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[1] The Cosmic Ray Telescope for the Effects of Radiation (CRaTER) instrument was launched as part
of the Lunar Reconnaissance Orbiter (LRO) spacecraft in June 2009. Its purpose is to measure the linear
energy transfer (LET) spectrum in lunar orbit as an aid in determining risks to human crews on future
lunar missions. Part of the preparations for the mission involved estimating the LET spectrum for

the anticipated environment that the instrument is likely to see during the 1 year operational phase of
the LRO mission. Detailed estimates of LET spectra in the six silicon detectors and two tissue equivalent
plastic segments were made using the beta version of the HETC-HEDS Monte Carlo transport code.
Tables of LET in each detector component, for incident particle elemental species from hydrogen
through iron, were carried out at incident particle energies from 20 MeV per nucleon to 3 GeV per
nucleon. The LET values in these tables have been parameterized by elemental species and energy for
ease in quickly and accurately estimating the LET response for any input solar or galactic cosmic ray
spectrum likely to be encountered during the lifetime of the instrument. The parameterized LET values
are in excellent agreement with the HETC-HEDS calculations. Typical differences are on the order of a
few percent. These parameterizations will also be useful in validation studies of the Earth-Moon-Mars

Radiation Environment Module using CRaTER measurements in lunar orbit.
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1. Introduction

[2] The Lunar Reconnaissance Orbiter (LRO) mission
was launched from Cape Canaveral, Florida, on 18 June
2009. The spacecraft reached the Moon on 23 June and
then spent approximately 3 months in an elliptical com-
missioning orbit (30 km x 216 km) for spacecraft check out,
and scientific instrumentation suite activation and testing.
After commissioning in September 2009, LRO entered its
operational circular polar orbit at an altitude of 50 km above
the lunar surface. This exploration phase of the mission is
nominally scheduled for 1 year. A follow-on science phase
could last an additional 3 years. LRO’s main objectives are
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to find safe landing sites, locate potential resources, char-
acterize the radiation environment and test new technology.
These objectives are to be met through the use of seven
onboard instruments (http://www.nasa.gov/mission_pages/
LRO/spacecraft/index.html).

[3] 1. Cosmic Ray Telescope for the Effects of Radia-
tion’s (CRaTER) goal is to characterize the lunar radiation
environment of charged particles above 10 MeV in energy
by using a linear energy transfer (LET) spectrometer.
CRaTER data will also be used to test models of radiation
shielding and effects. The thrust of the work presented in
this paper is to present predictions of LET spectra for the
CRaTER instrument during the LRO mission. These pre-
dictions are made for each elemental species (hydrogen
through iron) as a function of incident ion energy for
each silicon and tissue equivalent plastic component of the
instrument.

[4] 2. Diviner Lunar Radiometer Experiment’s (DLRE)
objective is to measure lunar surface temperatures in order
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Figure 1. The Lunar Reconnaissance Orbiter (LRO) concept (source is http://lunar.gsfc.nasa.gov/).

to provide information for future surface operations. Another
important objective is to measure temperatures within
permanently shadowed areas to aid in evaluating their
potential for containing water ice. The Diviner instrument
is capable of measuring temperatures to within 5°C over
dimensions as small as 300 m.

[5] 3. Lyman Alpha Mapping Project’s (LAMP) objective
is to search for surface ice and frost in the polar regions
and provide images of permanently shadowed regions by
mapping the entire lunar surface in the far ultraviolet (UV)
part of the spectrum using an imaging UV spectrometer.

[6] 4. Lunar Exploration Neutron Detector’s (LEND)
objective is to measure neutron flux from the lunar surface
at energies between thermal and 15 MeV using a neutron
spectrometer. The instrument will map hydrogen surface
and subsurface distributions by measuring epithermal
(0.4 eV to 100 eV) neutron fluxes.

[7] 5. Lunar Orbiter Laser Altimeter’s (LOLA) objective
is to provide a precise global lunar topographic model and
grid that will be used for precise target location, safe
landing, and surface mobility for future exploration ac-
tivities. The LOLA instrument uses a 1064 nm wave-
length laser to determine lunar surface topography and
roughness.

