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Introduction:  The Characterization of Regolith and 

Trace Economic Resources (CRATER) instrument is a 

highly versatile mass spectrometer being developed 

through an international partnership between UMD, 

NASA GSFC, and the CosmOrbitrap consortium. Using 

an OrbitrapTM mass analyzer, coupled with a 213 nm 

laser for in situ ablation and ionization, this 

investigation enables streamlined, minimally invasive, 

in situ analyses of the mineralogy, organic inventory, 

and isotopic fingerprints of lunar regolith and rock. Low 

mass (8 kg) and power needs (<50 W [peak]), along 

with relaxed sample handling requirements, define 

CRATER as a user-friendly instrument ideally suited 

for the Artemis program as well as deployment on an 

autonomous commercial lander.  

Science Goals and Capabilities:   

Triage of potential science target samples: The 

CRATER instrument does not require extensive sample 

processing (e.g., crushing/sieving).  Instead, 

classification of mineralogy, major/minor element 

chemistry, isotopic composition, and organic content of 

lunar regolith are realized in situ. CRATER is capable 

of semi-quantitative abundance measurements over a 

tunable range of masses (e.g., from 16 up to >1000 Da), 

volatilities, and ionization potentials, allowing access to 

a diverse suite of chemical species. The Orbitrap mass 

analyzer offers ultra high mass resolution (m/Δm > 

100,000 [FWHM]), and mass accuracy orders of 

magnitude higher than heritage instruments ([1][2][3]), 

enabling unambiguous determination of molecular 

stoichiometry and isotopic ratios (‰ level precision). 

Hence, CRATER can identify the best sample targets 

for a wide variety of science goals.  

Constrain refractory and volatile element budgets of 

the Moon, and assess the redox state of the lunar mantle 

using first-row transition elements: A primary science 

goal of the CRATER investigation is to provide new, 

robust constraints on the budget of refractory and 

moderately volatile elements on the Moon. Refractory 

elements are characterized by high 50% condensation 

temperatures (the temperature at which 50% of the 

population of a given element condensed into solid 

phases in the nebula)[4]. Conversely, moderately 

volatile elements are defined by low-to-intermediate 

condensation temperatures (i.e., <1400 K at 10-4 atm; 

[4]). CRATER is capable of analyzing refractory and 

moderately volatile elements hosted in lunar surface 

materials, including the first-row transition elements 

(FRTE). Comparison of the abundances and/or isotopic 

signatures of refractory FRTE (Sc, Ti, V, Fe, Co, Ni) 

relative to the moderately volatile FRTE (Cr, Mn, Cu, 

Zn) between the Earth and Moon can provide 

quantitative constraints on dynamical models of lunar 

formation. Further, FRTE include multivalent elements 

(e.g., V, Fe) whose valence state (and therefore 

partitioning behavior in magmatic systems) depends on 

the redox state of the environment ([5]); therefore, 

CRATER can be used to determine the partitioning of 

redox sensitive FRTE in lunar materials to assess the 

redox state from which the materials are derived.   

Provide a life detection blank: Another goal of the 

CRATER investigation, and the greater lunar science 

community (e.g., [6]), is to determine an 

“astrobiological blank” by cataloguing the organic 

material present on the Moon from exogenous infall [7].  

The high mass resolution of the Orbitrap mass analyzer 

allows for separation of masses that differ in the parts-

per-million range. This resolution is necessary for 

determination of precise stoichiometry of unknown 

trace organic molecules and their inorganic host matrix. 

Evaluate trace economic resources on the Moon: 

The Moon may host valuable resources to support 

human exploration of the lunar surface and beyond. 

Assessing these resources is one of the main objectives 

laid out by the Lunar Exploration Roadmap [8]. Lunar 

basalts and native metal blebs host FRTE and other 

precious metals, which can be inventoried via 

CRATER.  

