - 100)] exp(-R%25)
+ {-0.107 - 0.0265 (C-100)
+ 0.612 exp[(C - 100)/3.73]} exp(-R¥139.2)

0n(R,C) = 0.23 + [1.1 + 0.167 (C-100)] exp(-R%81)
+{0.991 + 0.0501 (C - 100)

+ 0.4 exp[(C - 100)/3.73]} exp(-R%/12.96)

@

)
S)

(4)

©)

(6)

)

In the above equations, R is the local cutoff rigidity (in units of GV) and C is the high-latitude neutron

monitor count rate in percent of maximum. At depths below 250 g/cm’, the neutrons attenuate with

attenuation length (g/cm”) given by
ion length (g/cm’) given b

A =160+ 2R

®)

The neutron environment model is shown in figure 2 in comparison to experimental measurements. The

flux from 1-10 MeV is converted to dose equivalent and dose rates using 3.14 PSv-(cm’/s)/hr and 0.5

UGy-(cm’/s)/hr respectively. They are based on older dosimetric relations as described in Foelsche et al.

(1974) using the ICRP 26 quality factor. The use of the ICRP 60 quality factor would increase the neutron

dose equivalent by about 55 percent.
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Unfortunately not all ion chamber data or all nuclear emulsion data were reduced. For our purpose we use
the argon-filled ion chamber data to represent the altitude, latitude and solar cycle dependence of dose from
all components except neutrons and use the available tissue equivalent ion chamber data as a guide. The
ion chamber data of Neher and Anderson compiled by Curtis et al at the 1965 solar minimum (C = 98.3)
in table 1 and the 1958 solar maximum (C = 80) in table 2. We have augmented the table with data from
the work of Neher and Anderson. We note that the low-energy GCR had not fully recovered in the summer
of 1965 with the result that the high-latitude ionization at high altitude is about 10 percent lower than that
in 1954. Furthermore, the 1958 measurements near solar maximum covered only mid to high latitudes,
and the low-latitude data in table 2 are likely to be about 10 percent too high at high altitudes. The
ionization rates in tables 1 and 2 are the rates in air per atmosphere of pressure (directly related to the
exposure unit Roentgen). The atmospheric ionization rates are interpolated in altitude, geomagnetic cutoff,
and solar modulation and directly converted to exposure units and absorbed dose in tissue. The
comparison with the tissue equivalent ion chamber requires the addition of the neutron absorbed dose rates
and good consistency between this method and the tissue equivalent ion chamber has been demonstrated.
Dose equivalent estimates require an estimate of the high LET components associated with charged
particles and are found from the measurements in nuclear emulsion as shown in elsewhere. The

corresponding average quality factor for the argon ion chamber dose is found to be

Q = 1+ 0.35 exp(-x/416) - 0.194 exp (-x/65) 9)

This quality factor is to be applied only to the dose component derived from the argon ion chamber only.
The approximate average quality factor (9) was fit to data at high latitudes and high altitudes and is a

source of uncertainty elsewhere in the atmosphere.

Flight Trajectory and AIR Model Predictions

All ER-2 flights originated from Moffett Field, CA. In Fig. 3, a map of the ground track of the scheduled
flights (flights code ER2 Sortie 97-105 to 97-109) are shown superimposed with radiation contours
predicted by the AIR model.

Aside from the scientific data recorded by the instruments aboard the ER-2 plane that may take some time
to get analyzed, the portion of navigation data, however are readily available. This important navigational
information was recorded by on-board ER-2 instruments every second during the whole length of flight.
This information consists of position (latitude and longitude), altitude (actually the atmospheric depth),
pressure, heading, yaw and rolling angle, and ambient temperature. For analysis we need only selected data
at every minute. What we have done is either choose the middle value or take the averaged value over the
whole minute. They are not expected to differ significantly. In the following tables and graphs, average
values are used. The science flight trajectory data and the corresponding AIR model values are given in an

appendix.
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Flight 97-104: This was approximately a two-hour, engineering flight required by the ER-2 operations
office with pilot’s choice of flight path (typically a race track around the home base). The aim is to check
aircraft operational characteristics, and all aircraft and experimental instrumentation to assure everything is

operating satisfactorily prior to the acquisition of science measurements.