[8] 6. Lunar Reconnaissance Orbiter Camera’s (LROC)
objectives are to make high-resolution (~50 cm) black and
white (BW) images of the lunar surface in order to assess
future landing sites on the moon and to make UV and
visible color images (~100 m resolution) over the complete

lunar surface over an entire lunar year in order to char-
acterize areas of permanent or near-permanent illumina-
tion and shadowing. The LROC instrument consists of two
narrow angle cameras to provide the high-resolution BW
images and a wide-angle camera to provide the color
images in seven color bands.

[9] 7.Mini-RF’s objective is to provide synthetic aperture
radar (S band and X band) images of permanently sha-
dowed areas of the surface to determine if ice is present in
significant quantities. The radar is also sensitive to surface
roughness and can be used to map the distribution of rocks
on the lunar surface.

[10] Figure 1 displays the locations of the instruments on
the LRO spacecraft.

[11] One of the many uses of the CRaTER data will be
to perform validation studies for the Earth-Moon-Mars
Radiation Environment Module (EMMREM) framework.
The parameterizations in this work are suitable for use
with the output of the Energetic Particle Radiation Envi-
ronment Module (EPREM) of EMMREM,, or any other input
space radiation spectrum, to simulate the CRaTER LET
response for any solar or galactic cosmic ray environment.

[12] In section 2, the physical configuration, calibration
of the CRaTER instrument, and its data products are
briefly described. This is followed by a description of the
Monte Carlo code (HETC-HEDS) and the computational
methods used for predicting the LET spectra for the dura-
tion of the LRO mission. Next, parameterizations of the
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Figure 2. The CRaTER telescope configuration (source is http://crater.bu.edu/Instrument/

Instrument_tep.html).

predicted LET spectra are presented and discussed. Finally,
the paper concludes with a brief synopsis of the results.

2. CRaTER Instrument

2.1. Description

[13] The CRaTER instrument consists of an integrated
sensor and electronics box with simple electronic and
mechanical interfaces to the spacecraft. The detector stack
consists of six silicon detectors divided into three pairs.
Each pair consists of a thin detector (nominal 140 ym
thickness) and a thick detector (nominal 1 mm thickness).
Sandwiched between each pair of thin and thick detectors is
a section of A-150 tissue-equivalent plastic (TEP) designed
to simulate human tissue. It includes hydrogen and nitro-
gen percentages by composition that are similar to that
found in human skin and muscle. It has a density of

1.127 g/cm?® and composition by weight of (1) hydrogen,
10.1327%; (2) carbon, 77.5501%; (3) nitrogen, 3.5057%;
(4) oxygen, 5.2316%; (5) fluorine, 1.7422%; and (6) calcium,
1.8378% [International Commission on Radiation Units and
Measurements, 1993].

[14] Beginning with the zenith end of the CRaTER de-
tector stack, which faces out into deep space, and
working toward the nadir end, which faces the lunar
surface, there is a silicon detector pair (D1-D2), followed
by 5.4 cm of A-150 TEP, then another detector pair (D3-D4),
followed by 2.7 cm of A-150 TEP, and then the final detector
pair (D5-D6). Figure 2 depicts the configuration of the
CRaTER detector. Table 1 lists its nominal dimensions and
characteristics.

[15] In principle, the detector operates as follows.

[16] 1. An energetic charged particle from space enters
the telescope at the zenith end through D1. The particle

Table 1. Nominal Characteristics of the CRaTER Detector

Characteristics

Low LET detectors

High LET detectors

TEP absorber 1

TEP absorber 2

Zenith field of vision

Nadir field of vision
Geometry factor

LET range

Incident particle energy range

9.6 cm? circular, 1000 microns thick, 0.2 MeV threshold
9.6 cm? circular, 140 microns thick, 2 MeV threshold
5.4 cm length cylinder
2.7 cm length cylinder
35 degrees, 6 detector coincidence
75 degrees, D3D4D5D6 coincidence
0.1 cm? sr (D1D2 events)

