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CRATER SUMMARY FACT SHEET  
 
We propose to develop a sensor system, 
called the Cosmic Ray Telescope for the 
Effects of Radiation (CRaTER), to address 
the prime LRO objective and to answer key 
questions required for enabling the next phase 
of human exploration in our solar system.  
CRaTER measurement goals and objective 
are shown in the table to the right.  The 
measurement requirements required to 
achieve them are shown in the table below.        
 

The proposed CRaTER 
instrument configuration 
and measurement concept 
aboard the LRO spacecraft 
is shown to the right. The 
investigation hardware 
consists of a single, 
integrated sensor and 
electronics box with 
simple electronic and 
mechanical interfaces to 
the spacecraft. All aspects 
of CRaTER have excellent 
flight heritage.  No new 
technology developments 
or supporting research are 
required for the design, 
fabrication, and operation 
of this instrument.   
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The instrument employs a stack of detectors 
embedded within aluminum structure and 
tissue-equivalent plastic to establish the 
linear energy transfer of cosmic radiation 
relevant for human health and electronics 
part concerns.  The measurement team will 
use these observations to better assess these 
effects through the use of best-available 
deterministic models of energy transport in 
matter. 
 
The CRaTER team is committed to working with the LRO project to deliver robust E/PO.  Our 
three objectives are:  (1) Provide opportunities for undergraduate and graduate students to work 
with LRO scientists and data at Boston University through Senior Work for Distinction projects, 
engineering Senior Design projects, and graduate research opportunities; (2) Contribute to a 
diverse population of scientists, educators and engineers through aggressive outreach to the 
unique demographics of Boston University, which has a disproportionately large number of 
female students; and (3) Contribute to professional training and outreach to other disciplines by 
integrating LRO science with the already-established Center for Integrated Space weather 
Modeling (CISM) summer school. 

The teaming, organizational chart, and schedule 
are shown in the following figures. The 
CRaTER team consists of experienced team 
members with clearly delineated roles and 
responsibilities.  The instrument development 
organization features clear responsibilities and 
clean lines of authority.  Six months (30% of 
total) of costed schedule reserve lowers risk. 

The cost of the CRaTER instrument, including 
a 30% cost reserve is $9,543,014. 
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1.  MEASUREMENT INVESTIGATION AND IMPLEMENTATION 
 
Background and Motivation 

The Lunar Reconnaissance Orbiter (LRO) mission will obtain exploration-enabling 
observations needed to facilitate returning humans safely to the Moon as part of NASA’s longer-
term Exploration Initiative.   A NASA-established LRO Objectives/Requirements Definition 
Team (ORDT) identified the following high-priority objective for this initial robotic mission in 
the Lunar Exploration Program (LEP):   

• Characterization of the global lunar radiation environment and its biological impacts 
and potential mitigation, as well as investigation of shielding capabilities and validation 
of other deep space radiation mitigation strategies involving materials.  

This critically-important LRO objective selected by the ORDT can be traced to earlier NASA 
planning documents, including the 1998 “Strategic Program Plan for Space Radiation Health 
Research” (Life Sciences Division, Office of Life and Microgravity Sciences and Applications, 
National Aeronautics and Space Administration, Washington, D.C.  20546).   Appendix H of that 
document summarizes the most critical questions concerning space radiation and its broad 
impact on all NASA activities.  Strategic questions in the categories of space radiation 
environment, nuclear interactions, and human effects include: 

• For a given mission, what are the fluxes of galactic cosmic rays (GCR) in interplanetary 
space as a function of particle energy, linear energy transfer (LET), and solar cycle?  

• What are the doses related to heavy ions in deep space?  
• How is a radiation field transformed as a function of depth in different materials?  
• What are the optimal ways of calculating the transport of radiation through materials? 
• What will the radiation environment be within the space vehicle, and what factors 

influence the flux, energy, and linear energy transfer spectrum of radiation? 

The importance of this LRO objective and related outstanding questions is underscored in 
more recent NASA planning documents, such as the 2000 Bioastronautics Critical Path 
Roadmap.  That document outlines several key goals including the development of new 
measurement approaches required for: 

• understanding the spectral properties of penetrating space radiation, and;   
• validating radiation shielding designs needed to define risk levels on exploratory-class 

missions and for risk mitigation.  
To date, these vitally important goals and questions remain open.    

 
We propose to develop a sensor system, called the Cosmic Ray Telescope for the Effects of 

Radiation (CRaTER), to address the prime LRO objective identified above and to answer key 
questions required for enabling the next phase of human exploration in our solar system.  We 
will show that the proposed investigation: 

• fills radiation effects knowledge gaps,  
• provides fundamental progress in knowledge of the Moon’s radiation environment, and  
• provides specific path-finding benefits for future planned human exploration.  
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We will also show that the proposed instrument adequately and resiliently supplies the data 
required for objective closure and does so within mission resource constraints. Furthermore, we 
will demonstrate that implementation risk is low by virtue of: 

• technical readiness and instrument heritage,  
• sound management implementation approach, and  
• schedule and cost realism.  

Our proposed measurement investigation and implementation are outlined below. 
 
1.1 MEASUREMENT INVESTIGATION 
 
In this section, we provide an overview of the investigation being proposed. We show how this 
investigation meets the relevant LRO measurement objective by demonstrating that our 
measurement goals and objectives (Section 1.1.1) are traceable to the investigation requirements 
(Section 1.1.2) and implementation (Section 1.2). We also demonstrate the investigation’s 
responsivity to the evaluation criteria for Exploration Merit.  
 
1.1.1 Measurement Goals and Objectives 
 
The objective of our investigation is focused and responsive to the highest-priority LRO mission 
objective: 

• To characterize the global lunar radiation environment and its biological impacts.  

This objective is critical if we are to “implement a sustained, safe, and affordable human and 
robotic program to search for evidence of life, understand the history of the solar system, and 
prepare for future human exploration”, a vision established by the President’s Space Exploration 
Policy Directive (NPSD31) signed into effect in January 2004.    Space radiation impacts 
virtually all NASA activities.  In the case of LRO, the most compelling factors (taken directly 
from NASA’s “Strategic Program Plan for Space Radiation Health Research”) are that:  

• “Legal, moral, and practical considerations require that NASA limit the postflight risks 
incurred by humans living and working in space to ‘acceptable’ levels.” 

• “Radiation protection is essential to enable humans to live and work safely in space.” 
• “Proper strategies for implementing radiation limits applicable to crew…need to be 

devised.” 
• “Space science instruments need to be developed or improved and calibrated for proper 

interpretation of (radiation) observations.” 

Collectively, these factors demand that we measure and characterize the global radiation 
environment of the Moon, particularly those aspects that are most damaging to humans and 
spacecraft electronics, as well as validate deep space radiation mitigation strategies (i.e., 
shielding) using robust sensor systems specialized for these tasks.  Furthermore, targeted 
modeling is required in order to reach closure between the measured deep space radiation and 
prediction of the nature and magnitude of its impacts to man and machine. 
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In order to achieve this high-priority objective, we therefore establish the following 
interrelated LRO investigation goals: 

• Measure and characterize that aspect of the deep space radiation environment, LET 
spectra of galactic and solar cosmic rays (particularly above 10 MeV), most critically 
important to the engineering and modeling communities to assure safe, long-term, human 
presence in space.   

• Develop a novel instrument, steeped in flight heritage, that is simple, compact, and 
comparatively low-cost, but with a sufficiently large geometric factor needed to measure 
LET spectra and its time variation, globally, in the lunar orbit. 

• Investigate the effects of shielding by measuring LET spectra behind different amounts 
and types of areal density, including tissue-equivalent plastic.  

• Test models of radiation effects and shielding by verifying/validating model predictions 
of LET spectra with LRO measurements, using high-quality GCR and SEP spectra 
available contemporaneously on ongoing/planned NASA (ACE, STEREO, SAMPEX) and 
other agency spacecraft (NOAA-GOES). 

Rationale for LET Spectra 

A basic radiation dosimeter is one alternative for measuring the radiation environment 
near the Moon.  It would provide an extremely simplistic measure of the radiation environment 
in lunar orbit, at very low cost, and with low impact to other spacecraft resources.  However, we 
believe it is too simple a measurement to achieve the stated LRO radiation environment 
objectives.  A total dose measurement provides neither information regarding the spectral shape 
of the deposited energy nor information on the particle distribution with ion mass.  We know that 
different energies and different ion populations produce different effects in electronic materials 
and in human tissue.  A dosimeter provides only an integrated measure of total absorbed energy; 
all useful information on how the energy was deposited is lost.  Such key information could in 
principle be recovered but only after significant modeling efforts.  However, in general, there are 
insufficient constraints to the models and therefore the uncertainties in predicting effects from 
total dose alone are unacceptably large.  In addition, it is important to underscore that silicon 
dioxide responds differently to radiation than do human cells.  Thus, there is also considerable 
uncertainty introduced when trying to associate dose in silicon to dose in humans.   Given these 
factors, total radiation dose in silicon is a poor proxy for understanding the specific impacts that 
the space radiation environment will have on man and machine.  Despite its simplicity and 
minimal levy on resources, total dose is an insufficient measurement to achieve the prime LRO 
radiation environment objective.   

 
Another alternative is to fly a cosmic ray spectrometer. High-resolution measurements of 

the GCR and SEP energy spectra (above 10 MeV/nucleon) as well as how these spectra depend 
upon mass (up to iron) and nuclear charge are ideally required to fully understand the deep space 
radiation environment.  From fully-resolved energy spectra of individual ion species, one could 
use models to transform the incident fluxes into net LET spectra behind a given areal density of 
material (LET spectra are the quantities most useful to the engineering communities).  However, 
the instrumentation required to resolve and discriminate these populations (including the 
particularly important highest-energy and high-charge state heavy ions) is massive, has a large 
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volume, incurs significant cost, and carries the 
risk of great complexity.  For example, the 
remarkably capable Cosmic Ray Isotope 
Spectrometer (CRIS) on NASA’s Advanced 
Composition Explorer (ACE) spacecraft 
consumes up to 16 W of power, has a mass of 
30.4 kg, requires high voltages, takes up a large 
volume (~55,000 cm3), and requires complex 
processing of signals from dozens of solid-state 
detectors.  Such an idealized space radiation 
sensor is not an attractive option for LRO, given 
its resource constraints and aggressive schedule. 

An alternative approach for an LRO 
radiation environment sensor is to design a cosmic ray spectrometer with substantially less 
capable mass resolution than is achievable with instruments like CRIS.   Coarse mass resolution 
allows for a somewhat less technically-challenging spectrometer.  Nevertheless, in order to 
obtain the important high energy coverage of the heavy ions, significant solid-state detector 
material is still required to stop the particles and thus record total energy.  This is one key mass 
driver of all cosmic ray spectrometers.  For reference, the range of an iron ion, with a kinetic 
energy of 170 MeV/nucleon, is > 8mm in silicon.  Even a spectrometer with degraded species 
identification still suffers from moderate to high complexity and will consume significant 
resources for the quality of data returned.    

Fortunately, during the LRO mission, several current and planned NASA spacecraft 
(ACE, STEREO) as well as spacecraft from other agencies (e.g., NOAA–GOES) will be 
measuring GCR and SEP spectra contemporaneously from well above low-Earth orbit (i.e., at 
geostationary orbit and into the near-Earth heliosphere). The populations measured at these high-
altitude locations will serve as excellent proxies for the population of cosmic rays present at the 
lunar orbit at the same time (or at some easily calculated propagation time delay in the case of 
SEP events).   Galactic cosmic rays are not considerably localized in space, such that 
measurements anywhere within several hundred Earth radii of the Moon will be sufficient, 
provided these spacecraft are above the strong, deflecting magnetic fields close to Earth.  ACE, 
STEREO, and GOES all satisfy this condition and will therefore be excellent proxies for 
determining the cosmic ray spectra in the lunar vicinity.   The figure to the right shows an 
example of the spectra that will be obtained by and made available to our team by ACE and 
future space science missions; fluences of solar energetic particles measured by ACE/CRIS are 
plotted versus energy, from ~0.1 to ~100 
Mev/nucleon (left panel) for a 7 Nov 1997 event.  
Stopping power derived from the measured 
cosmic ray spectra are plotted in the right panel.    
Therefore, while the parent cosmic ray 
populations are arguably important for LRO, such 
high quality measurements will be available in a 
leveraged manner. Reproducing them on LRO 
would unnecessarily strain valuable spacecraft 
resources by duplicating measurements already 
provided by other NASA assets.   
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 We motivated in the introductory section of this proposal that a GCR/SEP spectrometer 
may be a necessary, but not necessarily a sufficient, instrument to achieve the prime radiation 
environment objective identified in the LRO AO.  Therefore, we propose to field an instrument 
that is targeted to achieve the prime objective and which benefits from the aforementioned 
existence of cosmic ray spectra measurements.  Our instrument, the Cosmic Ray Telescope for 
the Effects of Radiation (CRaTER), combines the relative simplicity of a dosimeter with the 
comparatively high utility of a GCR/SEP spectrometer.  

As noted above, there are considerable advantages of providing a direct measurement of 
the LET spectra behind shielding material.  Linear energy transfer (or LET) is the mean energy 
absorbed (∆E) locally, per unit path length (∆l), when a charged particle traverses material (LET 
is expressed in units of MeV/g/cm2, or, in biological systems MeV/µm).   An LET spectrometer 
measures the amount of energy deposited in a detector of some known thickness and material 
property as a high energy particle passes through it, usually without stopping. The figure to the 
right shows the relationship between measured particle fluences versus modeled LET for a SEP 
event in October 1989 (from J. Barth & M. Xapsos, "SEP measurements required for 
environment models and system design and testing", GOES R+ EP Workshop, Boulder, CO, 28-
29 October 2002.)   While LET spectrometers do not (necessarily) resolve mass, LET 
measurements do include all the species, 
with the possible exception of neutrons, 
that are relevant to the energy deposited 
behind a known amount of spacecraft 
shielding.  Relevant LET spectra are 
currently a missing link, currently 
derived largely by models, and require 
experimental measurements to provide 
critical ground truth – CRaTER will 
provide information needed for this 
essential quantity.   