Flight 97-105: This was approximately a six & one-half hour flight starting on June 5 at 15:50 on
prescribed northern and easterly headings and return to home base over the reverse flight path. The aim for
this flight was to determine if radiation measurements are being affected by the shielding characteristics of
on-board aviation fuel, determine consistency of instrument readings, and take science data as a function of
altitude along a constant-radiation, geomagnetic latitude line. The flight began at (37°24' N, 122°6' W)
with a climb out of Moffett Field to the location ( 39°19'49" N, 121°27" W) where a easterly turn was
executed (fig. 4 to 6) and continue to climb to cruise altitude near Wine Glass where the altitude was held
constant at 20 km for about 20 minutes (fig. 6). Minor midcourse corrections were made to maintain a
constant geomagnetic cutoff trajectory as shown in figure 7. A U-turn was made at (34 ° 39' N, 100 ° W)
followed by a slow descent (500 ft/min) near Amarillo to 52,000 ft. which was maintained for 10 minutes.
The pilot then climbed to normal cruise altitude along the prescribed flight path repeating the ground track
on the return to Wine Glass making necessary course corrections to maintain constant geomagnetic cutoff.
There was a thunder storm over north central New Mexico which had to be avoided on the return trip as
seen in figure 3. Before reaching Wine Glass the pilot descended to the 20 km altitude as on the outbound
trip and maintained that altitude for about 30 minutes. This was followed by return to cruise altitude and
ending the flight by decent to Moffett Field. The model geomagnetic cutoff, dose equivalent, dose, 1-10

MeV neutron fluence rates are shown in figures 7 to 11.

Since the flight 97-105 was designed to fly parallel to geomagnetic latitude for the major leg (easterly
heading and reverse), Fig. 7 shows the magnetic cut-off value was a horizontal straight line about 3.92-
3.95 GV. Fig. 8 and 9 show the predictions for dose equivalent rate and dose rate from AIR model. Keep
in mind that those rate values are a complicated function of flight coordinates as well as the altitude and
other factors. Based on the figures, clearly the altitude factor alone suggests that the rate can change
12~15% from 16 km to 20 km in altitude. The AIR model predicts the neutron flux whose energy range is
1-10 MeV in Fig. 10 and air ionization rate in Fig. 11 along the flight path for this flight. That is, the
AIR model predicts an altitude variation in the 1-10 MeV neutron flux of about 12 percent and in the air

ionization rate of 11 percent at the approximate 3.935 GV cutoff.

Flight 97-106: This was approximately an eight hour flight on June § beginning at 15:52 on prescribed
northern, western and southern headings. The aim was to obtain radiation measurements as a function of
geomagnetic latitude to as far north as possible with an altitude excursion along a constant-radiation,
geomagnetic latitude line at the extreme northern latitude location. The flight (fig. 3) began at (37 ° 24' N,
122° 6' W) with a climb out of Moffett Field and ascent to cruise altitude (fig. 12 to 14). Cruise to point
near Ft. Nelson (59° 00' N, 116° 00' W) and turned west along constant geomagnetic cutoff trajectory (fig.
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15) held altitude fixed (fig. 14) for 5 minutes after the west turn then executed a medium-rate descent (750
ft/min) to 52,000 ft. and maintained that altitude for 5 minutes (fig. 14). At location (60 ° 00' N, 123 °
40' W) the aircraft turned south (toward Moffett Field) and ascended to cruise altitude until the decent at
Moffett Field. The model geomagnetic cutoff, dose equivalent, dose, 1-10 MeV neutron fluence rates are

shown in figures 15 to 19.