0.2-7 MeV per micron (Si)
>20 MeV (H); >87 MeV per nucleon (Fe)
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Table 2. Dimensions of the CRaTER Flight and Engineering Models
Thickness

Component EM FM1 FM2
Zenith aluminum endcap 760 ym? 812.80 * 2.54 um 812.80 ym
D1 (Si) 148 ym 148 = 1/0 ym 152 = 0/0 ym
D2 (Si) 988 ym 1000 = 0/1 yim 993 = 0/1 um
TEP 1 (A-150) 54 mm 53.967 + 0.00254 mm 53.993 + 0.00254 mm
D3 (Si) 148 ym 149 = 0/0 ym 147 = 0/0 um
D4 (Si) 988 um 1000 + 0/0 pum 993 + 0/1 pm
TEP 2 (A-150) 27 mm 26.980 + 0.00254 mm 26.972 + 0.00254 mm
D5 (Si) 148 ym 149 = 0/0 ym 148 = 1/0 ym
D6 (Si) 988 um 1000 + 0/0 pum 993 + 1/0 yum
Nadir aluminum endcap 760 ym? 810 + 2.54 ym 810.26 ym

“Dimension not measured; based on specification or drawing.

deposits energy in the various components through ioni-
zation of the detector components. Nuclear interactions,
which can occur in any of the components, produce en-
ergetic secondary particles, which also deposit energy.

[17] 2. Primary and secondary particles interact with one
or more Si detectors. Thin detectors respond primarily to
high LET particles. Thick detectors respond primarily to
low LET particles.

[18] 3. Detectors with sufficient energy deposition cross
the trigger threshold.

[19] 4. Digital logic compares coincidences with an event
mask of desirable events.

[20] 5.Pulse height analysis (PHA) is conducted on every
detector to measure energy depositions.

[21] The detectors map as follows: (1) thin detectors (D1,
D3, D5) map 0-300 MeV and (2) thick detectors (D2, D4,
D6) map 0-100 MeV.

[22] There are 4096 channels in the instrument. This
results in 73.3 keV per bin for thin (140 ym) detectors and
24.4 keV per bin for thick (1000 ym) detectors [Spence et al.,
2010].

[23] Three CRaTER models were built, one Engineering
Model (EM), and two Flight Models: Flight Model 1 (FM1)
was launched into lunar orbit on the LRO spacecraft.
Flight Model 2 (FM2), was the back up flight instrument.
The Engineering Model was used for laboratory testing and
characterization studies. Table 2 presents the dimensions of
all three models.

2.2. Calibration and Characterization

[24] Calibration and characterizations of the CRaTER
instrument were carried out using a combination of labo-
ratory beam measurements and computational simulations
for a variety of space radiation environment spectral com-
ponents that might be encountered during the LRO mis-
sion [Spence et al., 2010; Charara, 2008]. Bench testing
demonstrated that there is a linear relationship between
the digital number returned by the Pulse Height Analyzer
(PHA) and the energy deposited in the detector. Gains and
offsets were determined by calibrating the instrument
using a beam of high-energy protons produced by the
Northeast Proton Therapy Center (NPTC) of Massachu-

setts General Hospital (MGH). Numerical simulations of
the energy loss predictions using the GEANT toolkit code
system were carried out [Agostinelli et al., 2003].

[25] The calibrations of CRaTER carried out at the
Massachusetts General Hospital Proton Therapy Facility
(MGH) using various proton beam energies, and at
Brookhaven National Laboratory (BNL) using various heavy
ion beams were simulated [Charara, 2008] using the HETC-
HEDS Monte Carlo radiation transport code [Townsend et al.,
2005]. Fair agreement between the code simulations and
laboratory measurements with CRaTER was obtained, as
described by Charara [2008]. Capabilities of the HETC-HEDS
code are discussed in detail in section 3.

2.3. CRaTER Data Products

[26] CRaTER data products consist of LET spectra of
cosmic rays (especially >10 MeV) after passing through
tissue equivalent plastic. The minimum measured LET
capability of the instrument is specified to be <0.25 keV/ym.
The maximum measurable LET must be >2 MeV/um.
CRaTER will also provide the change in LET spectrum
through TEP, high time resolution fluxes of GCR and solar
proton variability, nadir and limb sounding time profiles of
secondary particles from the lunar surface, and continuous
radiation measurements in lunar orbit to explore solar cycle
dependence of GCR and solar cycle dependence of im-
pulsive solar particle events.