 
Before proceeding further, we must first comment on the phrase “linear energy transfer 

(LET)” and its use henceforth in this proposal.    We recognize that instruments such as CRaTER 
typically can not measure LET (∆E/∆l) directly.  However, they do truly measure a closely 
related quantity, lineal energy (herein denoted by “y”).  Lineal energy is the energy absorbed 
(imparted) per mean chord length in the detector.  Depending upon detector geometry, particle 
charge, and particle energy, LET may or may not exactly equal y. Without knowing the exact 
path of the particle’s trajectory, through a detector element, then one cannot definitively compute 
y = ∆E/∆l.   However, with a well-conceived sensor design geometry, one can approximate the 
true LET value from y, by assuming that ∆l is the average path length through the detector, 
taking into account the angular distributions of incident primary particles relative to the known 
acceptance cone of a detector.  We adopt this design strategy for CRaTER. Consequently, 
although we refer to CRaTER as an LET spectrometer, we fully recognize that our primary data 
product is actually lineal energy and appeal to design strategies needed to robustly relate these 
two quantities.  

A variety of LET measurements behind various thicknesses and types of material is of 
great importance to spacecraft engineers, radiation health specialists, and to modelers who 
estimate impacts of the penetrating radiation.  LET is one of the most important quantitative 
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inputs to models for predicting human health risks and radiation effects in electronic devices.   
By relaxing the demand to measure the entire parent cosmic ray spectrum to one where only that 
part of the energy spectrum deposited in a certain thickness of material is needed, the challenging 
requirements of measuring total incident cosmic ray particle energy is removed.   This change in 
focus greatly simplifies the complexity, cost, and volume of the required instrument.  And, in 
addition to these savings, an LET spectrometer essentially provides the key direct measurement 
needed to bridge the gap between well measured cosmic ray intensities that will be available 
from other spacecraft and specific energy deposition behind shielding materials, vital 
exploration-enabling knowledge needed for the safety of humans working in the harsh space 
radiation environment.   Accordingly, we propose with CRaTER to measure this important 
quantity directly and thereby provide critical closure between measurements, theory and 
modeling.  The modeling component of the measurement investigation is outlined next. 

As the particles comprising the solar and galactic cosmic ray environment penetrate 
shielding, whether the shielding is provided by spacecraft or habitat structure, or by an overlying 
atmosphere (such as on the Martian surface), or even by the body’s own tissue that overlays a 
critical body organ, they lose energy due to the myriad of Coulomb interactions between the 
charged ions penetrating the material and the atomic electrons attached to the atoms and 
molecules of the target materials, and their nuclei.  As these penetrating ions slow, their rates of 
energy loss to the target medium begin to increase. Hence their LET increases. On occasion, the 
nuclei of these penetrating ions undergo nuclear collisions with the nuclei of the target atoms.  
Occasionally the collisions are elastic, but more often than not, they are highly inelastic resulting 
in fragmentation (breakup) of the colliding nuclei. These lighter fragments, having lower charge 
and mass numbers than the parent nucleus, have reduced energy losses per distance traveled in 
the target medium, i.e. their LET decreases.  Thus, the overall effects of the shield materials on 
the LET spectra are a complicated mixture of competing processes, which tend to significantly 
alter the LET distribution, making measured LET spectra dependent on the type, quantity, and 
geometric configuration of shielding that the incident particle spectrum has penetrated as well as 
on variations in the incident spectrum itself.  In general, material shielding tends to reduce the 
overall fluence of high LET particles and increase the fluence of lower LET particles, for 
incident solar and GCR spectra.  This tendency is illustrated in the figures to the right (M. Y. 
Kim et al, NASA TP 3473).   

These LET spectra were calculated using the 1977 solar minimum GCR spectrum as 
input into the “HZETRN” code.  Note that the LET curves decrease with increased shield 
thickness for high LET values.  Note 
also that the spread between the curves 
for increased shield thickness is larger 
for the liquid hydrogen shield 
calculation, than for the water shield 
calculation.  For low LET values, the 
LET distributions increase, rather than 
decrease, with increasing shield 
thickness.   This probably results from 
the fragmenting (breakup) of the heavy 
ion component into lighter fragments.  
In both calculations, a simple slab 
geometry is assumed.  
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A more complex geometry, involving a mixture of different material and configurations 
typical of a robotic or manned spacecraft, is likely to be more difficult to sort out.  Hence, 
understanding and predicting the LET distributions throughout a spacecraft requires the use of 
space radiation transport codes, such as the HZETRN code developed at NASA Langley (J. W. 
Wilson et al, NASA TP 3495) or the Monte Carlo code HETC-HEDS (T. M. Miller and L. W. 
Townsend, Nuclear Science and Engineering , January 2005, in press), under development at the 
University of Tennessee (UT) as part of the NASA Space Radiation Transport Code 
Development Consortium.  UT is the lead institution in this code development effort, and co-
Investigator Professor Townsend is the Consortium leader. 

Owing to their fundamental role, LET distribution calculations will have two major roles 
in the proposed work.  Initially, the transport codes can be used to simulate what is likely to be 
measured by the proposed LET spectrometer and can play a role in some aspects of detailed 
detector design and placement (principally during Phases A/B).  Once LET spectra data begin to 
be taken by the spectrometer, the data can be used to aid in transport code validation for the lunar 
space radiation environment. The transport calculations will also be needed to interpret the 
measurements and to sort out the effects of the spacecraft and instrument shield composition and 
geometry on the on-orbit measurements during Phase E.  The modeling aspect of the CRaTER 
investigation will allow us to provide closure between key measurements and models for 
understanding radiation effects. 
 
Specific Properties of LET Spectra Needed to Achieve LRO Radiation Environment Objective 
 
Energy range 

One significant gap in 
knowledge of the deep space radiation 
environment is the uncertain energy 
spectra of the highest-energy, high-Z 
solar cosmic ray component.  While 
composition and variability of galactic 
cosmic rays above ~10 MeV/nucleon are 
fairly well defined, the spectra of the 
energetic component during intense 
solar energetic particle events is not well 
understood, demonstrates significant 
variability, and needs to be better 
specified.  For example, the figure to the 
right (from Chenette, "On-orbit space 
systems users requirements for GOES energetic particle data: a perspective from Lockheed 
Martin", GOES R+ EP Workshop, Boulder, CO, 28-29 October 2002) compares the 10-100 
MeV/nucleon helium spectra  from the large Bastille Day (14 July 200) solar particle event (red 
curve) with the worst-case, so-called “1-day in a thousand” spectrum measured by the IMP-8 
spacecraft (black curve).  This plot demonstrates that high energy cosmic ray fluxes at a 
particular energy can differ by orders of magnitude from event to event.  The current gap in 
understanding of this energetic component (> 10 MeV/nucleon) is critically important for 
predicting single-event effects (SEE) in electronic parts.  From a biological standpoint, at these 
energies, particle radiation penetrates a spacesuit.  Thus, we aim to target  >10 MeV/nucleon 
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energies by virtue of their known damaging effects to man and machine and by virtue of their 
unpredictable time variability.  
LET Dependence on Z 
As noted above, the impact of cosmic ray radiation can be a strong function of species.  This is 
especially significant when considering biological effects.  The figure below, taken from a study 
of cosmic ray effects in materials (Kim et al., "Performance Study of Galactic Cosmic Ray 
Shield Materials", NASA Technical Paper 3473, 1994), shows the contribution to a biological 
endpoint versus particle charge (Z) at 
several depths in water (roughly 
equivalent to human tissue).  As depth 
increases, the contribution to biological 
change (measured on the vertical axis) 
from light ions increases, while the 
importance of heavy ions (such as iron) 
decreases.  At equivalent depths of 
approximately 5 g/cm2, hydrogen and 
helium are the dominant contributors to 
the measured biological change (in their 
report “biological change” is gauged by 
the neoplastic transformation of 
C3H101T/2 mouse cells, a well studied 
cell line).  Therefore, from the biological 
standpoint, focusing on the lighter ion GCR component 
is preferred. 

This mass dependence is explored in a slightly 
different form in the figure to the right.  The figure 
shows the relative contribution to human exposure (y-
axis) and hence risk of the GCR primary heavy ions 
and the primary and secondary light ions as a function 
of shield depth in aluminum (taken from Cucinotta, 
F.A., J.W. Wilson, J.R. Williams, and J.F. Dicello  
"Analysis of MIR-18 results for physical and biological 
dosimetry:  radiation shielding effectiveness in LEO."  
Radiation Measurements, 32 (2000) 181-191).    This 
clearly shows the importance of “light” ions (here 
“light” includes p, d, t, 3-He, and 4-He); their dose 
equivalent grows with shield thickness (or any material thickness).  This plot justifies 
quantitatively establishing the light ion (Z ≤ 2) contributions as a function of tissue depth on 
LRO for shielding >10 gm/cm2 and the heavy ion (Z>2) contributions for shielding <5 g/cm2. 
 The two panels in the figure below (derived from Fig G.1, NASA Strategic Program Plan 
for Space Radiation Health Research) further demonstrate the biological importance of the GCR 
light ions more directly.  Behind 5 gm/cm2 of aluminum, their contribution to several biological 
endpoints (i.e., cell transformation, cell death, cancer, etc.) exceeds that of the higher Z ions.  As 
demonstrated in the previous figure, this contributory dominance becomes even greater as depth 
of shielding material increases.  We shall return to the importance of 5 gm/cm2 later in the 
proposal when motivating the volume of absorbing material. 
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1.1.2 Measurement Requirements 

In section 1.1.1 we identified the 
specific LRO mission objective that the 
CRaTER instrument will address.  From 
that broader objective, we identified a 
focused objective for the CRaTER 
instrument.  Finally, we identified four 
broad measurement goals that are required 
to achieve the stated CRaTER objective.  
The figure to the right summarizes the 
relationship between these three levels of 
objectives and goals.  In order to achieve 
the CrATER measurement goals, this 
section identifies the measurement 
requirements specifically needed, 
concluding with a summary traceability 
matrix mapping measurement goals to 
measurement requirements. 
CRaTER  Measurement Requirements for LRO 

To achieve our prime objective, we shall provide the key observations (LET spectra) 
outlined above that are, at present, a knowledge gap in the lunar radiation environment.  These 
LET spectra are needed to link cosmic ray spectra available in the lunar vicinity with the effects 
of those particles after they have passed through the shielding of a spacecraft structure and 
interacted not only with humans, but also with electronic parts vital to astronaut safety (e.g., 
logic circuitry of a life-support computer).  Here, we use the main mission objective ultimately to 
specify measurement requirements of CRaTER. 
Energy and Temporal Range and Resolution: 
Threshold Energy. Because LRO’s prime objective is on the effects of space radiation that might 
impact future manned planetary missions, the lowest important particle energy is that which 
penetrates the thinnest shielding material between an astronaut and the radiation environment 
(i.e., a space suit). This effectively defines the lowest energy threshold required for the LET 
spectrometer of a few MeV.  To understand the spectral response at these low energies, we 
should extend to energies lower than this by a factor of three.   
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Maximum Energy.  Practical considerations effectively constrain the high end of the LET energy 
range.  Slow moving, high-Z ions that give up much of their energy upon interaction will by 
definition yield large LET events.   Therefore, the instrument should be able to measure such 
high-Z particles.   Models show that these particles will produce signals commensurate with a 
deposition of >100 MeV/event.   
Energy Spectral Resolution. These spectra should be measured at an energy resolution that 
permits detailed comparison of LET at different points in the volume, potentially separated by 
small linear separations, but not at such high resolution that it is smaller than the practical noise 
floor of easily constructed instruments.  Accordingly, prudence dictates that the energy 
resolution be set around ~30 keV/channel in order to allow for detailed spectral comparisons at 
adjacent regions in the volume and to still have an instrument that is low risk and cost 
Time Resolution.  Statistically significant spectra should be accumulated over short enough time 
intervals such that dynamical features in the GCR/SEP can be resolved well.  During quiescent 
intervals, the counting rate will be dominated by the very slowly varying GCR foreground.  Over 
the above noted energy range, and with typical GCR fluxes, a geometrical factor of ~0.3 cm2-sr 
will yield several counts per second.  In one hour, a statistically significant sampling of up to 
10,000 events would permit construction of longer-term average spectra; this interval is still 
short compared to typical GCR modulation timescales.  With this same geometrical factor, much 
higher time resolution and still reasonably high quality spectra could be constructed on times 
scales as short as half a minute (~100 events). Such time resolution would allow us to construct 
maps of the LET spectra above the lunar surface, rather than as orbit averaged quantities.  Such 
maps could be used to identify possible radon outgassing sources (discussed below). During 
active solar cosmic ray events, the rates may go up many orders of magnitude.  This rise in 
overall flux is offset by the need to have higher time resolution measurements to temporally 
resolve, for instance, the change in spectral shape during a solar energetic proton event.   A 
geometric factor of ~0.3 cm2-sr will allow for statistically significant spectra with one-second 
resolution at these times, sufficient to capture these important transitions. 
Primary and Secondary Radiation Sources:  
Primary Sources: In order to fully characterize the lunar radiation environment, we must at a 
minimum measure the LET spectrum of the incident, primary GCR and SEP particles directly 
behind a thin shield (i.e., spacecraft hull or spacesuit) before it reaches the surface of “tissue” 
material.  This measure of the primary radiation is an essential  baseline for all other analysis.   
Secondary Sources: Another important source of cosmic ray-related radiation is from the lunar 
surface.  Cosmic ray lunar albedo and possibly other lunar energetic- particle sources, such as 
alpha particles from the decay of outgassing radon, will impinge a lunar orbiting spacecraft from 
below.  The LET spectrum of these secondary sources must also be characterized.  These bi-
directional (and presumably asymmetric) sources impose constraints on the orientation and 
geometry of the sensor system.  The sensor must be sensitive to cosmic rays arriving from free 
space while also being sensitive to cosmic rays arriving from the lunar direction. 
Material-specific Interactions:   
LET Spectrum after passing through thin shield (hull): Finally, as noted above, energetic 
particles interact with different materials in quite different and complicated ways.   There is 
therefore the need to obtain LET spectra in solid state material after only minor shielding, 
important for the electronic parts that comprise the robotic portions of a manned mission.  This 
measurement fills an important knowledge gap needed by spacecraft electronics engineers to 
assess SEE in key components in the lunar orbit. 
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LET Spectrum after passing through tissue: In addition, LET spectra behind human tissue, or in 
a material that closely approximates human tissue, is similarly required by space radiation effects 
modelers to understand impacts to humans.    These human effects objectives drive several 
measurement requirements:  another sensor is needed to record change in LET (light ion buildup) 
as the degraded spectrum behind the “hull” traverses tissue equivalent material.  Thickness of 
this material was motivated earlier:  5 g/cm2 is a critical value for assessing effects and testing 
models. Ideally, the change in LET spectra would be obtained after passing through several 
thicknesses of material in order to constrain radiation effects at various depths in a human body. 