The purpose for this flight was to obtain radiation measurements as a function of geomagnetic latitude to
as far north as possible with an altitude excursion along a constant-radiation, geomagnetic latitude line at
the extreme northern latitude location. Fig. 13 shows that at the extreme northern latitude, magnetic cut-
off values of 0.42-0.44 GV were achieved where the altitude survey was performed. Comparing Fig. 14-
16 with Fig. 6-9, for the flight 97-106 route, the AIR model predicts much higher radiation values than for
the flight 97-105 route. In other words, Flight 97-106, in a sense from the radiation safety point of view,
flies a less safe route than flight 97-105 which was expected. The altitude survey at approximately 0.43
GV shows a variation on the order of 11 percent in 1-10 MeV neutron flux and 23 percent for the air
ionization rate. Since the primary purpose of flight 97-106 was to perform a latitude survey, we see that
the high altitude variation in the environment during the cruise portion of the flight along the northern path
is 32 percent in the 1-10 MeV neutron flux and 33 percent in the air ionization rate reflecting the nearly

factor of ten variation in geomagnetic cutoff during the flight.

Flight 97-107: This was approximately a six & one-half hour flight starting on June 11 at 15:53 on a
prescribed southerly heading over the North Pacific ocean (fig. 3). The trajectory was chosen to be
approximately normal to the lines of constant geomagnetic cutoffs to maximize the dynamic range of the
radiation variation. At the position Latitude 17 deg N, longitude 127 deg 28 min W, the pilot executed a
180 degree turn and returned to base (fig. 20 to 22). The aim of the mission was to obtain radiation
measurements as a function of geomagnetic latitude to as far south as reasonably possible and geomagnetic
cutoffs of 4.5 to 12.2 GV were obtained (fig. 23). Once altitude was achieved, the environmental
quantities declined to nadir at the southern most latitudes as seen in figures 24 to 27. An altitude survey

was not attempted since model predictions estimated only a few percent variation in decent to 52,000 ft.

Flight 97-108: This was approximately a six and one-half hour flight starting June 13 at 15:52 on
prescribed northern, western, and southern headings similar to flight 105 (fig. 3). The aim was to
approximately repeat the radiation measurements as a function of geomagnetic latitude to as far north as
possible with altitude excursions along a constant-radiation, geomagnetic latitude line near Edmonton,
Canada. The flight (fig. 28 to 30) started at (37 ° 24' N, 122 ° 6' W) with a climb out of Moffett Field.
And ascended to cruise altitude and cruised to (54° 48' N, 116° 48' W). This was followed by a turn west
toward (56 ° 00' N, 125 ° W) holding altitude fixed for 5 minutes after the west turn, then executed a
medium-rate descent (750 ft/min) to 52,000 ft and maintained at 52,000 ft for 10 minutes (fig.30). At
(56 ° 00" N, 125 ° W) the aircraft turned south and ascended to cruise altitude and cruise toward Moffett

Field where the flight was ended. The model geomagnetic cutoff, dose equivalent, dose, 1-10 MeV neutron

194



fluence rates are shown in figures 31 to 35. The northern most geomagnetic cutoff achieved is 0.86 GV
compared with 0.43 GV of flight 97-106. It appears that neither the neutron flux nor the ionization rate

has reached a plateau as shown in figures 34 and 35.

Flight 97-109: This was a repeat of the first southerly flight 97-107. The aim of this flight was to check
data measurement repeatability. There is little difference in the flight trajectory of flight 97-107 with
nearly identical model results (fig. 36 to 43).