[27]1 By combining signals from different detectors
CRaTER can be used to understand how space radiation
energy losses change in passing through human tissue
and how dose rates change during periods of heightened
solar activity and ultimately over the course of the solar
cycle. CRaTER’s telemetry rate is sufficient to capture high-
resolution LET values for up to 1,200 events per second.
Therefore, CRaTER will be able to produce spectra with
high resolution in both LET and time.

3. Linear Energy Transfer Spectrum Simulation

3.1. HETC-HEDS Code Description

[2s] The High Energy Transport Code for Human Explo-
ration and Development in Space (HETC-HEDS) simulates
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particle cascades by using Monte Carlo methods to compute
the trajectories of the primary particle and all the secondary
particles produced in nuclear collisions. The current version
of the code is a beta version that has not been publicly
released. The particles considered (protons, neutrons, 7, 7,
w*, or 117, light ions and heavy ions) can be arbitrarily dis-
tributed in angle, energy, and space. Each particle in the
cascade is followed until it disappears by escaping from the
boundaries of the system, undergoes a nuclear collision or
absorption, comes to rest due to energy losses from ioniza-
tion and excitation of atomic electrons in the target medium,
or, in the case of pions and muons, decays. Neutrons pro-
duced below a specified cutoff, usually 20 MeV, and photons
produced in the cascade from 7° decays or from deexcitation
are not transported. Information regarding neutron and
photon production is stored for transport by other codes
such as MORSE [Emmett, 1985], MCNP (X-5 Data Team,
CCC-710/MCNP: Data libraries for MCNP, file CCC-
710_DATA.pdf, 2003), and EGS [Bielajew et al., 1994]. HETC-
HEDS provides a complete history file of all cascades so that
analyses of specific problems can be performed, as desired
by the user. Energy losses of charged particles (protons,
light and heavy ions, charged pions, and muons) due to the
excitation and ionization of target atomic electrons are
treated using the Bethe stopping power formula [Turner,
2004] based on the continuous slowing-down approxima-
tion. Range straggling is taken into account. Range-energy
tables for each material in the system are computed for
protons and then extended for use with nuclei with mass
numbers A >1, and for charged pions and muons by making
use of scaling relations. Multiple Coulomb scattering only
for the primary charged particles is currently incorporated in
the code.

[29] Pion production is based on the isobar model of
Sternheimer and Lindenbaum [1961]. Only single- and double-
pion production in nucleon-hydrogen collisions and single-
pion production in pion-nucleon collisions are accounted
for. Efforts to incorporate pion production channels for
collisions involving light and heavy ions are underway, but
not yet completed. Charged pion decay is taken into
account. However, the neutrino produced in the decay is
ignored. A neutral pion is assumed to decay into two pho-
tons at its point of origin and is not transported. However,
the energy, direction, and spatial location of the neutral
pions produced are included as part of the output. Muon
decay in flight is taken into account. Muons that come to
rest are assumed to decay immediately, but no information
about the electrons, positrons, or neutrinos produced in the
decay is calculated.