 
 
1.2 MEASUREMENT IMPLEMENTATION 
 
We designed the 
following 
instrument in order 
to achieve the 
measurement 
requirements 
outlined in the 
previous section 
needed to meet our 
LRO-responsive 
measurement goals.  
The figure on the 
right illustrates 
instrument 
configuration and 
measurement 
concept.  The 
remainder of this 
section describes 
details of CRaTER  
implementation. 
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1.2.1 Payload Instrumentation Description 
 
The CRaTER Instrument  
  The investigation hardware consists of a single, integrated sensor and electronics box 
with simple electronic and mechanical interfaces to the spacecraft.  The CRaTER sensor front-
end design is based on standard stacked-detector, cosmic ray telescope systems that have been 
flown for decades, using detectors developed for other NASA flight programs.  The analog 
electronics design is virtually identical to the robust and flight-proven design of the 
NASA/POLAR Imaging Proton Spectrometer that has been operating flawlessly on orbit since 
1996.    The digital processing unit is a simple and straightforward design also based on similar 
instruments with excellent spaceflight heritage.  No new technology developments or supporting 
research are required for the final design, fabrication, and operation of this instrument.  In the 
following we describe the CRaTER telescope configuration, the telescope electronics, and 
placement on the spacecraft.  
 
CRaTER Configuration  

The figure below shows engineering drawings of the CRaTER instrument box.  The top 
left figure shows the top view of the instrument box which should be in the zenith-viewing 
direction.  The rectangular section houses the instrument electronics while the appendage on the 
right contains the main sensor; the circle on the top of this appendage is the entrance aperture of 
the telescope system for particles entering from the zenith. The bottom left figure shows a 
sectioned side view illustrating the placement of the electronic boards needed to support the 
sensor and to interface with the spacecraft, as well as, a cross section of the telescope.  The 
middle figure is an exploded cross-sectional view of the telescope, while the rightmost figure 
labels the telescope detectors and key volumes that comprise the main sensing elements. 

 
The CRaTER telescope consists of five ion-implanted silicon detectors (red areas), 

mounted on four detector boards (green areas), and separated by three pieces of tissue-equivalent 
plastic, hereinafter referred to as TEP (tan areas). All five of the silicon detectors are 2 cm in 
diameter. Detector 1 is 20 micrometers thick; the other four are 300 micrometers thick. 

TEP (such as A-150 manufactured by Standard Imaging) simulates soft body tissue 
(muscle) and has been used for both ground-based as well as space-based (i.e., Space Station) 
experiments. In CRaTER, the detector stack is surrounded by three volumes of TEP in order to 
measure the LET spectra through representative depths of simulated tissue. TEP consists of 
polyethylene, nylon, carbon black, and calcium fluoride, has a density of 1430 kg/m3, and has an 
electrical resistivity on the order of 2 ohm-meters.  Granulated TEP compound will be molded 

TEP 
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into the absorbing shapes shown above, then fully encapsulated in a thin, sealed, aluminum 
canister, and finally integrated mechanically into the sensor head assembly. 

The two spherical segments of TEP have a thickness of 2.1 cm, the cylindrical center 
segment is 1.4 cm thick. The total thickness is approximately 8.7 gm/cm2; depths less than and 
up to this total thickness span the interesting ranges discussed in the earlier section. This 
thickness was selected to be thick sufficient for application to human exposure without being 
prohibitively bulky for the LRO mission.  The top and bottom TEP segments define a conical 
segment with a full opening angle of 60 degrees.  This design assures that preferred particle 
events will be passing through well-constrained thicknesses of TEP.  As noted earlier, 
knowledge of the particle path length is important in going from measured lineal energy to LET.  
The CRaTER is designed to maximize knowledge of path lengths in the simplest possible 
manner.   The geometric factor of this overall telescope configuration is ~0.29 cm2-sr, a desirably 
large value despite the comparatively small size of the instrument. This geometric factor assures 
rates of order several counts per second with typical GCR spectra and perhaps several thousand 
counts per second during large events.    These rates will permit the construction of high fidelity 
spectra on timescales that are short compared to all expected dynamical timescales (e.g., the rise- 
and fall-times of SEP events). 

The telescope is bi-directional and senses and analyzes particles passing through its five 
detectors. However, there is an up-down asymmetry in the sensor head.  Let us first describe the 
primary GCR/SEP sources.  Particles entering from the top (i.e., the zenith surface of the LRO 
s/c, facing away from the Moon) pass through the detector stack in the direction of increasing 
detector number.  Only a thin layer of aluminum (0.03”) separates the top of the detector stack 
from space.  Detector 1, the 20 micron thick detector, thus provides a primary measurement of 
the relatively low-energy particles in near-lunar space, in particular ions from an energetic solar 
particle event. These particles will produce high LET events.  These low energy particles could 
be especially important in EVA situations when the astronauts are not well shielded and Detector 
1 will provide measurements of this important low energy portion of the spectrum.    

 
We used SRIM to calculate the characteristic higher-end energy responsivity of CRaTER.  

Particles entering from above at normal incidence with energies of 57 MeV will produce 
detections in Detectors 1, 2, and 3 and then stop before reaching the central cylinder of TEP.  
Likewise, particles of 78 and 99 MeV reach detectors 4 and 5, respectively, and then stop. This is 
illustrated in the left figure below.  Particles incident from above with energies greater than ~100 
MeV penetrate all five 
detecting elements of the 
CRaTER telescope.   The 
right figure compares the 
expected energy of a proton 
once it has passed through 
the telescope as a function 
of incident proton energy, 
demonstrating that particles 
>100 MeV will not be 
stopped within the 
telescope. 
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The Galactic Cosmic Ray (GCR) spectrum for 
several chemical species is shown in the figure to the right. 
The variability in the spectra below a GeV/nucleon is due 
to the variability in the modulation of the GCR over a solar 
cycle. An important point to note is is that a significant 
majority of the GCR (i.e., those >100 MeV) will penetrate 
the entire telescope. This is even true of the heavy 
particles, although many secondaries will be formed in 
their cases.  The GCR spectrum begins to fall very rapidly 
at much higher energies (>1000 MeV), thus making 
detection difficult.  The CRaTER design was optimized to 
cover the most important energy ranges; cosmic ray fluxes 
in this range are high and that allows us to design a compact sensor without the need for a very 
large geometric factor that would drive cost, volume, and mass. 

Particles coming from “below” must first pass through the large and complicated mass of 
the LRO spacecraft before encountering the detector stack.  Consequently, they will be produced 
by the higher energy portions of the spectrum.  Because these upward-moving particles (i.e., in 
the direction of decreasing detector number) must pass through so much material, the signal at 
the detectors will be dominated by their secondaries.  Particles sensed coming from this direction 
(the spacecraft nadir) represent the penetrating radiation produced after passing through the most 
heavily shielded parts of a spacecraft.  Thus, together we will be able to explore the two 
extremes of radiation exposure facing humans in space; the minimal shielding case characteristic 
of the zenith direction into Detector 1 and the massive shielding case characteristic of the nadir 
direction.  A more typical thickness (~5 gm/cm2) is achieved by particles coming through the 
zenith direction and penetrating the entire stack.  CRaTER will measure and characterize the 
effects of both. The nadir direction is interesting for another reason.  At the low altitudes of the 
LRO s/c, the Moon blocks the primary interplanetary energetic-particle flux. This direction will 
be sensitive to the lunar cosmic ray albedo flux and other lunar energetic-particle sources such as 
alpha particles produced from the decay of outgassing radon at the Moon’s surface.  

Regardless of directionality, events in the five detectors are placed in coincidence. 
Coincidences between detectors as well as geometrical design assure well-defined path lengths, a 
measurement requirement described earlier.  The pulse-pair resolution is of the order of 500 
nanoseconds.  At the relatively low expected counting rates (determined by the GCR spectrum 
and the instrument geometric factor), accidental coincidences between two particles passing 
through different paths will be essentially nil except possibly in the case of an exceptionally 
large SEP event. Each pulse-height in a valid event is digitized using a 12-bit ADC in order to 
provide high-resolution pulse heights for each event (electronics details are described below). 

There are many possible coincidence conditions and these are summarized in the figure 
below; two representative ray paths (red arrows) and their detector coincidences are labeled for 
convenience.  (Here and in the following table we ignore explicit Detector 1 coincidences, noting 
that its purpose is to provide additional, important information on high LET events.  )  Most but 
not all of these coincidences are of relevance and are important diagnostics.  In the figure below, 
high priority coincidences are shaded in green, useful diagnostic coincidences are shaded in 
yellow, while other coincidences are shaded in red.   

Of primary interest is 2•3•4•5, that is, a particle (and/or its secondaries) traversing the 
entire telescope length, more or less along the axis of the sensor, and leaving a signal in every 
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detector.  Of course, as noted above, Detector 1 would be in the coincidence in the case of an 
initial particle with a relatively high LET; if the incident particle has a low LET it would be 
below the threshold of the thin Detector 1. Thus each of these principal events (2•3•4•5) gives a 
four or five-fold sample of the LET of the incident particle, permitting a very detailed analysis of 
the particle’s path and hence LET (underline denotes a non-detection). 

 
Other coincidence conditions of major interest include: 2•3•4 and 2•3•4•5. These events 

will largely be low-energy events unable to penetrate the entire stack. These events provide 
useful constraints on the incident energy of the particle.  The symmetry of the telescope means 
that there can be similar events for upward moving particles such as 5•4•3. However, because of 
the large amount of mass shielding the telescope from below, such events will be much fewer 
owing to lower fluxes at the higher incident energies required. In fact, these events are a very 
useful diagnostic. Another common event will be 3•4 because of the larger solid angle of 
acceptance when coincidences with 1 and 4 are not required.  This important coincidence 
provides another very clean measure of path lengths through the sensor stack. 

Some coincidence conditions provide useful diagnostics. Events where a detector is 
skipped may indicate the presence of neutral particles. Such an event might be 2•3•4 where an 
incoming proton triggers 2, creates an energetic neutron in the TEP above 3, the neutron passes 
through 3 undetected, and then creates an energetic proton in the TEP below 3 that is 
subsequently detected in 4.  Such events can be used statistically to determine the relative 
importance of scattering within the sensor.  In addition, we note that during large SEP events, we 
may ignore 1 and 2 detections, that is, look at 3•4 and 3•4•5 events as a first priority. This would 
greatly reduce the event rate.  A complete assessment of detector coincidences and their use in 
identifying and prioritizing valid or diagnostic events will be a study conducted during Phase A 
of this program. 

  
CRaTER Electronics Design  
 
The CRaTER electronics design is summarized in the functional block diagram shown on the 
next page; two of the five detectors are shown for example.  Particles passing through the sensor 
head may or may not strike a detector depending on the angle of incidence.  Those entering 
within a 60-degree cone centered on the telescope axis will be sensed in one or more detectors, 
depending upon the particle’s incident energy.  A string of amplifiers boost, shape, and then 
baseline restore the signal with a shaping time of ~ 1 microsecond.  When the deposited energy 
in one or more detectors exceeds a threshold energy (~300 keV), coincidences of that signal with 
signals from other detectors are sought.   The instrument records the coincidences, the particle 

2•3•4•5 2•3•4•5 
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energies in each detector, and time tags them.  It also records the rates recorded in each single 
detector as a function of time.  These data are buffered, collected into data packets which are 
then prepared for communication to the s/c data bus.  A low voltage power supply converts 
spacecraft power into clean power at several voltages needed for the analog, digital, and detector 
bias.  The hardware team (The Aerospace Corporation, Boston University, and MIT) have 
extensive 
experience with 
instruments of 
this kind.  
CRaTER has 
low complexity 
compared with 
other 
instruments that 
they have built.  
Each major 
subsystem 
(detection, 
analog 
conditioning, 
and digital 
processing) is 
rich in flight 
heritage.  These 
elements are detailed next. 

The vitally important “eyes” of CRaTER are its 
detectors.  We have chosen a second-generation detector 
that matches our requirements from an established and 
highly successful vendor. The detectors selected for LRO 
were designed and will be fabricated by Micron 
Semiconductor.  These detectors were originally designed 
and fabricated for two previous NASA missions.  They 
have been selected for flight in the IMPACT sensor aboard 
the STEREO spacecraft, and in the HILET sensor aboard 
the TWINS 2 host satellite. In both missions (STEREO and 
TWINS), 20 micron versions of these detectors were used.   As noted above, CRaTER requires 
one with this thickness but four that are considerably thicker.  This is not an issue.  We note that 
the 20 micron detectors are first made 300 micron thick, and then etched to the desired thickness 
of 20 microns. Thus, the 300 micron detectors are a straightforward variation of the 20 micron 
design and represent no risk to this project.  A photograph of the STEREO version of the 
detector we shall use is included above right.  The three active areas seen in the figure (a central 
spot and two half annuli) will be ganged together for our application, a minor fabrication detail. 