Comparison to the ion chamber measurement

Since the majority of measured data are being analyzed by each individual laboratory, it may take months
or years to obtain the complete results; however one piece of important information; the air ionization rate
is readily available. Although the absolute comparison is still not available yet, since the exact dimension,
composition of the ion chambers provided by EML and the computer driven data lagging require
calibration, the only relation we could establish is the correlation between prediction by AIR model and the
measurement and the derivation of an empirical conversion factor from ion chamber output to air ionization
rate. The following procedure is adopted. Suppose the predicted set of data is denoted as a;, the measured

bias a function of time measured in minute. Taking ratio
Ci= ai/ bj (10)

where a; is the model air ionization rate and b; is the ion chamber output we define the average conversion

factor as

<¢>=3 /N (11)

where N is the total number of data points. The resulting estimate of the air ionization rate d; is then given

as
di = <c> bi (12)

The actual conversion factor depends on the specific components resulting in ionization and must await a
detailed evaluation. Still the present analysis represents a useful preliminary analysis of the flight data.
The comparisons of model values a; with the converted flight data d; using equation (12) are shown in

figures 44 to 48.

Results from flight 97-105 are shown in figure 44. It is seen that the model ionization rates overestimate
the air ionization rate by about 3 or 4 percent at these altitudes and geomagnetic cutoffs (R of about 4 GV).
A similar overestimate is seen in the first hour of flight 97-106 where the model shows improved
agreement for the remainder of the northern leg of the flight. There is a progressive overestimate in the

altitude survey at the northern most latitude as seen in figure 45. The return trip shows an underestimate
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on the southern leg of less than 5 percent and may reflect irregularities in the geomagnetic field or a
temporal fluctuation in the radiation levels. The ion chamber data was stopped abruptly at 400 minutes in
the flight. The southern flight (fig. 46) shows the same overestimate near the 4 GV cutoff which extends
to lower latitudes followed by an underestimate at the southern terminus of the flight. Again differences
are on the order of 5 percent. The second northern flight 97-108 shows the same overestimate near 4 GV
with reasonable agreement elsewhere even on the return leg (fig. 47). This would indicate that the
underestimate on the southern leg of flight 97-106 is probably not a problem with the geomagnetic cutoff
but may be an intensity fluctuation in solar modulation. These issues need to be further studied. The
results of flight 97-109 in fig. 49 are almost an exact repeat of flight 97-107. It is clear that the air
ionization within the AIR model version 0 is probably accurate to better than 5 percent and could be
improved. There is evidence of a temporal fluctuation on the order of a few percent that will be pursued in

a latter analysis.

Concluding Remark

The AIR ER-2 flight measurements is a one of the first attempts to a relatively complete measurement of
the high altitude radiation level environment. The primary thrust is to characterize the atmospheric
radiation components and to later define risk levels at high altitude flight. A secondary thrust is to develop
and validate dosimetric techniques and monitoring devices for protecting aircrews. The present analysis of
the AIR ion chamber represents about 40 percent of the health risk. We are quite pleased that preliminary
results are rather encouraging that the measured physical quantities and our model predicted values do agree
well. As more measured values are revealed, we will gain more understanding about our harzadous

radiation environment and acquire more confidence in our prediction models.

References

FAA Advisory Committee on the Radiobiological Aspects of the Supersonic Transport, Cosmic radiation
exposure in the Supersonic and subsonic flight. Aviat., Space & Environ. Med. 46:1170-1185;
1975

Foelsche, T., Mendell, R.B., Wilson, J.W., Adams, R.R., Measured and calculated neutron spectra and
dose equivalent rates at high altitudes: Relevance to SST operations and space research. NASA TN
D-7715, 1974

NCRP, Limitation of exposure to ionizing radiation. NCRP Rep. No. 116, 1993.

NCRP, Radiation Exposure and High-Altitude Flight. NCRP Commentary No. 12, July 21, 1995.

O'Brien ,K., Friedberg, W., Atmospheric cosmic rays at aircraft altitudes. Environ. Intern. 20:645-663;
1994.

Schaefer, H.J., Public health aspects of galactic radiation exposures at supersonic transport altitudes.
Aerosp. Med. 39:1298-1303; 1968.

Wilson, J. W., et al., Transport Methods and Interactions for Space Radiation, NASA RP-1257, 1991.