[30] Elastic collisions of protons and pions with all nuclei
other than hydrogen are neglected at all energies. Elastic
collisions of light and heavy ions with target nuclei are
treated using cross sections obtained from an optical
potential model derived from quantum multiple scatter-
ing theory. The angular dependence is obtained using a
Fraunhofer approximation. Details are provided by Miller
and Townsend [2005]. The intranuclear cascade evaporation
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model of Bertini and Guthrie [1971], is used for particle-
nucleus collisions below 3.5 GeV for nucleons and below
2.5 GeV for charged pions. Following the intranuclear
cascade, the residual excitation energy is treated using an
evaporation model [Guthrie, 1970]. The particles allowed to
evaporate are protons, neutrons, deuterons, tritons, 3He,
and alphas. An extrapolation model determines the energy,
angle, and multiplicity of the products from inelastic
nucleon-nucleus and pion-nucleus collisions at higher
energies (3-15 GeV) [Gabriel et al., 1970]. Heavy ion
interactions are modeled using an event generator [Miller
and Townsend, 2004a, 2004b, 2005]. In this event generator,
nucleus-nucleus collision total cross sections are based
upon a quantum mechanical, optical potential approxi-
mation to a nucleus-nucleus multiple scattering theory
[Wilson and Townsend, 1981; Bidasaria et al., 1983]. Nucleus-
nucleus reaction cross sections are described using the
parameterization by Tripathi et al. [1999]. Breakup of light
ions (Z < 2) includes deuteron breakup, alpha fragmenta-
tion, and °H and 3He breakup [Cucinotta et al., 1993, 1996].
Finally, breakup/fragmentation of heavy ions (Z > 2) is
described using a modified version of the semiempirical
fragmentation model NUCFRG2 developed at NASA
Langley Research Center [Wilson et al., 1987; Badavi et al.,
1987; Wilson et al., 1994]. The NUCFRG2 semiempirical
model was selected for use due to its rapid computational
times compared with more physically realistic optical
potential fragmentation models currently available or
under development within NASA for space radiation
transport applications [Townsend, 1983; Townsend et al., 1986,
1993, 1999; Cucinotta et al., 1997, 1998; Ramsey et al., 1998]. An
optical potential fragmentation model, however, may be
included as an option in the HETC-HEDS code at some
future date.

[31] The suitability of the HETC-HEDS code for the LET
analyses reported herein has been established through
(1) extensive comparisons with experimental measure-
ments of energy loss spectra for a variety of laboratory
heavy ion beams colliding with a variety of targets at in-
cident beam energies representative of galactic cosmic ray
environments [Charara et al., 2008], (2) an intercomparison
of CRaTER LET spectrum calculations with HETC-HEDS
and MCNPX [McKinney et al., 2006] for incident protons
with energies between 100 MeV and 2 GeV [Townsend et
al., 2010], and (3) detailed benchmarking [Slaba et al.,
2010; Heinbockel et al., 2009, Comparison of the transport
codes HZETRN, HETC and FLUKA for galactic cosmic
rays, submitted to Advances in Space Research, 2009], with
the FLUKA Monte Carlo code [Fasso et al., 2005] and
HZETRN space radiation code [Nealy et al., 2007], for
incident space radiation spectra consisting of solar ener-
getic protons and the 1977 solar minimum GCR spectrum
of Badhwar-O’Neill [O’Neill, 2006] impinging on multi-
layered thick targets of aluminum or iron (20 g/cm?) and
water (30 cm). In all these cases, the agreement with
experimental data or other code predictions was very
good.
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Figure 3. LET estimates for incident protons and iron
in component D1 as a function of the incident particle
energy/nucleon. Note the approximately hyperbolic
shapes of these LET distributions.

3.2. LET Spectrum Calculational Methodology

[32] To characterize CRaTER’s LET response to the solar
and galactic cosmic ray spectra it might be exposed to
during the mission, an LET database that included simu-
lations of all the relevant components of the SEP proton
and GCR spectra passing through the CRaTER instrument
was generated using HETC-HEDS for the FM1 CRaTER
configuration [Charara, 2008]. The database included
energy deposition and LET values in each CRaTER com-
ponent (D1 through D6 and the two TEP elements) for
incident particles having atomic numbers (Z) between 1
and 26, at energies from 20 MeV per nucleon to 3 GeV per
nucleon. For each combination of atomic number and
incident energy, histories for 100,000 incident particles
were recorded. This number of histories resulted in sta-
tistical errors that were less than 3%. Histories of all sec-
ondary reaction products from the incident particles
interacting within the CRaTER instrument were followed
as well. Incident particles with atomic numbers greater
than 26, however, were not included in the analyses since
their fluxes are orders of magnitude lower than those with
Z < 26, and they contribute very little to any radiation
doses experienced by human crews in space.