The front-end analog electronics will be designed using the classic charge amplifier 
circuit topology with flight-proven components from Amptek Corporation.  There will be five 
identical channels in the design, one for each of the five detectors.  The preamplifier stage will 
be designed to provide a fixed gain of 22 mV/MeV to handle a maximum energy deposit of 140 
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MeV in the detector.  The 3-pole 
shaping stage will produce a pseudo-
gaussian pulse with approximately 1 
microsecond shaping time.  Due to the 
relatively modest event rates even 
during high solar cosmic ray fluxes, 
low-power 100-ksps successive-
approximation 12-bit A/D converters 
will be used for each channel’s PHA 
function.   While the large detector 
capacitances (i.e., especially the thin 
front detector) drive the noise-to-signal 
ratio, the JFET input stage operating at a 
drain current of ~3mA in conjunction 
with the long shaping time will still 
produce a noise floor below 30 keV in all detectors, which is approximately 1-bit (negligible) 
and very small compared to the ~300 keV threshold (see below). 

We note that the analog electronic components in the CRaTER design are from Amptek, 
and have been used by Aerospace in earlier spaceflight hardware including the CEPPAD mission 
aboard the NASA Polar spacecraft.  CEPPAD also used Micron Semiconductor detectors and 
they have performed remarkably well.  The Polar instrument continues to function nominally 
after eight years of flawless on-orbit operation.  Indeed, the CEPPAD analog design is so mature 
and transferable to this program, that the photograph of the CEPPAD analog electronics flight 
board shown to the right from the IPS flight instrument will be nearly identical to the boards 
designed and fabricated for CRaTER.  Consequently, the entire front end electronics are mature, 
and we are confident that this important aspect of CRaTER is low risk and, cost, mass, volume, 
and power estimates are robust. 

The coincidence block will incorporate a high gain bipolar shaping amplifier with zero-
crossing discriminator on each channel. As determined by the earlier stated measurement 
requirements, the low energy threshold will be set at about 280 keV to give a comfortable 
dynamic range of 500 for this fixed threshold and gain design (~0.3 to 140 MeV). Each of the 
valid coincidence types satisfying a one microsecond window between detector pairs will be 
stored in a memory buffer for readout by the data processing unit interface.  Rate scalars, 
coincidence counters, and logic elements will be handled in a simple FPGA. The detectors will 
be biased at relatively low voltage (e.g., <10V in the front detector and <50V in the back 
detectors) because of their high electrical resistivity, thus eliminating the need for high voltage 
supplies and thereby significantly reducing instrument risk.  Low voltages will be provided by 
the data processing unit interface from a low voltage power supply. 

The Digital Processing Unit (DPU) waits for an interrupt from the five-detector analog 
string.  Upon receipt it gathers the available information from the A/D converter plus some 
science status information and packs this into the waiting CCSDS telemetry packet.  When 
sufficient events have been accumulated the DPU forwards the complete telemetry packet to the 
spacecraft for storage in the telemetry system.  Each packet is time-tagged to the nearest second, 
indicating the arrival time of the events contained within the packet.  Data rates are sufficiently 
low that data compression is not required. The DPU also processes the (infrequent) instrument 
commands which have been forwarded by the spacecraft (again, uplinked as CCSDS packets).  
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These commands turn detectors on and off, set trigger thresholds, and periodically request a full 
engineering housekeeping dump.  As demonstrated on many recent NASA projects, all of these 
functions can be incorporated into a single FPGA; no instrument CPU or associated software is 
required.  Furthermore, no spacecraft processing of the telemetry data is required since the DPU 
emits fully compliant CCSDS packets. 

The electronics boards will be housed in a box that is integrated with the sensor housing.  
The three figures below show this configuration.  The CRaTER electronics and mechanical 
packaging will be simple interfaces to the spacecraft.  

 

 
 

 
Fabrication, Test and Verification, and Calibration 
Conceptual Plans 
 

Fabrication.  The flight mechanical structure, including 
the sensor head TEP elements, will be fabricated at the 
Scientific Instrumentation Facility at Boston 
University.  Flight electronics boards will be fabricated 
at the MIT Center for Space Research (CSR); flight 
parts procured for CRaTER will be placed into their 
bonded storage facility.  Upon completion of the 
mechanical structures and flight boards, BU personnel 
will work with CSR personnel to assemble the flight 
unit and that unit will be delivered to BU. 
 

Test and Verification.  During the development phase, a test and verification plan will be written 
based on work with an engineering model.  A verification matrix will be established that 
describes the tests that are to be performed on components, development units, and 
subassemblies. Tests will include low-level items such as subsystem powers and voltages under 
different operating conditions as well as high-level items such as end-to-end system performance 
(e.g., noise) as a function of environmental factors (e.g., temperature) and as a function of 
measurement  conditions (e.g, rate).  Flight detectors will be screened upon delivery and 
characterized (capacitance, leakage current, etc.). Once the regular test matrix has established 
baseline values, performance will be verified periodically with functional tests, both at the 
subsystem and eventually integrated system level, and before and after environmental tests. 
 

Calibration.  CRaTER’s electrical design includes a built-in calibration system that will be used 
on the ground for testing, verification, and validation as well as in-flight to assess calibration 
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stability with time.   Charge pulses of a known amplitude are injected just downstream of each 
detector to simulate a charged-particle event.  This pulse can thereby be used to test the analog, 
A/D, digital logic, and telemetry output from end-to-end with virtually every part of the 
instrument, except the detector, involved. An internal calibration system of this sort was used 
successfully on the NASA POLAR/IPS instrument.   Extensive beam time has been planned at 
the 88” cyclotron facility at the Lawrence Berkeley Laboratory.  The Aerospace Corporation, PI, 
and other team members (Kepko and Kasper) generally have extensive experience with 
instrument calibration; Aerospace and the PI have extensive experience with the 88” accelerator 
and its use for calibrating numerous other similar flight experiments.   This facility will provide 
the energy coverage and particle types needed to characterize the CRaTER flight instrument.  A 
significant amount of time has been budgeted for this vitally important activity.   
 
1.2.2 Payload/Instrument Integration 
 

The CRaTER instrument requires only limited resources and has no extraordinary 
accommodations required for integration with the LRO spacecraft.   The sensor unit is covered 
such that it is insensitive to environmental conditions such as electromagnetic fields, gaseous 
effluences, organic contamination, etc.  The instrument uses no hazardous, toxic, ozone 
depleting, and nuclear materials.  An accounting of resources of the CRaTER instrument are 
provided next and summarized again in Appendix 9. 

 
Mechanical and Electrical Interfaces, Pointing Requirement, and Volumetric Envelope 

The engineering drawings of CRaTER show the dimensions and footprint of the 
instrument.  As shown in the conceptual drawing earlier in this section, we designed the box to 
mount on the zenith-viewing deck of the LRO spacecraft.  Presumably, the imaging instruments 
solicited in this AO 
must be nadir-
viewing; the CRaTER 
instrument will not 
consume any of this 
valuable spacecraft 
resource; indeed, the 
measurement 
requirement shows 
the nadir-viewing 
deck to be the least 
desirable location.  If 
for any reason the 
upper deck is not 
available for 
CRaTER, then 
options exist for 
mounting the 
instrument on the side 
of LRO.  A configuration redesign could be accomplished easily during the Phase A 
accommodation period.  The drawing above identifies the possible location of electrical/data 
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interface between the instrument and the spacecraft.  This too could be changed during the Phase 
A review. 

The telescope axis should be pointed approximately along the zenith, though this is only 
an extremely crude requirement. The up-looking 60-degree aperture needs to be viewing space 
while the down-looking 60-degree aperture should have the Moon in its field of view.  The 
pointing requirements of the imagers will more than adequately provide this crude pointing 
requirement for CRaTER. 
 The CRaTER footprint is 24.257×20.955 cm (9.55×8.25 inches) and the box is 11.557 
cm (4.55 inches) tall.  The volumetric envelope is ~5875 cm3.  For reference, we point out that 
the overall CRaTER volume is just ~1/10th that of the cosmic ray telescope, CRIS, shown earlier 
in Section 1.1.1, a sophisticated instrument that is in orbit on the ACE spacecraft. 
 
 The estimated mass budget is shown in the table to 
the right.  The total estimated mass including mechanical 
structure, electronics boards, and sensor components is 4.3 
kg (9.5 pounds).  With a 30% allowance for mass reserves 
then the total CRaTER mass is 5.6 kg (12.35 pounds). 
  

The estimated power budget is based on the following:  a 1553 interface, five detector 
channels, a higher than likely current in the front-end FETs for optimum noise, and fast ADCs on 
each channel.   These assumptions should provide a conservative estimate of the total power.    

Component/Subsystem Basis for estimate Average (W) 
Detector Boards FET bias current dominates 0.1 
PHA Analog Board Shapers and diSEPiminators 0.5 
ADC/Scalars Dedicated 100 ksps ADC chips and A1280 FPGA 0.7 
DPU Recent system delivered for TWINS program 1.7 
Subtotal  3.0 
Low voltage power supply efficiency 65%  
Power Estimate  4.6 
Power Reserves 30%  
Total Average Power  6.0 

The total average power, including 30% reserves is 6.0 Watts.  There will be no significant 
power variation in the analog section of the instrument.  However, during the brief periods of 
data transmission, the 1553 transformer interface to the spacecraft could draw up to 600 mA at 
5V driving peak power to 9.0 Watts. 
 

The estimated telemetry and command requirements for CRaTER are modest. The 
instrument geometric factor is ~0.3 cm2-sr. The GCR flux is ~10 events per second. Thus our 
typical count rate will be relatively low, up to three counts per second. If each event trips all 5 
detectors, digitized at 12 bits, plus singles rates and housekeeping, then our nominal data rate 
is ~200 bits per second.  These data are collected continuously corresponding to a total volume 
of 17 Mbits per day.  During rare solar energetic particle events the rate can go up significantly 
(> x10). The LET spectrum will change during these times and these are important transitional 
measurements.  Consequently, these less frequent periods will drive our maximum data rate 
higher to several thousands of bits per second or higher.  We can expect several such events 
per year during the LRO mission, each lasting ~ 1 day (i.e., ~1% of the time).  An adaptive T/M 
spacecraft system that interrogates our instrument and can deal with a highly variable rate is one 
possibility.  Another would be to command the s/c to dump our memory to the spacecraft on-
board memory capability – even in our high rate case we would not levy significant drains on the 

Component/Subsystem Weight (kg) 
Mechanical Structure 2.3 
Electronics 1.5 
Sensor 0.4 
Fasteners 0.1 
Subtotal 4.3 
Mass Reserves 1.3 
Total Mass 5.6 
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large LRO spacecraft memory resource.  We do not need real time data.  No onboard data 
processing is required for our instrument. 

 
The detectors and JFETs are the main consideration regarding thermal limits; generally 

speaking, detector noise scales with temperature in this critical part of the analog chain.   Colder 
is better (-30 to 0 C). Fortunately, in our case, the cosmic ray signal amplitudes will always be 
significantly higher than noise sources, including thermal noise.  Therefore, CRaTER is 
moderately immune to thermal conditions.  Nevertheless, for the health and optimal operation of 
the detectors a nominal operating temperature range of -30 to +35 C is desired (this is the 
range specified for the HiLET sensor on TWINS that uses the same detectors as CRaTER).  At 
temperatures below -40 C and above +50 C we would go to keep-alive and non-operating 
storage states, respectively.  

 
1.2.3 Ground Operations 
 

A measurement ground operations facility will be implemented at BU.  Requirements for 
pre- and post-launch ground operations support for CRaTER are minimal. We will provide for 
CRaTER command generation and transmission to the LRO Project office at GSFC and will be 
prepared to retrieve telemetry data to assess regularly sensor performance and health and 
welfare, retrieve instrument measurement data, allow for remote participation in the operations 
decision process, and provide a means for validating measurements and preparing data for 
archiving.    There will be very little in-flight commanding since the instrument has essentially 
only one operating mode.  Thus, command generation support will be sparse.  Since the data 
stream is regular, simple quick look views of sensor performance and engineering quantities will 
allow for easy assessment and validation (see Section 1.2.5) by our operations staff.   Co-I 
Kepko will oversee the ground operations facility.  The BU operations facility and network will 
comply with all project-required security requirements.  The cost to develop and maintain this 
site is estimated to be $299,000 (see WBS elements 6.0 and 8.0), including salary for co-I 
Kepko, computer servers, disk storage, and other related expenses. 
 
1.2.4 Flight Operations 
 

As noted previously, the CRaTER instrument has few operating modes and a regular data 
stream.  There are no high voltages so power-up and power-down procedures are trivial.  
Straightforward visual interfaces on ground support equipment will facilitate ease of use and 
interpretation by ground personnel.  In-flight calibration will occur at scheduled intervals and 
require no ground personnel action once the command to calibrate is uploaded.  No real-time 
ground support requirements, special equipment, or special skills of ground personnel are 
required during flight operations. 
 
1.2.5 Data Reduction and Validation 
 

Following established NASA policy, there shall be no period of exclusivity for data rights 
for the CRaTER measurement investigation.  Accordingly, we shall work diligently to provide 
validated data to the community as quickly as feasible. The relatively low data rate of the 
CRaTER instrument simplifies considerably data reduction and validation. At nominal data rates 
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characteristic of 99% of the time, the daily data aggregate will be ~17 Mbits. The volume of data 
products is small (~17 Mbits/day) and therefore pose no storage issues.  We expect the time from 
receiving the level zero data to providing validated data to the community will typically be less 
than 3 weeks. Events of special significance will be processed and available within a day. In 
addition, all efforts will be made to accommodate special requests from other instrument teams 
on LRO and scientists from related disciplines. Co-Investigator Kepko will coordinate the data 
reduction and validation activities. 