196



L6T

Table 1. lonization Rates in Air Measured by Argon-Filled Chambers*

at Solar Minimum (C = 98.3 in 1965)

lon pairs, cm-3_sec-1, for air depths, g/cm2, of

R,GV | 30 40 50 60 70 80 90 100 120 140 200 245 300 1034
0 445.0 430.0 414.0 399.0 383.0 366.0 349.0 332.0 298.0 266.0 181.0 136.0 95.0 114
.01 445.0 430.0 414.0 399.0 383.0 366.0 349.0 332.0 298.0 266.0 181.0 136.0 95.0 114
.16 444.0 430.0 414.0 399.0 383.0 366.0 349.0 332.0 298.0 266.0 181.0 136.0 95.0 114
49 411.8 404.3 394.4 382.0 369.0 354.8 339.4 325.0 292.3 264.5 181.0 136.0 95.0 114
1.31 390.0 385.0 380.0 370.0 365.0 350.0 335.0 320.0 290.0 264.0 181.0 135.0 95.0 114
1.97 325.0 333.0 340.0 335.0 330.0 312.5 308.0 300.0 285.0 264.0 181.0 134.0 95.0 114
2.56 300.0 305.0 310.0 305.0 300.0 290.0 285.0 280.0 255.0 230.0 173.0 126.0 95.0 114
5.17 185.0 195.0 208.0 208.0 208.0 208.0 208.0 208.0 195.0 185.0 135.0 103.0 75.0 10.6
8.44 127.6 137.0 145.0 150.2 153.8 155.8 156.0 154.6 149.7 142.2 111.3 87.0 66.6 10.4
11.70 85.0 92.0 98.0 100.0 102.0 105.0 107.0 110.0 108.0 105.0 80.0 77.0 60.0 10.0
14.11 70.0 75.0 82.0 85.0 89.0 93.6 95.0 100.0 98.0 95.0 78.0 68.8 50.0 10.0
17.00 66.3 73.8 80.0 84.8 88.5 911 92.6 93.5 93.4 90.5 75.0 62.3 48.0 10.0

'Experimental data extrapolated to provide estimates of ionization rates over a wide range of altitudes and geomagnetic cutoffs.
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Table 2. lonization Rates in Air Measured by Argon-Filled Chambers'

lon pairs, cm-3_sec-1, for air depths, g/cm2, of

at Solar Maximum (C = 80 in 1958)

R, GV | 30 40 50 60 70 80 90 100 120 40 00 45 300 1034
0 264.6 | 267.5 267.0 265.0 258.0 252.0 243.0 235.0 216.3 197.0 145.0 109.2 78.8 11.4
.01 264.6 | 267.8 267.0 265.0 258.0 251.0 243.0 235.0 216.3 197.0 145.0 109.2 78.8 11.4
.16 264.0 | 264.9 265.0 264.0 257.0 250.0 243.0 233.0 215.0 197.0 145.0 109.2 78.8 11.4
.49 264.0 | 264.9 265.0 262.0 256.0 249.0 242.0 231.0 213.2 197.0 145.0 109.2 78.8 11.4
131 264.0 | 265.0 265.0 262.0 253.0 247.0 241.0 231.0 213.0 197.0 145.0 108.0 78.8 11.4
1.97 264.0 | 265.0 265.0 262.0 252.0 245.0 241.0 231.0 2125 197.0 145.0 107.8 78.8 11.4
2.56 235.0 | 2375 240.0 240.0 239.0 238.0 237.0 230.0 209.0 197.0 145.0 101.6 78.8 11.4
5.17 162.5 | 168.0 179.0 182.0 178.0 175.2 174.0 173.8 170.0 160.0 159.0 88.3 65.0 10.6
8.44 95.0 | 103.5 112.0 118.0 118.0 119.0 120.0 122.0 118.0 117.0 100.6 78.7 60.2 10.4
11.70 78.2 85.0 90.7 92.7 94.8 98.0 100.0 103.1 101.2 98.4 75.0 72.2 56.2 10.0
14.11 65.7 70.7 775 80.5 84.3 89.0 90.5 95.3 93.5 90.9 74.0 65.9 47.9 10.0
17.0 63.0 70.3 76.4 81.1 84.8 87.5 89.1 90.2 90.1 87.4 72.6 60.3 46.5 10.0