[33] For each detector component, the total energy
deposited per path length of material by any particle,
whether it is a primary beam particle or a secondary
particle generated from a fragmentation event from the
projectile or the target was used to obtain an average
LET using the following equation:

Average LET = (i — Epnat), I jinat),
- n
i=1

(1)

Where i denotes the primary particle, n denotes the
number of primary particles (100,000 for this work), L is
the length of the component of interest, Einitia1 denotes
the initial energy of particle i before interacting in the
component material, and Egp, denotes the final energy
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of particle i and its secondaries exiting the component
after interacting in the component material. It is defined
as

ki
E/inal - Elf + ZEm (2)
m=1

where E{ is the final energy of particle i, and the sum is
over all the secondary particles energy depositions pro-
duced by interactions of particle i in the component.

[34] In the work by Charara [2008], once an averaged LET
was obtained, the average LET was multiplied by the GCR
flux as predicted for 2009 using the Badhwar-O’Neill GCR
environmental model [O’Neill, 2006]. By doing so, a pre-
cursor database was made available to be compared with
CRaTER’s flight data and benchmarked with the models
used in HETC-HEDS. Note that the LRO mission timeline
was expected to occur during solar minimum conditions at
the time these calculations were performed. These pre-
dictions were tabulated by atomic number for incident
energies between 20 MeV per nucleon and 3 GeV per
nucleon for each Si and TEP component of the detector. In
this work we utilize the average LET per incident particle
passing through each component of the detector, that was
obtained from HETC-HEDS and used to produce the ta-
bles by Charara [2008], and parameterize the average LET
for each incident particle by atomic number and compo-
nent as a function of the incident particle kinetic energy
per nucleon. These parameterizations will permit LET
spectra to be calculated for each detector component for
any input GCR or SEP spectrum desired by the user,
simply by multiplying the averaged LET values for each
particle type (Z) and energy per nucleon (E) obtained from
the parameterization, for each detector component, by the
flux of particles of type (Z) with energy per nucleon (E) in
the incident spectrum.

4. Linear Energy Transfer Parameterizations

[35] Since stopping power is the same as unrestricted
LET, the Bethe-Bloch formula for stopping power given by
[Turner, 2004]

dE  4ArkiZ*eé*n {1 2me* 3
——= n
I

dx~ mc2P (1-p) [32} 3)

ko =899 x 10° N.m%.C3

Z effective charge of the heavy particle;

e magnitude of the electron charge;

n number of electrons per unit volume in the

medium;

m electron rest mass;

¢ speed of light in vacuum;
speed of the particle relative to ¢;
I mean excitation energy of the medium,
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Table 11. Energy Ranges of LET Data Used for Parameterizations
Energy Range in MeV Per Nucleon by CRaTER Component

Atomic Number D1 D2 TEP1 D3 D4 TEP2 D5 D6
1 20-3000 20-3000 35-3000 95-3000 95-3000 100-3000 120-3000 120-3000
2 20-3000 20-3000 45-3000 95-3000 95-3000 100-3000 120-3000 120-3000
3 20-3000 20-3000 45-3000 110-3000 110-3000 120-3000 150-3000 140-3000
4 20-3000 20-3000 45-3000 110-3000 200-3000 200-3000 200-3000 200-3000
5 20-3000 25-3000 45-3000 110-3000 200-3000 200-3000 200-3000 200-3000
6 25-3000 25-3000 45-3000 110-3000 200-3000 200-3000 200-3000 200-3000
7 25-3000 30-3000 45-3000 110-3000 200-3000 200-3000 200-3000 200-3000
8 30-3000 30-3000 55-3000 200-3000 200-3000 200-3000 200-3000 200-3000
9 30-3000 30-3000 55-3000 200-3000 200-3000 200-3000 200-3000 200-3000
10 30-3000 35-3000 55-3000 200-3000 200-3000 200-3000 200-3000 200-3000
11 30-3000 35-3000 60-3000 200-3000 200-3000 200-3000 300-3000 300-3000
12 35-3000 40-3000 60-3000 200-3000 200-3000 200-3000 300-3000 300-3000
13 35-3000 45-3000 65-3000 200-3000 200-3000 200-3000 400-3000 300-3000
14 40-3000 50-3000 75-3000 200-3000 200-3000 300-3000 300-3000 300-3000
15 40-3000 50-3000 85-3000 200-3000 200-3000 300-3000 300-3000 300-3000
16 40-3000 50-3000 200-3000 300-3000 300-3000 300-3000 300-3000 300-3000
17 40-3000 50-3000 200-3000 300-3000 300-3000 300-3000 300-3000 300-3000
18 40-3000 50-3000 200-3000 300-3000 300-3000 300-3000 300-3000 300-3000
19 40-3000 50-3000 200-3000 300-3000 300-3000 300-3000 400-3000 400-3000
20 45-3000 55-3000 200-3000 300-3000 300-3000 300-3000 400-3000 400-3000
21 45-3000 55-3000 200-3000 300-3000 300-3000 300-3000 400-3000 400-3000
22 45-3000 55-3000 200-3000 300-3000 300-3000 300-3000 400-3000 400-3000
23 45-3000 55-3000 200-3000 300-3000 300-3000 300-3000 400-3000 400-3000
24 45-3000 55-3000 200-3000 300-3000 300-3000 400-3000 400-3000 400-3000
25 45-3000 60-3000 200-3000 300-3000 300-3000 400-3000 400-3000 400-3000
26 50-3000 60-3000 300-3000 300-3000 300-3000 400-3000 400-3000 500-3000