All data processing software will be written in IDL, allowing for quick development and 
wide usage. The CRaTER instrument will have been calibrated on the ground.  Periodic in-flight 
tests of the calibration will be checked against an internal pulser system.  Any gain changes or 
level shifting will be well documented.  Should routine validation reveal unexpected results in 
the measurements, the flight spare will be used to understand the inflight response. 

Within a few days of receiving the level zero data, they will be processed to extract the 
raw data products. These are the time-tagged singles rates, coincidence information, and LET 
spectra. We will generate quick-look images that will be examined by members of the CRaTER 
team. Once validated, the data will be archived and placed on the webserver for open access. 
Prior to launch, we will build an easy-to-use web interface for open access to the data. Both 
count rates and the spectra will be stored in CDF file formats, and users will have the option of 
downloading the data in CDF or text formats. Web-based plotting of both time-series LET 
spectra, and ancillary GCR spectra will also be available. 

 
Every three months all available data will be delivered to PDS for permanent archiving. 

Because the CRaTER data will be stored locally in CDF format, adherence to the PDS standards 
is easily attained.  Data products delivered to the PDS shall be documented, validated, and 
calibrated in physical units useable by the measurement community at large.   
 All members of the measurement team will play an active role in the analysis of CRaTER 
observations.  Co-Investigator Townsend and his colleagues at UTK will lead the modeling 
effort needed for closure between theory and observations. The PI and Collaborator Golightly 
will work closely with the UTK team on this effort.   Co-I’s Blake, Mazur, Kasper, and Kepko as 
well as Collaborator Onsager will study the cosmic ray and LET spectra properties.  We will 
work collaboratively through regular science meetings as we have done in the past on other 
projects.  This measurement team will aggressively disseminate the results of the CRaTER 
experiment rapidly and broadly through all the relevant societies and journals.  The Phase E 
efforts are significant and will allow for timely and comprehensive interpretive papers to appear 
in the peer-reviewd literature.  Over $550,000 has been budgeted (WBS element 7.0), including:  
salaries of those who analyze the data, those who build relevant models, and those who compare 
the measurements with models as well as publication charges and associated costs.  Pre-Phase E 
dissemination of results is anticipated in such journals as Reviews of Scientific Instruments. In 
Phase E, we anticipate publications to journals associated with IEEE, AGU, and AIP as well as 
to highest-impact journals such as Nature. 
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1.2.6 Roles and Responsibilities 
 

This section outlines the specific roles and responsibilities of the PI and each co-
Investigator.  All Co-Investigators have a substantial, well-defined role in the measurement 
investigation. Also listed are unfunded collaborators who are members of the measurement team.  
The PI is listed first, followed by co-I’s, listed alphabetically by institution, and then finally 
collaborators.  Their CVs can be found in Appendix 2.   

This measurement team’s effort is supported at each institution by a professional group of 
senior-level engineers, program managers, and research associates in theory and modeling, 
collectively with a rich heritage in spaceflight projects.  These key personnel are discussed in 
Part II of this proposal.  Graduate students and other young professionals are integrated into the 
team, representing the next generation of space instrumentation scientists, engineers, and 
managers.   

 
Principal Investigator- Prof. Harlan E. Spence (BU) 

Roles and Responsibilities – Prof. Spence will head the CRaTER investigation and will be solely 
responsible for all aspects of the measurement investigation including instrument design, 
development, test, and delivery to GSFC per the LRO project schedules.  This responsibility 
includes not only the integrity of the measurement investigation but also the complete 
investigation (development and operation).  This includes provision of the experiment hardware, 
software, ground support equipment, including any necessary simulators, and support of mission 
operations planning and execution, data analysis, planning and implementation of an appropriate 
education and public outreach program, and timely archiving of calibrated data into the NASA 
Planetary Data System (PDS) and publication of results. 
Relevant Experience – Dr. Spence has over 25 years experience in the space sciences.  Over this 
time he has been involved in several related missions including analysis of data from GOES, 
WIND, Geotail, SCATHA, Polar, and others.  Starting in 1990, he was co-Investigator on the 
NASA Polar CEPPAD and CAMMICE energetic particle experiments and was the lead 
investigator overseeing the design, development, and calibration of the IPS sensor of CEPPAD 
while still a member of The Aerospace Corporation.    More recently, he is co-Investigator of an 
energetic particle sensor (the Loss Cone Imager) being built at Boston University as part of the 
Air Force DSX flight program.  He has published in diverse areas of space physics, including:  
planetary magnetospheres, auroral physics, ionospheric instabilities, radiation belt physics, 
radiation effects on spacecraft, heliospheric physics, and cosmic rays.  Spence is Chairman of the 
Department of Astronomy and co-Director of the Center for Integrated Space Weather Modeling 
and has a strong personal and professional commitment to education, outreach, and promoting 
diversity. 

Co-Investigator- Dr. J. Bernard Blake (The Aerospace Corporation) 
Roles and Responsibilities –Dr.  Blake will be a member of the measurement team and will 
oversee the management of The Aerospace Corporation design effort.  Blake will be responsible 
for the interpretation of the LET measurements as they relate to SEE in electronics parts through 
related programs at Aerospace.  Blake will also play a significant role in calibrating CRaTER. 
Relevant Experience – Dr. Blake has over 42 years experience at The Aerospace Corporation in 
developing spaceflight hardware.  Dr. Blake has been an investigator on many scientific satellite 
missions beginning in 1963, including ATS-1, ATS-6, OV3-3, S3-3, VIKING, CRRES,  
SCATHA, ULYSSES, SAMPEX, POLAR, Cluster and TWINS. He also has been an 
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investigator on over a dozen USAF engineering missions.  Scientific research areas have 
included: beta decay, the Mossbauer effect, magnetospheric, auroral and cosmic-ray physics, and 
nuclear astrophysics.  Applications have encompassed space-radiation dosimetry, space climate 
and weather, the effects of nuclear weapons upon ground and space systems, nuclear safeguards, 
the interaction of the space environment with satellite systems, radiation damage effects, single-
particle phenomena, and anomaly analyses of various satellite subsystems.  Currently, Blake is 
Director of the Space Sciences Department of the Space Science Application Laboratory (SSAL) 
where all work at The Aerospace Corporation will be carried out.  SSAL has designed, 
developed, and built flight experiments for over forty years;  to date, 196 experiments have been 
flown on more than 69 spacecraft and 32 rockets. 

Co-Investigator- Dr. Joseph Mazur (The Aerospace Corporation) 
Roles and Res[onsibilities – Dr. Mazur will be a member of the measurement team, will oversee 
The Aerospace Corporation calibration effort, and will provide ancillary cosmic ray spectra and 
their interpretation from his participation in other spaceflight missions, including ACE.  Mazur 
will be responsible for the interpretation of the LET measurements and their association with the 
parent cosmic ray populations derived from ancillary spacecraft observations.  Mazur will lead 
The Aerospace Corporation’s effort in instrument calibration at the Lawrence Berkeley 
Laboratory’s 88” cyclotron facility; funds to support the use of this facility (used regularly by 
Aerospace staff from the SSAL) are budgeted. 
Relevant Experience – Dr. Mazur has over 20 years experience at The Aerospace Corporation 
and The University of Maryland in spaceflight hardware projects. These include SAMPEX, 
ACE, Ulysses and several AF programmatic satellites.  Mazur is an expert in the interpretation of 
solar energetic particle measurements observed in interplanetary space. 

Co-Investigator- Dr. Emil Lawrence Kepko (BU) 
Roles and Res[onsibilities – Dr. Kepko will be a member of the measurement team and will lead 
the E/PO, CAL, and IODA efforts at Boston University.  Kepko will be responsible for 
overseeing the E/PO effort that will span the mission phasing.  During the middle of Phase D, 
Kepko will focus on the calibration efforts. During the end of Phase D and into Phase E, Kepko’s 
responsibility will shift to the operations data facility and management. 
Relevant Experience – Having earned his PhD in 2001, Dr. Kepko has already had experience in 
three major NASA flight programs:  FAST, Galileo, and Cluster.  Before entering graduate 
school, Kepko worked at UCLA in the IGPP as a programmer for the analysis of spacecraft data, 
working with scientists such as Dr. Raymond Walker, a pioneer of the Planetary Data System 
(PDS).  Therefore, even though still a young professional, Kepko already has 11 solid years 
experience working with computers and large planetary data sets in a scientific environment. 
During the development of Galileo and Cluster, Kepko was responsible for developing 
calibration techniques for the magnetometer. Kepko was recently promoted to the rank of Senior 
Research Associate, has taught courses at BU, and is a Lecturer at Boston College.   

Co-Investigator – Dr. Justin Kasper (MIT) 
Roles and Responsibilities – Dr. Kasper will be a member of the measurement team, will be the 
measurement team liaison to the MIT engineering effort, and will play a role in the instrument 
calibration.  Kasper will be responsible for in-flight assessment of sensor performance relative to 
calibration and for the analysis of LET spectra.   
Relevant Experience – Dr. Kasper earned his PhD in 2003 and is a future leader in his field.  
Presently, he is a Research Scientist at MIT’s Center for Space Research where he has 
participated in the construction of the Faraday Cup plasma instrument for Triana, including 
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thermal-vac, beam calibration, and design of analysis software.  While he was an undergraduate 
at the University of Chicago, Kasper was mentored by Prof. John Simpson, working on the 
interpretation of cosmic ray data from energetic particle telescopes on CRRES, IMP-8, and 
Ulysses, calculating the energy spectra of  atomic species based on digital logic rates and pulse 
height analysis similar to the CRaTER design.  

Co-Investigator- Dr. Lawrence Townsend (University of Tennessee, Knoxville) 
Roles and Responsibilities Prof. Townsend will lead the LET modeling effort and will be the 
lead of the measurement team.  His responsibility will be to provide theory/data closure through 
the use of models he has developed for estimating radiation effects in matter.  Townsend will 
provide important advice on instrument design during Phases A and B, and he and graduate 
students will contribute heavily to the publication efforts in Phase E. 
Relevant Experience – Dr. Townsend has over 25 years of professional experience and is a 
former member of NASA Langley Research Center space radiation protection research group.  
There, he developed deterministic space radiation transport codes, BRYNTRN and HZETRN.  
Recently, he has incorporated high energy, heavy ion interaction databases and transport models 
into the HETC Monte Carlo computer code system for Human Exploration in Space applications 
for NASA.  He and his research group at UTK calculate LET spectra (especially the 
contributions from Z = 1-3) at various depths within different materials.  Research interests 
include:  He has extensive experience with NASA, serving on space radiation protection 
advisory panels and has expertise in radiological engineering and health physics.  Townsend is 
the Robert M. Condra Professor of Nuclear Engineering at UTK. 

Unfunded Collaborator – Dr. Michael J. Golightly (Air Force Research Laboratory) 
Roles and Responsibilities – Dr. Golightly will provide technical guidance to the CRaTER 
development team and will be an unfunded member of the measurement team.  He will be 
responsible, along with Prof. Townsend, for assuring that instrument design will provide the best 
possible data for use by the radiation effects and human health safety communities. 
Relevant Experience – Dr. Golightly was at NASA Johnson Space Center’s (JSC) Space 
Radiation Analysis Group (SRAG) until September 2004.  JSC SRAG is the focal point within 
NASA for crew radiation health protection. While at JSC, Golightly led a comprehensive range 
of activities with JSC engineers and scientists ranging from measuring biological effects to 
physical environmental model development.  Golightly’s move to AFRL (near Boston) facilitates 
his involvement in CRaTER.  His role at AFRL is to develop new cosmic ray detection 
instrumentation; though unfunded, AFRL management has indicated that Golightly can work 
10% (~210 hours/year) on CRaTER-related activities. 

Unfunded Collaborator – Dr. Terrence Onsager (NOAA/Space Environment Center) 
Roles and Responsibilities – Dr. Onsager will provide access to ancillary cosmic ray 
measurements to be obtained by the GOES spacecraft throughout the LRO mission.  As an 
unfunded member of the science team, he will aid in analysis of the joint GOES/CRaTER data. 
Relevant Experience – Dr. Onsager has over 20 years experience as a space scientist, working on 
flight programs at several institutions including the University of New Hampshire and Los 
Alamos.  Since being at NOAA’s Space Environment Center, Onsager has assumed leadership 
roles in their flight programs, including instrumentation on the GOES spacecraft that is relevant 
to CRaTER.  Onsager is an expert in the interpretation and analysis of the GOES cosmic ray 
measurements. 
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2.  MANAGEMENT, SCHEDULE, AND COST 
2.1 MANAGEMENT 
 

An experienced highly qualified team headed by Boston University (BU) and including the 
Massachusetts Institute of Technology Center for Space Research (MIT CSR), the Aerospace 
Corporation and a world-class investigation team is poised to conduct this program.  

 
The CRaTER Program will utilize the PI mode of management with clear lines of authority, 

program controls, roles, and responsibilities. The entire program team is committed to the 
following objectives and processes:  

• Maximum data return with low cost, schedule, and technical risk to NASA.  
• Project management by an experienced manager at BU who reports to the PI.  
• Total visibility and involvement by NASA.  
• Clear institutional responsibilities; institution management commitment.  
• A lean, effective organizational structure.  
• A continuous risk management process.  
• Independent Red Team Reviews.  
• Independent mission assurance functions.  
• Tightly integrated Education/Public Out-reach (E/PO) and Small Disadvantaged Business 

(SDB) programs.  
 
2.1.1 Work Breakdown Structure 
  
The CRaTER WBS encompasses management, science, development, and E/PO activities.  A 
WBS dictionary is provided below in table 2-1. 
 