'Experimental data extrapolated to provide estimates of ionization rates over a wide range of altitudes and geomagnetic cutoffs.
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Radiation Dose in Silicon Detectors on ER-2 Flights

Abstract

Based on two silicon detectors of 315 um thickness, the DOSTEL active dosemeter measured count and

dose rates as well as LET spectra on ER-2 flights. The instrument was located close to the TACAN
transmitter which induced noise background to the instrument except on the two southbound flights. These
two flights showed periods of undisturbed measurements with valid data for the dose rate and the LET
spectra. Using the effective quality factor of 1.9 deduced from the LET specta and the conversion factor of

1.2 from LET in silicon to LET in water the mean dose equivalent rate arrives at 3.7 uSv/h for the low

latitude flights.

Introduction

For the radiation risk assessment of future supersonic air transport systems, NASA initiated the AIR project
using the ER-2 aircraft for a survey of the radiation environment in the atmosphere at about 20 km altitude
at different magnetic latitudes and longitudes over North America. The complex radiation field in the
atmosphere requires different instruments to measure dose and dose equivalent values induced by charged
particles, neutrons and photons. Our group joined the investigation with the active dosemeter DOSTEL and
passive devices consisting of TLDs and plastic nuclear track detectors. This report contains results from the

active instrument DOSTEL during the first set of ER-2 flights in 1997.

Instrument description

Based on two identical passivated implanted planar Silicon (PIPS) detectors (Canberra Semiconductors) the
instrument DOSTEL is designed to measure the energy deposit of charged particles. Both detectors have a

thickness of 315 pum and a sensitive area of 693 mm? (Burger 1996). They are mounted at a distance of 15

mm forming a telescope with a geometric factor of 823.8 mm? sr.

Each detector is connected to an independent analogue signal section consisting of a charge sensitive

amplifier (Amptek A250) followed by a two-step pulse amplifier (1 Us pulse shaping time constant) and

two peak detectors. Together with a multiplexed 8-bit ADC this design allows a pulse height analysis of the
detector signals with 255 channels of about 15keV width for low energy deposits up to 3.9 MeV and 255
channels of about 300 keV width for high energy deposits up to 77 MeV.
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Main components of the digital signal section are the 8-bit CPU 68HC711, the 1Mb flash memory
E28F008SA and the timer 68HC68T1. The clock starts after the initial power-on reset and provides an
internal time scale. The use of a 0.1 F electrolyte capacitor as a power backup for the timer allows the

internal clock to continue up to 6 hours in the event of a power loss.

The instrument was originally designed for space flights on the NASA shuttle. It is housed in an aluminum
container of size 7x7x10 cm’ and has passed vibration and EMC tests according to NASA specification.

The total mass is 0.57 kg, the total power consumption is 0.7 W from 10 Vdc and +5Vdc.

The energy deposit response is calibrated with a-particles from Am241.

Data Processing

Measured data are processed in real time to yield count and dose rates for the individual detectors in the
single detector mode as well as Linear Energy Transfer (LET) spectra for events with a coincidence in both
detectors. All data are stored in the internal flash memory for postflight analysis. In order to cover the
whole first set of ER-2 flights without a memory overflow, time intervals of 30 s and 20 min were
selected for dose rate (and count rate) measurement and the LET spectra accumulation, respectively.
Neither energy deposit nor arrival time of individual events were recorded. Every 20 minutes housekeeping

data (test pulses, temperature, voltages etc.) were sampled and stored.

For the computation of the LET spectra only coincidence events are selected. For penetrating particles this

insures a restricted pathlength in the planar detectors by the telescope geometry. For isotropic arrival

directions the mean pathlength for the telescope geometry is 364 pm and this value is used for all events to

calculate the LET from the measured energy deposit. However, this LET computation is not correct for
stopping particles and for short range secondaries. In these cases the deduced LET underestimates the

correct value.