was used to guide the choice of a functional form for the
parameterizations as

LET = Z% (4)

where the Bs are fitting parameters and E is the incident
particle kinetic energy in MeV per nucleon. This form was
selected based upon the approximately hyperbolic de-
pendence of LET on energy as displayed in the Bethe-Bloch
equation. Figure 3 displays this dependence for calcula-
tions of protons and iron ions penetrating the first Si
detector (D1) of the CRaTER instrument obtained using
HETC-HEDS.

[36] The fitted coefficients for the LET parameteriza-
tions, for use with equation (4), are presented in Tables 3,
4,5,6,7,8,9,and 10 as a function of the incident particle
atomic number. Tables 3-10 show a different CRaTER
component. Note that Tables 3-10 also include the degrees
of freedom-adjusted (DOF) 2 goodness-of-fit values for
each curve fit. The curve fits were carried out using the
TableCurve 2D v5.01 software published by SYSTAT.
Since particles at lower incident energies are unable to
penetrate all of the components, there are threshold en-
ergies below which LET = 0 values should be assigned.
The parameterizations are valid only for incident energies
per nucleon above the threshold values. Table 11 lists the
ranges of energies for which the parameterizations are
valid for use in estimating LET spectra for an input space

radiation environment. The agreement between he curve
fit values and the HETC-HEDS calculated values is within a
few percent (generally less than 5%). Figures 4, 5, 6, and 7
display representative examples of the agreement between
the calculated and parameterized LET values for several
incident ions and CRaTER components.

[37]1 LET distributions are often presented in terms of
the number of counts, usually in units of (time - keV/ym —
area — sr)”! or some variation thereof, versus LET in units
of keV/um. The procedure to calculate an LET distribution
for a particular CRaTER component, to compare with
actual CRaTER measurements once they become avail-
able, using the parameterizations is (1) use the para-
meterizations to calculate the LET for each particle with
charge Z and energy per nucleon E in the incident spec-
trum; (2) do the calculation in step 1 for all particles in the
incident spectrum; (3) sum the total number of particles of
all charges and energies in the incident spectrum that
have the same LET values; and (4) the LET distribution is
then given by the total counts per LET versus LET.

5. Sample Calculation of Dose Rates for CRaTER

[38] To illustrate the use of Tables 3-10, estimates of the
dose rates in the two TEP sections of CRaTER are pre-
sented. These dose rates can be compared with values
obtained from onboard dosimetry during the LRO mis-
sion. These dose rate estimates are obtained from the LET
(Z, E) parameterizations as follows:
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Figure 4. Lithium LET comparison in D1.