1. Project Management   

1.1. Management Staff  
1.2. Travel  
1.3. Reviews  
1.4. Mission Assurance  
1.5. Measurement Investigations  
1.6. Schedule Reserve  

2. Systems Engineering   
2.1. Systems Engineering  
2.2. Thermal Modeling  
2.3. FEM  

3. Instrument Development   
3.1. Design and Fabrication  

3.1.1. Sensor 
3.1.2. DPU 
3.1.3. Simulators and templates 

3.2. Integration, Assembly & Test 
4. Post Delivery Support   

4.1. Engineering Model Integration & Test Support  
4.2. Flight Model Integration & Test Support  
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4.3. Launch Operations  
5. E/PO   
6. Pre-Launch GDS/MOS   

6.1. Mission Operations Development  
6.2. Mission Operations Support  
6.3. Measurement Data Analysis  

7. Mission Operations & Data Analysis (incl. Project Management)   
8. Measurement Data Processing (Pre-Launch GDS/MOS Development)   

8.1. Computers, Data Communication, and SA Support  
8.2. Algorithms and Software, Ground 

 
2.1.2 Implementation Approach  
 

The basic planning document that will be used to manage the CRaTER program is the 
Instrument Implementation Plan (IIP), which will be prepared by the IPM and approved by the 
PI. The IIP will define the overall program schedule and budgets, major reviews, and 
deliverables, and break the budget down by the first level of the WBS (1.0, 2.0, etc.) and by 
phase. The key technical document is the Functional and Performance Requirements Document 
(FPRD).  

The guiding document for the CRaTER mission requirements is the MRD generated by the 
PI and the measurement team with the assistance of the IPM and ISE.  This will be combined 
with all spacecraft and mission requirements to form the FPRD.  The IPM and ISE will use the 
FPRD to coordinate the development of the instrument, ground segment, and interface 
specifications, which will contain the requirements flowed down to these systems from the 
measurement objectives. As the project develops, the ISE is responsible for maintaining 
traceability of the requirements back to the mission goals and forward into system definition, and 
eventually, ground segment. 

Table 2-1 Top level WBS dictionary 

WBS # Title Description 
1 Project Management 
  1.1 Management 

Staff 
Staff to support project management including the PI’s 
management activities and IPM and IBM. 

  1.2 Travel  Travel to support instrument design, development, 
construction, integration, test and launch.  Includes separate 
divisions for professional and technical travel. 

  1.3 Reviews  All internal and external program reviews.  Includes direct 
and preparation costs. 

  1.4 Mission 
Assurance 

All safety, reliability, quality assurance, and mission 
assurance activities. 

  1.5 Measurement 
Investigations 

Support for PI’s measurement activities as well as that of all 
Co-I’s and team members. 

  1.6 Schedule Reserve Support for team members for all schedule reserve periods. 
2 System Engineering 
  2.1 System 

Engineering 
System engineering activities including specification 
development, ICD development, etc. 
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  2.2 Thermal 
Modeling 

Development and support the instrument thermal model. 

  2.3 FEM Development and support the instrument finite element 
model. 

3 Instrument Development 
  3.1 Design and Fabrication 
    3.1.1 Sensor Design and fabrication of the CRaTER sensor module 

including analog electronics and mechanical components. 
    3.1.2 DPU Design and fabrication of the CRaTER data processing unit 

including digital electronics, power, and mechanical 
components. 

    3.1.4 Interface 
simulators and 
templates 

Design and fabrication for the electrical, and C&DH 
simulators and the interface templates. 

  3.2 Assembly, 
Integration, Test, 
and Calibration 

Support for all assembly, integration, test, and calibration 
activities including all required GSE. 

4 Post Delivery Support 
  4.1 Engineering 

Model I&T 
Support 

Post deliver support for the electrical, and C&DH simulators 
and the interface templates. 

  4.2 Flight Model I&T 
Support 

Post delivery support for flight unit integration and testing 
including system level environmental testing and all required 
GSE. 

  4.3 Launch 
operations 

Support for launch operation and on-orbit check out. 

5 E/PO Support for all education and public outreach activites. 
6 Pre-Launch GDS/MOS 
  6.1 Mission 

Operations 
Development 

Support for mission operations planning with LRO operators. 

  6.2 Mission 
Operations 
Support 

Support for operations planning within BU including the 
purchase of analysis computer hardware. 

  6.3 Measurement 
Data Analysis 

Support for developing data analysis algorithms, models, and 
procedures. 

7 Mission 
Operations and 
Data Analysis 

Support for Phase E mission operations and data analysis 
including data archiving and distribution, data analysis, 
publication, and distribution. 

8 Measurement Data Processing (Pre-Launch GDS/MOS Development) 
  8.1 Computers, Data 

Communication, 
and SA Support 

Support for the specification and purchase of computer and 
associated hardware to support data archiving and 
distribution. 

  8.2 Algorithms and 
Software, Ground 

Support for the specification and development for algorithms 
and software to support data archiving and distribution. 
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2.1.2.1 Team Member Responsibilities  
 

The CRaTER team is composed of organizations committed to schedule, cost, and 
performance.  

 
BU is the prime organization for the program, and is responsible for overall management, 

developing and testing the science payload, data analysis, data analysis operations, and overall 
coordination of the investigation during Phase E.  

 
The institutional organization is shown in figure 2-1.  Development team members will be 

subcontracted to BU.  MIT will provide technical support in the area of digital design, 
electronics fabrication, and systems engineering and mission assurance. The University of 
Tennessee at Knoxsville will be subcontracted to lead the measurement team. The other 
measurement team institutions listed in figure 2-2 will support planning for operations and Phase 
E data analysis and modeling.   With the PI the measurement team will set the measurements 
requirement plan (MRP) which will be the key input to the FPRP. 

 
During operations, responsibilities shift as the investigation takes center stage.  BU will 

receive data for archiving and analysis. Measurement team institutions perform data analysis and 
support ongoing planning and operations. E/PO efforts continue and even intensify. 
2.1.2.2 Detailed Work Planning  

Figure 2-1 The CRaTER team consists of experienced team members with clearly delineated 
roles and responsibilities. 
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The tracking and management of cost, schedule, and technical performance is the day-to-

day responsibility of the IPM working closely with the ISE, the IODA, and the ITL. The process 
for executing this management function is well established in the aerospace industry and all 
CRaTER team organizations. It consists of taking the Level-1 WBS tasks and breaking down the 
work to be accomplished into logical work packages according to the lower levels of the WBS 
presented in section 2.1.1. Each work package will have a schedule, a time-phased cost 
allocation, a technical specification or performance requirement flowed from the FPRD, entrance 
criteria to begin the task, exit criteria for task completion, and a set of milestones to measure 
progress against schedule and budget. These packages will represent sufficiently short periods of 
time (3 to 6 months) that a milestone tracking system can be used effectively to manage 
cost/schedule.  

Prior to the start of Phase E, the IPM, along with the PI and the NASA Mission Manager, 
will establish work packages for Phase E in accordance with the WBS.  

 
The major objective of the planning process is to define the CRaTER program at a level 

where all activities are easily understandable, progress is easily measurable, and problems/risks 
are identified early enough that they do not impact the overall program and can be mitigated 
easily. The use of the WBS and establishing work packages down to the lowest levels of the 
WBS ensures that process will result in a program with “no surprises” that meets all objectives 
within the cost and schedule constraints. 
Table 2-2 Institutional responsibilities are defined and team members have the required experience 

Org Responsibilities WBS Experience 
Management 1.0 
Systems 
Engineering 

2.0 

Instrument design 
and fabrication 

3.1 

Instrument 
Integration 

3.2 

E/PO 5.0 

BU 

Instrument 
operations and 
data analysis 

6.0, 7.0, 8.0 

Polar/CAMMICE, 
Polar/CEPPAD, GOES, 
WIND, Geotail, SCATHA, 
TERRIERS, SPIDR and 
numerous sounding rocket 
projects. 

Lead Systems 
Engineering 

2.0 

Instrument design 
and fabrication 

3.1 

SR&QA 2.0 

MIT 

Measurement 
Investigations 

1.5 

OSO-7, IMP-8 , SAS-C, 
HEAO-B, Voyager, Space 
Lab, Protel, ASTRO-D, 
WIND, RXTE, HETE-2, 
ACIS/Chandra, 
HETG/Chandra, Astro-E(1), 
SPIDR 

Instrument design 
and fabrication 

3.1 Aerospace 

Instrument 
Integration 

3.2 

To date, 196 experiments 
have been flown on more 
than 69 spacecraft and 32 
rockets 
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 Measurement 
Investigations 

1.5  

  
  

 
2.1.3 Roles and Responsibilities 
 

The organizational structure for Phases A/B/C/D is shown in Figure 2-2. Key positions 
within this organization are listed in Table 3. The summary WBS for the program is shown in 
Table 2-1 and organizational responsibility is linked to the WBS in Table 2-2. 

All organizations involved have the personnel resources required to execute this program, 
and the key personnel have worked together previous efforts. The part each team member plays 

Figure 2-2. The instrument development organization features clear responsibilities and clean 
lines of authority. 
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in the overall investigation is described in more detail below. Team members are committed to 
the program, as evidenced by their letters in the appendix.  

 
Table 2-3. Key program positions are defined and their required qualifications and responsibilities are 

understood  

Position  Position Requirements  Position Responsibilities  
Principal 
Investigator (PI)  

15 years experience directing 
space science experiments. 
Familiar with all issues, 
including technical, 
management, and scientific.  

Be responsible for all aspects of the 
investigation including risk 
management, measurement policy, 
operations planning and analysis, and 
publication of results.  

Instrument 
Project Manager 
(IPM)  

10 years experience managing 
space science programs. 

Manage project during Phases B-D on 
behalf of the PI. Be primary interface 
with LRO Program Office.  

Instrument 
Systems Engineer 
(ISE)  

20 years of spacecraft / 
instrument engineering 
experience, with at least 10 
years project management and 
systems engineering experience. 

Define mission requirements and 
interfaces, evaluate and approve 
specifications, coordinate engineering 
activities among the instrument, 
spacecraft and ground segment teams  

Instrument 
Assurance 
Manager (IAM)  

15 years of mission safety, 
reliability, and quality assurance 
experience, with at least 5 years 
in a leadership role and 5 years 
in space applications.  

Provide safety, reliability, and quality 
assurance (SR&QA) for CRaTER. 
Directly support BU, and supervise 
Draper SR&QA activities  

I&T Lead (ITL)  10 years of space flight 
experience, including 
fabrication, and data analysis. 

Lead I&T activities, and coordinate with 
the PI and Measurement Team. Ensure 
instrument performance conforms to 
measurements requirements.  

Operations and 
Data Analysis 
Lead (IODA)  

10 years experience in the 
development and maintenance of 
computing systems, calibration, 
and data archiving.  

Manage development and acquisition of 
data analysis capabilities at BU. Insure 
secure flow of data from spacecraft to 
archive and thence to users.  

Measurement 
Team Leader 
(MTL)  

Experience with measuring and 
modeling the interaction and 
effects of radiation on the human 
body. 

Lead measurement team activities. 
Coordinate observing plans, review data 
analysis approach, and ensure timely 
publication of the results. 

Red Team Chair  >10 years experience with 
complex NASA missions with 
special emphasis on systems 
engineering and project 
management  

Provide an independent assessment of the 
technical approach and progress at the 
request of the PI. Attend reviews, and 
generate recommendations.  

E/PO Lead  
(E/PO) 

Experience with NASA E/PO 
activities. Experience with 
developing E/PO products  

Coordinate E/PO Programs with 
cooperating agencies and institutions, 
provide data analysis  

Calibration 
Activity Lead 

Experience with the calibration 
of high energy particle detectors 

Lead instrument calibration activities.  
Ensure instrument performance conforms 
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(CAL) for space flight use. to measurements requirements and 
sufficient calibration data is available to 
interpret flight results. 

 
2.1.3.1 Boston University 
 
BU is the prime contractor and is responsible for the overall management of the project. BU 

will also be responsible for mechanical design and fabrication; detector procurement; 
development, assembly, test, and calibration of the instrument; participation in the integration of 
the instrument into the SCB including post delivery support; support for launch operations; 
development of instrument operations and data analysis capabilities; flight IO&DA; and 
leadership of the overall investigation. 

 
BU’s experience includes: 

• Polar/CAMMICE - The "Charge and Mass Magnetospheric Ion Composition 
Experiment" is an energetic composition experiment on Polar 

• Polar/CEPPAD - The "Comprehensive Energetic Particle and Pitch Angle 
Distribution" experiment is an energetic particle experiment on Polar 

• TERRIERS- STEDI/UNEX mission to spectrally image the ionosphere.   
• SPIDR- Small Explorer mission to study the intergalactic medium (IGM) using 

ultraviolet imaging spectroscopy. 
  
2.1.3.2 MIT 
 

As a subcontractor to BU, the MIT Center for Space Research (CSR) provides experienced 
individuals to fill the key management positions of ISE and IAM.  In addition, they will be 
responsible for all digital and power design activities, electronics fabrication, FEM, and thermal 
modeling.  Due to their proximity and experience, MIT is an ideally positioned to provide the 
technical expertise needed for this program. During Phase E, MIT contributes a Co-I and an 
associated scientist.   The MIT subcontract will run for the duration of the CRaTER effort. 