Measurements

On all flights of the AIR project DOSTEL was installed in the nose compartment of the ER-2 aircraft.
When the data were checked at the end of the flight series, serious noise background was observed on all
flight data except from the two southbound flights and short periods of one northbound flight. Postflight
investigation indicated the aircraft TACAN system as the probable source of this interference for the
following reasons: a) the instrument was installed close to the transmitter in the nose compartment, b) the
TACAN system was shut down on the two southbound flights when the aircraft position was far offshore

over the ocean (these time periods show undisturbed data).

Dose and count rates during noise affected periods of the flights can not be analysed.
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Results

In the two southbound flights during the time interval 70-320 minutes after activation the measurement
reflects the valid data. Fig. 1 shows the count and dose rates (in silicon) during this time period on flight

South 1 in more detail. The mean dose rate in silicon for this period is 1.64 pGy/h. Using the periods of

undisturbed measurements on the two southbound flights the LET spectra of Fig. 2 were deduced. The two
curves combine data from both flights for two latitude regions. In addition one spectra from a Northbound
flight is shown. The disturbances by the TACAN system occurred in a LET range between 1 and 20
kev/um. This LET-range is approximated in Fig. 3 by a straight line.

Discussion

The LET spectra were calculated from the energy deposit distribution in the silicon detector #1 (top) using

a mean pathlength of 364 pum and a stopping power conversion factor 1.2 from silicon to water. With

quality factors of ICRP 60 (1991) an effective Q-factor of 1.9 was deduced from the LET spectra. Applying
both factors the mean dose equivalent rate arrives at 3.7 uSv/h. In the North spectra more particle counts
can be noted. The slopes of the North and South spectra are nearly the same, except for high LET values

where the slope for the South spectrum becomes more flat.

DOSTEL as a silicon detector based instrument is not tissue equivalent. It was developed to measure
ionizing particles and underestimates the high LET contribution induced by neutron interactions compared
to a tissue equivalent proportional counter (TEPC). The slope of DOSTEL measurements for civil airflight
altitudes in 10 to 13 kmt (Beaujean et al. 1999) agree very well with the slope of the TEPC measurements
for both high and low latitude regions (Schrewe 2000). Comparison of DOSTEL with TEPC yield that for
this flight altitudes the DOSTEL measurements miss about 21 % of the dose equivalent. Since the neutron
contribution in the flight altitude of 20 km is decreased which holds especially for evaporation neutrons, the

dose equivalent portion DOSTEL misses should be in the range of 10 % to 15%.
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Fig. 2: LET spectra of flights South #1+#2 combined for two latitude regions
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JSC Particle Telescope

PHIDE Instrument Description

Figure 1 is a schematic of the telescope geometry. It consists of two 1 mm thick lithium-drifted silicon detectors

A1l and A2 that define the geometry of the telescope to be 35° opening angle. These two detectors are followed by

four 5 mm thick lithium-drifted detectors (Bl to B4), a 1 mm thick lithium-drifted detector A3 and a sapphire
Cerenkov detector, C, which is view by a photomultiplier tube. The whole telescope is surrounded by an NE 102
plastic scintillator mantle, D, that is view by 3/4" diameter photomultiplier tubes. The output of the two
opposite tubes is summed and thus there are two independent measurements D1 and D2 from this anti-coincidence
detector. Figure 2 is very simplified block diagram of the electronics. The basic trigger of this telescope is Al,
A2 and require an incident proton energy > 13 MeV. If this trigger is satisfied, then each of the detectors Al, A2,
B1, .... B4, A3, C, and D1 and D2 are pulse height analyzed into 4096 channel analog to digital converter
(ADC). In addition, counting rates in each of these detectors is monitored every 10 s, as are the coincidence rates.
The linearity and calibration of detector electronics is checked every 4 h using a precision pulse generator. The

flight data is recorded on two 20 MB hard disks.