[39] The dose per particle for each ion (Z) having energy/
nucleon (E) is obtained from the LET parameterization
using

dose/particle (Z,E) = energy deposited | TEP mass (5)
LET(Z,E) x TEP length

d. ticle (Z,E) = 6
ose/particle (Z, E) TEP volume x TEP density ©)

Since the LET(Z, E) has units of keV/um, the TEP dimen-
sions are in cm (see Table 2), and the density of the TEP
material is 1.127 g cm™, the dose/particle(Z, E) in equation
(6) must be multiplied by the appropriate units conversion

s8-8 —E-_———-————W

LET (keV/micron)
[ %] w E-N [4] [=2] - [=-] w

-

e e R Sl v -

D L ! L L L L J
0 500 1000 1500 2000 2500

Energy (MeV/nucleon)

* HETC-HEDS ---- Parameterization

Figure 5. Proton LET comparison in D2.

factor to obtain the proper dose rate units of Gy/s where
1 Gy =1 J/kg. Hence, the dose/particle(Z, E) is obtained
from equation (6) as

dose/particle(Z,E) (Gy) = LET(Z,E)

_ J pm
3.575 x 1071 7
. ( X )<kerg) O

The total dose rate DR(Z, E) from all particles of type Z with
energy/nucleon E is then given by

DR(Z,E) = dose/particle (Z, E) (Gy/particle)

x particle flux (particles/s) (8)
600
500 ’
i
L
T 400 =)
2 !
8 ;)
E Lo
> 300 ¢k
= | \\
= |
W 200 | ™
| T e — - — - — ——— 8
I
100 :
I
u ! l i i 1
0 500 1000 1500 2000 2500 3000

Energy (MeV/nucleon)

* HETC-HEDS - — - Parameterization

Figure 6. Chromium LET comparison in D3.
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Figure 7. Iron LET comparison in D5.

Where the particle fluxes for each element (Z) and energy/
nucleon (E) are obtained from the galactic cosmic ray
spectrum model of Badhwar and O’Neill [O’Neill, 2006]. For
this example we use the solar minimum spectrum with the
modulation parameter set at 450 MV. The particle flux in
terms of the GCR Badhwar-O’Neill fluence rate is therefore
given by

particle flux(particles/ sec)
= fluence rate (particles (mz srs (MeV/nucleon)fl) x GF
)

where the geometric factor for CRaTER is 0.569 cm? sr.
After converting and canceling units as appropriate in
equation (9), the dose rate DR(Z, E) for each element and
energy/nucleon is calculated using equations (8) and (9).
To get the total dose rate for the TEP element, this last
result is integrated over energy for each element and then
summed over all 26 elements from hydrogen to iron. The
results of this calculation are

TEP 1 dose rate = 0.00066 Gy/s

TEP 2 dose rate = 0.00044 Gy /s

Integrating these dose rates over time will yield estimated
doses for comparison with dosimeter results from CRaTER,
when they are available during the mission.

6. Conclusions

[a0] A brief overview of the LRO mission and spacecraft,
and the CRaTER instrument carried by it, has been pre-
sented. The physics contained in the beta version of the
HETC-HEDS Monte Carlo transport code used to estimate
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the LET response for each component of the CRaTER
detector was described in some detail. Parameterizations
of the LET responses of each of the silicon detectors and
tissue equivalent plastic segments in the instrument were
listed in tabular form, suitable for easily and rapidly es-
timating the detector response for any solar and galactic
cosmic ray environment. LET values for elemental species
from hydrogen to iron were parameterized as a function
of the energies of the particle incident on the detector at
the zenith end. The functional form chosen for the para-
meterizations approximately follows the energy depen-
dence associated with the usual Bethe-Bloch equation that
is used to calculate stopping powers (unrestricted LET) for
charged particles passing through bulk matter. The dif-
ferences between the HETC-HEDS predictions and the
parameterizations are generally less than a few percent.
Hence, the parameterizations provide a rapid, yet accurate
means of estimating CRaTER LET responses for any space
radiation environment likely to be encountered during the
LRO mission.

[41] Acknowledgment. Research support from the National
Aeronautics and Space Administration, Living With a Star program,
through grant NNX07AC14G is gratefully acknowledged.
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