The Center for Space Research has been involved in many space-flight missions in a fashion 
similar to that proposed for the Lunar Reconnaissance Orbiter (LRO).  The Center was formed in 
the mid-1960's with the function to assist any MIT faculty member or research scientist to 
propose and implement experiments in space.  In the case of this lunar experiment, the PI at MIT 
will be Dr. John Richardson, a Principal Research Scientist on the CSR staff and a senior 
member of the Space Plasma Group.  Dr Richardson is the Principal Investigator for the MIT 
Faraday Cup experiment on the Voyager spacecraft and participates in the analysis of the data 
from similar instruments on WIND, IMP, and several others.  These experiments measure (albeit 
at a much lower energy) the solar flux that is producing the lunar radiation environment.   
 The following is a listing of the major hardware experiments performed at CSR: 

• OSO-7  Development of an X-ray experiment 
• IMP-8 Faraday Cup for Solar Wind measurements (launch in 1973, still 

operational) 
• SAS-C  Development of the science payload for X-ray Astronomy 
• HEAO-B  Development of a Bragg Crystal Spectrometer (X-rays) 
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• Voyager Plasma Science Experiment (Faraday Cup) on Voyager 1 and 2 
(launch in 1978, Voyager 2 instrument operational) 

• Space Lab Vestibular experiments on four missions 
• Protel  Development of a proton/ion telescope for the AF CRRES  

 mission 
• ASTRO-D  Development of CCD X-ray detectors for the Japanese   

 ASCA satellite.  First photon-counting CCD in space. 
• WIND Faraday Cup experiment 
• RXTE  Development of an X-ray All Sky Monitor (ASM) and the  

 Experiment Data System for all on-board instruments. 
• HETE-2 Total spacecraft development (Gamma Ray Burst mission)  
• ACIS/Chandra Development of a CCD focal plane instrument for    

 this NASA “flagship” mission 
• HETG/Chandra Development of microstructure High Energy X-ray    

 Transmission Grating experiment 
• Astro-E(1) CCD detectors and electronics for the Japanese XIS instrument.  

Japanese MV launch vehicle failed. 
• SPIDR (BU) MIT was a subcontractor to BU for the SPIDR mission, providing 

engineering and R&QA support. 
 
In addition, CSR is currently responsible for the operation of HETE-2 mission and supports the 
operation of RXTE (GSFC) and Chandra (SAO).    

 

2.1.3.3 The Aerospace Corporation 
 

The Aerospace Corporation will be responsible for the overall instrument concept and 
analog electronics design.  They will provide guidance and assistance for calibration activities 
(including procuring the calibration facility) and will participate in the measurement 
investigations and data analysis activities.  The Aerospace subcontract will run for the duration 
of the CRaTER effort. 
 

The Aerospace Corporation is a nonprofit corporation incorporated under the General 
Non-Profit Corporation Laws of the State of California.  The Corporation is a public trust 
organization established to provide scientific and technical support to the United States 
Government.  The primary mission of the Corporation is to support development of space 
programs that are basic to national security.  In carrying out its main purpose, the Corporation 
has three scientific and technical functions:  advanced systems planning, systems engineering, 
and laboratory research. 
 

The pursuit of basic and applied research is fundamental to the activities of the 
Corporation.  Through research and experimentation, Aerospace provides support to technical 
programs and advances the state of the art in areas critical to continuing scientific progress in the 
space and related sciences.  Research in chemistry, physics, and space science and technology all 
contribute in areas important to the Nation's interest and sharpen the Corporation's ability to 
assess and apply new discoveries. 
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The proposed work will be carried out in the Space Science Application Laboratory 

(SSAL) at The Aerospace Corporation.  All facilities necessary to fabricate and validate flight 
hardware are available within SSAL, including thermal and vacuum chambers, parts screening 
facilities, cleanliness testers, and clean rooms.  Also, extensive mathematical computation and 
data processing facilities are available within SSAL and the Corporation.  Local facilities include 
Unix servers and workstations to support scientific programming and analysis.  SSAL has 
designed, developed, and built flight experiments for over forty years.  To date, 196 experiments 
have been flown on more than 69 spacecraft and 32 rockets. 
 
Table 2-4. BU has formed an experienced team dedicated to the success of the CRaTER mission.  
 

Key  
Personnel  Role  Org. Relevant Experience  % 

Time 
Prof. Harlan 
Spence 

PI  BU  Over 25 years space experiment experience, 
including Polar/CAMMICE, Polar/CEPPAD, 
GOES, WIND, Geotail, SCATHA, and others.  

70% 

Timothy 
Cook  

IPM  BU  12 years of Project Management experience, 
including the TERRIERS satellite program that 
was of similar total cost to the effort described 
here. 

90% 

Robert 
Goeke  

ISE  MIT 30 years space/instrument engineering 
experience at MIT; 10 years Chief Engineer, 
Center for Space Research. Project Engineer for 
VOILA, XTE, and ACIS (Chandra) – 
system/detailed design of flight and ground test 
HW and SW. Provided external re-view support 
for TERRIERS, Swift, GP-B, and CATSAT 
missions  

100%

Brian Klatt  IAM  MIT 35 years of SR&QA experience at MIT, 
Northrop Grumman, and Hamilton Standard, 
including 10 years Performance Assurance 
Manager, MIT Center for Space Research. 
Performance assurance responsibility for 
GEOLite, DoD SATCOM (AEHF), XTE 
(Rossi), and ACIS (Chandra) experiments  

100%

Christopher 
Sweeney  

ITL  BU  10 years instrument design and development 
experience at BU and Michigan.  Projects 
included SOHO-RGS, XMM-OM, SRG-
TAUVEX, MARS96-FONEMA, YOHKOH-
BCS, DMSP-SSULI, TIMED-GUVI. Project 
management experience on several sounding 
rocket programs.  

90% 

Larry 
Kepko 
 

 E/PO, 
CAL, 
IODA 

BU  11 years experience with computers in a 
scientific environment.   Developed calibration 
techniques for Cluster, Galileo, and FAST.  

90% 
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Organized GEM tutorials. 

Lawrence 
Townsend 

MTL UTK 25 years experience studying  and modeling the 
interaction of radiation with human tissue. 

 

TBD Red 
Team 
Chair 

   

 
 
 
 
2.1.3.4 University of Tennessee – Knoxville 
 

UTK and Professor Lawrence Townsend bring extensive experience modeling the effects 
of cosmic radiation on human health.  They will lead the measurement team and will be 
responsible for ensuring that the measurements taken will meet the LRO goals. 
 
2.1.3.5 Risk Management 
 

The CRaTER Continuous Risk Management (CRM) process will be established during 
Phase A.   We have conducted a preliminary risk assessment and have identified our three top 
risks which are given in table 2-5.  This CRM process is similar to that used at GSFC and on 
many other NASA programs. The PI has overall responsibility for ensuring implementation of 
the CRM process on the CRaTER program, and the IPM is the designated process owner. The 
ISE as the technical lead for the program has been assigned responsibility for technical 
assessment, administration and documentation since risk management is an integral part of 
systems engineering and cannot be separated from the normal course of design, build, and 
verification. 
  

The Risk Management Plan will formally define the CRM process, which consists of the 
following five primary activities:  

1. Identification:  formally entering risks into the system as they are found.  
2. Analysis:  classifying each identified risk according to likelihood, consequence, 

and time frame for manifestation/mitigation.  
3. Planning:  establishing mitigation actions, which could range from additional 

design and testing to simply observing whether the problem occurs.  
4. Tracking:  periodically monitoring and reporting on the state of each identified 

risk and the status and effectiveness of established mitigation 
activities, from initial identification to risk closure.  

5. Controlling:  making decisions about what risks are acceptable, when mitigation 
activity has made them acceptable, and when additional activity is 
required.  

 
This process will be applied at BU by the PI, IPM, and ISE at the overall program level. 

The same process has been flowed to MIT and will be implemented by the ISE at the subsystem 
level.  
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2.1.4 Licenses or Exemptions 
 

This effort involves no international collaborations.  All hardware subcontractors are US 
organizations and all vendors are US corporations or US divisions of multinational corporations. 

The measurement team may solicit the participation of foreign nationals to assist in the 
interpretation of measurement data.  It is our understanding that this will not raise any ITAR or 
other licensing issues. 

 
Table 2-5 We have conducted a preliminary risk assessment and have identified our three top risks. 

Risk  Rank  Likelihood Consequence  Mitigation  
Schedule risk due 
to long lead items. 

1  Low  High, Delay in receipt of 
long lead items could 
adversely impact 
schedule 

Advance CDR to facilitate 
early procurement.  Detail 
and monitor long lead 
items. 

Inexperience with 
tissue equivalent 
plastic. 

2  Moderate Low, Compatibility 
issues may require 
additional effort. Material 
may be unsuitable. 

Investigate TEP ASAP.  
Delrin or other suitable 
plastic may be substituted 
with some loss in data 
applicability. 

High power 
consumption / 
thermal load by 
MIL-STD-1553 

3  Low Low, MIL-STD-1553 
power levels are driving 
the total instrument 
power budget and 
thermal loads. 

During phase A 
investigate alternatives to 
the 1553 bus which 
represents ~50% of the 
total power budget 

 
2.1.5 Method of Instrument Acquisition 
 

The CRaTER acquisition plan is a mixture of in house development (at BU) and outside 
procurement (at MIT and Aerospace) that makes efficient use of each institution’s strengths and 
capabilities. 
 
2.1.5.1 Rational for obtaining the instrument through the investigator’s institution. 
 

While each contributing institution is capable, at some level, of completing this 
investigation alone, each brings unique capabilities to the project.  BU will handle project 
management, E/PO activities, mechanical design and fabrication, and I&T activities in house.  
BU has experience managing multi-institutional efforts, such as CRaTER, and has worked with 
each of the participating institutions and measurement team members in the past.  They have 
excellent machine shop facilities, and the experience and facilities needed for instrument 
integration and test.   
 
2.1.5.2 Basis for the selection of the instrument fabricator 
 

MIT brings vast technical experience and capabilities to the program.  BU and MIT have 
a successful history of teaming to develop hardware programs similar to CRaTER, including 
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SPIDR, SPINR, TERRIERS, and other programs.  The proximity of BU and MIT further 
simplifies coordination and fabrication. 

Aerospace has extensive experience designing and deploying systems similar to the one 
proposed here.  The CRaTER team will make use of that experience by relying on Aerospace for 
the design of the critical analog components.  Aerospace will also provide guidance on 
calibration and implementation issues.  BU, particularly the PI, has a longstanding relationship 
with Aerospace that facilitates their interactions. 
 
2.1.5.3 Availability of supporting personnel 
 

The CRaTER team has identified all key management and technical personnel by name 
in this proposal and expects them all to be available as required for this effort. 
 
 
2.1.5.4 Status of development of the instrument. 
 

The CRaTER instrumentation requires no new technology and no technology 
development.  Conceptual designs have been completed and the system has extensive similarity 
to and heritage with systems already in flight. 
 
2.1.5.5 Methods by which it is proposed to: 
 
2.1.5.5.1 Prepare payload instrument hardware and software specifications 
 

CRaTER system engineering is the responsibility of the ISE, assisted by system 
engineers within each of the development disciplines and the IPM. The ISE is responsible for 
coordinating the development and maintenance of a complete set of mission requirements and 
specifications. Using those requirements, he will develop system and subsystem block diagrams 
and coordinate with the relevant engineers to create a coherent high-level design that meets those 
requirements.  

The design will be defined during Phase A in a set of internal and external specifications 
and ICDs. The ISE will maintain the ICDs and the FPRD.  The relevant engineers will maintain 
the current specifications and define additional specifications as necessary to flow the FPRD 
requirements to the component level. These lower tier systems engineers will also define 
subsystem acceptance test plans and I&T plans. The ISE will provide inputs to the LRO office to 
assist with integration and verification at the mission level.  

The ISE will ensure the adequate flowdown of requirements from specifications to actual 
hardware and software by design reviews, peer reviews, metrics, simulation and analysis 
reviews, readiness reviews, and test result reviews. In addition, the project will have a “Most 
Wanted” list of technical issues that is up-dated monthly. Each item will have a corresponding 
chart listing responsibility, history, status, and anticipated closure date. This list will be 
maintained by the ISE and communicated to the project staff. Progress on the issues and their 
resolution will be reported monthly to the PI and as required to the LRO office.  
 

The guiding document for the CRaTER instrument requirements is the FPRD generated 
by the PI, the measurement team, and the ISE.  The ISE will use this document to coordinate the 
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development of the instrument and ground segment, specifications, which will contain the 
requirements flowed down to these systems from the measurement objectives. These 
requirements are reviewed initially at the Requirements/Concept Review to ensure that a proper 
flowdown has been made. As the project develops, the ISE is responsible for maintaining 
traceability of the requirements back to the prime science and forward into system definition, and 
eventually, ground segment and spacecraft verification.  

 
 2.1.5.5.2 Maintain configuration control and review design and fabrication changes. 
 

The CM Plan, delivered at the instrument PDR, will document the CRaTER CM process, 
which is derived from that used recently on the SPIDR program. The IPM has the responsibility 
for the CM plan.  

The project will have a three-tier structure for configuration control and change 
management. The PI will chair the Level-1 Configuration Control Board (CCB) that will consist 
of the PI, the IPM, the ISE, IAM, ITL, and IODA. The Level-1 board deals with changes that 
would affect the measurement goals or have a major impact on the schedule or cost, requiring the 
use of significant reserves. The IPM chairs the Level-2 CCB, which will deal with changes to 
interfaces, resource allocations, schedules, budgets, specifications, plans, and technical 
requirements that have impact on the overall instrument or across interfaces. The other Level-2 
CCB members are the ISE, and IAM, with other technical participants as may be needed. Level-
3 change authority is flowed to the team member organizations. Level-3 CCBs will manage 
changes within their respective systems that do not affect interfaces or resources. They will be 
chaired by the team member organization program manager or the equivalent, and include the 
engineering manager or equivalent, and systems engineering, SR&QA, CM, and other 
engineering personnel.  

BU’s CM system will be used for all CRaTER documentation having Level-1, Level-2, 
or Level-3 visibility, including documents required for program systems engineering function. A 
document tree will be produced by BU and continually updated throughout the program that will 
provide a systematic description of the entire program. The tree will be web-accessible and 
allows all team members (as well as the LRO Office) to retrieve the latest version of any released 
document using common browser software. This system has been implemented for the SPIDR 
program, and has been a very effective tool for coordination between BU and MIT 
(bump.bu.edu/spidr_eng). A standard Engineering Change Order (ECO) system, in use for 
decades at the MIT CSR, has been put in place at BU for SPIDR to manage the CM process. The 
CM office at BU will also be used as a document control center, and will distribute and maintain 
files of all project documentation, including action item lists.  
 