The detector telescope operates in three data modes. Only particles that do not trigger the anti-coincidence
scintillator D are analyzed. If the particle stops in any of the detectors then the telescope acts as a double dE/dx x

E detector system. For such particles, plot of energy loss AE versus total residual energy, E, are hyperbolas

corresponding individual isotopes.

AE x Ea M™' 77

The mass M, charge Z, and energy per nucleon can be calculated using the range-energy relationship, R (E/M) =
(Z°/M) K E". The constant K and n are obtained by least square fit to the standard range-energy tables for silicon

(sapphire). The area-solid angle product (AQ) varies from 6.23 to 12 CM” sr, for an isotropic incident particle
pp gle p P p

flux, depending upon where the particle stops in the detector stack.

If the particle passes through A3, triggers C (AQ = 6.23 CM” sr) without stopping, and gives signal in excess of

the scintillation signal, the telescope is the double dE/dx x C mode. In

this case particles with threshold (o) energy of > 200 MeV/n. With at least two measurements of AE from Al

and A2 (Z* /B%) and C =K, Z* [1- (B/B)’], one can calculate the charge Z and

velocity of energy/nucleon.
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In the intermediate energy range where the particles did not stop in the detector stack or produce a Cerenkov
signal, the particles are now known to have energy in the range of ~ 100 -200 MeV/n. In this case, one compares
the measurements of energy loss in all seven solid-state detectors Al, A2........ A3, with calculated energy losses
in silicon for particle with energy between 100 -200 MeV/n. The energy that gives the best fit to the seven

measurements is the incident particle energy. This is done by minimizing the chi-square, X,

XZ - Z[AEiObS —-AE meas ]2

i

Flight Experience

The system was designed to take data serially with minimal attendance, and the pressure-tight housing had to be
opened in order to download the data for analysis. After the engineering flight, the housing was opened, data
downloaded, the housing reassembled, and PHIDE placed back in the ER-2. Analysis of the data later showed that
the detectors were not receiving power. A subsequent disassembly showed that the main connector had a bent pin
that shorted the power and damaged the instrument. No useful data was collected during the first flight series. For

the next flight series, provision will be made for downloading data without opening the housing.
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Fig. 1. A schematic diagram of the detector telescope.
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PHIDE FUNCTIONAL DIAGRAM
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Fig. 2. An electronic block diagram of the detector telescope.
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TEPC Response Function

Preface
The tissue equivalent proportional counter had the purpose of providing the energy absorbed from a radiation field
and an estimate of the corresponding linear energy transfer (LET) for evaluation of radiation quality to convert to
dose equivalent. It was the recognition of the limitations in estimating LET which lead to a new approach to
dosimetry, microdosimetry, and the corresponding emphasis on energy deposit in a small tissue volume as the
driver of biological response with the defined quantity of lineal energy. In many circumstances, the average of the
lineal energy and LET are closely related and has provided a basis for estimating dose equivalent. Still in many
cases the lineal is poorly related to LET and brings into question the usefulness as a general purpose device. These

relationships are examined in this paper.
Introduction

The energy deposited within a gas from ionizing radiation consists of discrete events with energy partitioning
among excitation and ionization processes. As a result, the gas proportional counter allows a measure of the energy
deposited in the gas by these discrete ionization events and an accounting of the number of such events. These
instruments were first utilized in galactic cosmic ray studies of the bimodal attenuation in the atmosphere of these
radiations. This bimodal attenuation consists of, as interpreted by McClure and Pomerantz (1950), a fast
attenuating high charge and energy component discovered only a few years earlier (Frier et al. 1948) and a more
slowly attenuating component associated with light ion induced nuclear disintegration events. It was only after the
introduction of Linear Energy Transfer (LET) as an explanation of radiation quality (Lea 1946, Zirkle et al. 1952)
that the use of gas proportional counters were developed as a means of measuring LET for dosimetric purposes
(Rossi and Rosenzweig 1955). It was in the difficulties of interpreting the LET results so measured that the
randomness of the deposition events becam