2.1.5.5.3 Calibrate 

 
Calibration is a significant portion of the CRaTER effort.  The instrument will be fully 

calibrated prior to delivery to GSFC.  The effort is fully costed and a generous schedule has been 
set aside for this effort.  No additional calibration will be necessary after delivery. 
 
2.1.5.5.4 Participate in Instrument/Spacecraft Integration, Mission Level Testing, and Final 
checkout 
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Support for CRaTER integration has been budgeted by all relevant CRaTER 
organizations.  In conjunction with the LRO office and spacecraft vendor, detailed integration 
plans will be developed during Phases A and B.  Support has been allocated for mission level 
I&T activities. 
 
 
2.1.5.5.5 Support for Flight Operations 
 

The CraTER team will provide the documentation required to support LRO flight 
operations.  Table 2-6 lists the documentation to be delivered to the LRO office, its due date, and 
the individual responsible for its delivery. 
 
Table 2-6 Documentation to support flight operations 

Document Preliminary 
Due 

Final Due Responsible 
Individual 

Flight Rules & Constraints IPDR ICDR ISE 
Command /TM requirements ICDR PSR 

 
ISE 

Instrument Users Manual IPSR FOR/ORR IPM 
Data Management plan ICDR FOR/ORR IODA 
 
Coordination of Co-Investigators 
 

The CRaTER co-investigators and related individuals form the CRaTER measurement 
team.   During Phases A-D this team will have the responsibility of advising the PI on all 
measurement related issues.  With the PI and ISE they will generate the MRD which will act as a 
basis for the CRaTER FPRD.  A series of team meetings will facilitate communications to keep 
the members apprised of any emerging issues and to provide independent feedback to the PI. 

Prior to and during Phase E the measurement team will be responsible for simulating, 
validating, interpreting, and modeling the data in order to ensure that the LRO programs 
maximizes the information return from the CRaTER effort. 
 
2.1.5.5.6 Assure Safety Reliability and Quality 
 

During Phase A the IAM will prepare a SR&QA requirements document which will 
detail the requirements for all CRaTER SR&QA activities and will be consistent with all LRO 
requirements.  These requirements will be flowed down into a Perforrnance Assurance 
Implementation Plan that will detail all mission assurance functions. 
 
2.1.5.5.7 Review development progress and Control Cost 
 

The IPM will baseline the project schedule after the contract has been negotiated with 
NASA and the launch date and major project milestones have been finalized. A top-level 
schedule will be developed to match the dates established in the contract, and will be used to 
guide the WBS planning. Once the IPM is convinced the WBS schedules and new master 
collectively meet the program objectives, he will approve the program schedules. At this point, 
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the approved schedules are considered part of the project baseline and cannot be changed without 
a CCB and ECO.  

The same WBS planning process is used to allocate budget to each of the work packages. 
The manager in charge of the work package is responsible for determining status of schedule and 
cost over the duration of the work package effort. 

Each week the status of these work packages will be reviewed by the management team. 
The team will include the IPM, the ISE, and other technical personnel as required.  At these 
reviews, actual costs will be reported against the schedule and task spending plan, and schedules 
will be tracked with attention paid to critical path analysis. Any problems surfaced by the weekly 
reviews that result in consequential cost, schedule, or technical deviation from the plan or 
specification that could affect the overall CRaTER project will result in an immediate review 
with the PI (who is invited to all weekly reviews) to be sure the problem is clearly understood 
and to explore all avenues for resolution. The results of the various reviews will form the basis of 
reports to NASA.  

The PM will then use the updates of the WBS schedules to update the master schedule. 
Particular emphasis will be placed on the long-lead items shown on the schedule as they are 
identified as the critical path for program success.   The master schedule will be available on the 
CRaTER web site and access will be available to all program participants as well as the LRO 
office. 

2.1.5.6 Opportunities for Small Businesses to Compete 
 

The CRaTER team will create an equitable opportunity to compete for subcontracts under 
this plan whenever appropriate. This will be accomplished in the following manner. 

a) Source lists will be annotated to indicate the category of each prospective supplier. 
b) Where an adequate number of such business concerns is not available, participation of 

prospective small business contractors will be encouraged. 
c) Specific performance responsibilities will be assigned to key personnel charged with 

ensuring that the CRaTER team achieves program objectives. 
d) Consistent with the contract obligations and customer (PI) requirements, the CRaTER 

team will assist such business concerns by arranging solicitation requirements to facilitate 
their participation. 

e) A special effort will be made to identify and use such business concerns in this contract, 
even in a small way, so that they may be in a better position to compete for subcontracts 
whenever such action might result in another subcontracting opportunity. 

f) BU and its subcontractors will include the “Utilization of Small Business and Small 
Disadvantaged Business Concerns Owned and Controlled by Social and Economically 
Disadvantaged Business Concerns” clause in all subcontracts in excess of $10,000, which 
offer further subcontracting opportunities. In addition, all subcontracts (except small 
business concerns), who receive subcontracts that contribute to the performance of this 
contract in excess of $500,000 will be contractually required to adapt a subcontracting 
plan similar to this one. Once approved and implemented, plans will be monitored 
through the submission of periodic reports and periodic visits to subcontracting program 
participants. 
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2.1.5.6.1 Small Disadvantaged Businesses Sources of Supply 
 

The CRaTER team has extensive experience in doing business with Small Disadvantaged 
Businesses.  Below we list the major sources of supply that are currently under consideration for 
the CRaTER project and/or have been used on past programs to contribute to meeting the goals 
of the program. 
Vendor Pro 
Amptek, Inc. 
BAC Technologies 
Bester Tracking Systems Women-Owned 
Commtech, Inc. 
CPN Electronics Women-Owned 
Greene Rubber 
Imagineering Inc. Small Disadvantaged 
Micron Semiconductor 
Nor-Cal 
North Hills Signal 
Nu-Horizons Electronics Veteran 
Pico Electronics 
Precision Aperture (Lenox Laser) 
Polytron Devices Women-Owned 
Tech Etch 
Teledo Metal 
Ultra Source 
Young Minds 
 
2.1.5.7 Commitment for major facilities 
 

The majority of the CRaTER effort will be carried out in house at the various CRaTER 
organizations.  Activities that will require outside facilities are instrument thermal vacuum 
testing, instrument vibration testing, EMC testing, and calibration.  Several facilities for thermal 
vacuum, vibration and EMC testing are available in the greater Boston area and should not pose 
any schedule risk.  Calibration will make use of the LBL cyclotron.  During Phase A and B we 
will coordinate with LBL to ensure beam time availability. 
 
2.1.5.8 Acquisition of new facilities 
 

No new facilities will be acquired for this effort. 
 
2.2 SCHEDULE 
 
Program Phases  

The CRATER work plan proceeds initially along two parallel development paths, for the 
instrument, and ground segment, respectively.  Each path follows a standard development 
schedule.  To wit: 
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Preliminary Analysis – Phase A 
This phase begins at project start and ends with the IAR.  During this phase validate the 

feasibility of the instrument described in this proposal.  We will lay out the spectrum of design 
alternatives to facilitate accommodation of the instrument within the spacecraft and overall 
program. 
 
Technical Definition – Phase B  

This phase begins following the IAR and ends with the instrument PDR. Expected 
products and results will be contained in the PDR presentation. Applicable processes include 
systems engineering, requirements development, configuration management (CM), schedule 
management, team member coordination and communication, performance metric reporting, and 
resource management. 
   
Detailed Design – Phase C  

The detailed design phase begins with the completion of instrument PDR and ends with 
the instrument CDR. During this phase, drawing packages for the instrument are released, and 
the ground segment detailed design package is completed.  E/PO partnerships will be finalized, 
public outreach plans will be formed, and educational products designed. The SDB plan will be 
in the process of being implemented. Applicable processes include systems engineering, 
schedule management, team member coordination and communication, performance metric 
reporting, and resource management.  
 
Development – Phase D  

The development phase begins with CDR and ends with the spacecraft in its final orbit 
and the ground segment in full operation.  The key milestone to be met in this phase is 
instrument delivery.  Expected results are successful instrument functional and environmental 
tests, spacecraft integration, launch into parking orbit, and demonstrated end-to-end operability 
of the instrument/archive/data analysis system. Applicable processes include systems 
engineering, CM, schedule management, team member coordination and communication, 
performance metric reporting, and resource management.  
 
Operations – Phase E  

The operations phase begins with the spacecraft operating in its lunar orbit and ends with 
the completion of data analysis and the decommissioning of the spacecraft. Expected products 
are the level 1 and level 2 data products, and various scientific papers and publications. E/PO 
products will be defined in phases A and B and may include lesson plans, updated web content, 
teacher’s workshops, and public outreach. Applicable processes include systems engineering, 
CM, schedule management, team member coordination and communication, and performance 
metric reporting.   
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Figure 2-3 A summary of the LRO schedule 

We have an integrated schedule that creates an efficient program and still results in 
sufficient schedule reserve to handle unforeseen problems.   The CRaTER mission schedule is 
shown in Figure 2-3.  The schedule depicts the total CRaTER mission activity from a projected 
contract start date of December 1, 2004 through delivery of the end of mission operations in 
November 2009 and ends in November 2009. The CRaTER schedule has the completion of the 
Preship Review on October 15, 2007 with a total funded schedule reserve of 130 work days or 6 
calendar months.  This schedule reserve is divided in a 3 month reserve on the design period 
prior to CDR and a 3 month reserve on the fabrication period prior to instrument delivery.  All 
activities related to the data analysis facility will be completed prior to the Flight Operations 
Review/Operational Readiness Review (FOR/ORR). Because our plan has significant reserve, 
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we are confident that CRaTER will be ready for the October 2007 instrument delivery and the 
October 2008 launch.  

 

 
Figure 2-4 Gantt Chart of the CRaTER instrument development effort 

 
Development of the instrument and data analysis facility largely proceeds in parallel.  

The CRaTER instrument  is a small simple system which is similar in design to systems built by 
all team members.  This allows Instrument CDR to occur very early in the program, while the 
overall system is having its Requirements/Concept Review. We will be ready for instrument 
CDR 6 months after the end of Phase B (including schedule reserve). This is considerably in 
advance of the I-CDR date shown in the PIP.  Should this not be advisable we can accommodate 
a later CDR at the cost of moving more items to the long lead buy list.  
 

The CRaTER critical path, the instrument development, is shown in Figure 2-4. It is 
driven by long-lead components. For this reason, we have advanced the CDR date to minimize 
the risk of procuring long lead components prior to CDR. We believe by identifying these items 
in Phase A and planning an early CDR that we have mitigated any impact on the overall 
CRaTER schedule.  
 
2.3 COSTS 
 
2.3.1 Cost Plan 
 

The CRaTER budget is presented below and in the appendices.  The budget contains a 
fully funded schedule reserve and a 30% cost reserve for all instrument development activit.  The 
cost plan was derived through a bottom up approach and is similar in scope to similar 
instruments developed by the proposing organizations. 
 

Boston University's accounting system documents person-effort on a monthly basis for 
academic and staff salaries. Neither daily nor hourly records of personnel time are maintained. 
When required by a specific sponsored project, ostensibly a contract, project personnel would be 
able to track their time by 25% daily increments. 
 

Effort charges for this project could be managed to conform to the manner in which costs 
will be processed by the University's accounting system.  A typical month has 21 chargeable 
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"work or leave" days on average.  This number is derived by considering 30 days in an average 
month less 8 weekend days, less 1 other day (for federal/state holiday or a 9th weekend day). For 
actual implementation at Boston University, the monthly computation of effort for entry on 
payroll documents could follow the following schedule: 
 

% of one day      %  month  
25% day/ 21 days = % of monthly effort  25% day =1.2% 
50% day/ 21 days = % of monthly effort  50% day = 2.4% 
75% day/ 21 days = % of monthly effort  75% day = 3.6% 
100% day/ 21 days = % of monthly effort  100% day = 4.8%  

 
The smallest increment of person- effort for a person paid on a monthly basis, e.g. 25% 

of one day, is derived from the monthly salary rate times 4.8% effort (corresponding to one day 
as shown in the table for computation of monthly payroll documents).  
 

At Boston University, the required hours for an individual position are assessed prior to 
recruitment and set at the point of hire. Many full-time professional staff work a minimum of 35 
hours per work week, 5 days at 7 hours per day.  Advanced students supported by sponsored 
research projects typically work at least 40 hours per week, 5 days at 8 hours per day.  For this 
proposal, full-time professional staff and students can be regarded as being responsible for 
working a 40 hour work week, 5 days at 8 hours per day.  This proposal computes labor hours at 
173 hours per month, based on 40 hours per week times an average of 4.333 weeks per month 
(i.e. 52 weeks/year divided by 12 months). 
  
2.3.2 Cost and Pricing Data 
 
Proposal Pricing Technique 
 

The process and techniques used to develop the cost estimate is based significantly on 
heritage.  As discussed in the technical section, the CRaTER instrument is very closely similar to 
instruments that are in orbit developed for the NASA Polar mission.  CRaTER has similar 
detectors from the same manufacturer, nearly identical analog electronics, and comparable 
digital electronics to the Polar Imaging Proton Spectrometer and its digital processing unit, 
including a low-voltage power supply.   The complexity of the instrument as well as the mass, 
power, and volume are also similar.  Accordingly, we used updated parts cost lists along with 
current estimates of detectors to arrive at instrument electronics costs.  Independent grass-roots 
costings of the analog portion were performed by Aerospace and BU; similarly, the digital 
portion was costed independently by BU and MIT.  In both cases, the estimates were each within 
about 10% of the other.  Therefore, we believe the parts costs estimates are robust. 

 
Another significant cost element personnel.  Staffing from previous efforts of similar 

scope and complexity (i.e., Polar IPS, Polar HIST, Cluster IES, plus many cases from MIT) 
compare well with what has been estimated for CRaTER staffing.  Again, based on this 
consistency check, we believe that experience from these prior programs is a robust guide for 
estimating staffing. 

 