Instrument Specifications: The CRATER laser is 

a state-of-the-art, solid-state Nd:Cr:YAG laser that 

generates >6x more energy (>1 mJ at 213 nm) than the 

MOMA flight model (130 uJ at 266 nm, [9]). Deep UV 

wavelengths improve photon-silicate coupling and 

reduce laser-induced elemental fractionation versus 

longer wavelengths [10]. Compared to 266 nm (e.g., 

MOMA) radiation, 213 nm light (e.g., CRATER) is 

more readily absorbed by optically transparent materials 

and a range of organic compounds (e.g., aromatics). A 

MEMS steering mirror enables scanning across the 
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sample surface to derive 2D chemical images without 

requiring an elaborate translation stage or carousel. 

The ion inlet subsystem is comprised of an 

extraction lens, two focus lenses, a set of deflectors, and 

an elevator. The extraction lens accelerates generated 

ions into the ion inlet system. The first focus lens 

collimates the ion beam and reduces the energy spread 

of the transiting ion packets. The deflector lenses are 

then used to steer the focused beam into the Orbitrap. 

The elevator acts to reset the potential energy of ions 

travelling to the entrance of the Orbitrap. The ion inlet 

electrodes can switch polarities to enable positive or 

negative ion transmission. The beam is finally focused 

by an Einzel lens (the second focus lens) for optimal 

injection into the Orbitrap mass analyzer.  

The Orbitrap mass analyzer—capable of achieving 

high mass resolution—does not require additional 

sample separation subsystems or multiple analytical 

steps in order to resolve species with similar mass-

charge ratios (m/z), a feat that is difficult even for 

ground-based laboratory instruments. Unlike other mass 

spectrometers, there is no heavy magnet or RF inductor 

needed for the operation of the Orbitrap, which reduces 

the technical risk and complexity of the mechanical 

architecture. However, challenges remain to meet high-

voltage (HV) stability and nanosecond scale timing 

requirements required for efficient operations.  

The Orbitrap consists of a central electrode known 

as the spindle, and outer barrel electrodes. Ions are 

confined orbitally within the trap where ion packets 

oscillate harmonically along the length of the spindle 

electrode. The outer electrodes enable image current 

detection, where the induced charge on the electrodes is 

amplified and digitized. This time domain signal 

(intensity vs time) is then Fourier Transformed into a 

frequency domain (intensity vs frequency) spectrum. 

The frequency at which ions oscillate along the axis of 

the spindle is inversely proportional to their m/z, 

allowing for final translation to a mass spectrum.   

Packaged together these subsystems make up a 

comprehensive, highly versatile mass spectrometer that 

promises to be a state-of-the-art spaceflight instrument.  

Current Status: The CosmOrbitrap consortium has 

designed and developed a ruggedized Orbitrap adapted 

for spaceflight, termed the CosmOrbitrap, and shown 

that this analyzer can meet commercial performance 

specifications through the analysis of planetary analogs 

with a laser-enabled lab breadboard [11]. In addition, a 

CRATER prototype instrument (TRL 4) has also been 

assembled at GSFC. Initial spectra have been collected 

using CsI and a variety of lunar analogs doped with 

chlorophyll and β-carotene. We are in the process of 

characterizing FRTE quantitative figures of merit. The 

prototype at GSFC has already achieved mass resolution 

m/Δm >100,000 (FWHM) and mass accuracy in the 

ppm range for the CsI standard (Figure 1). The initial 

testing phase (e.g., timing, HV requirements and 

compliance, optimization, performance) of the GSFC 

prototype has greatly informed the mechanical and 

electronic architecture of a higher fidelity, flight-like 

Engineering Test Unit (ETU). The ETU—in 

development through the NASA DALI program—will 

undergo finite element analyses, progressive testing of 

analytical performance, and system-level random vibe 

(GEVS Qual Level, 14.1 Grms), thermal cycling (-50°C 

to +50°C, analogous to MOMA), and DHMR (115°C 

for 60 hrs) to achieve TRL 6. 
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FIGURE 1. The CRATER prototype instrument 

performs ultra-precise and accurate measurement of 

positive CsI series ions. Mass spectrum showing the 

Cs+ peak from analysis of a CsI standard. The black line 

shows the measured peak and the red line shows the 

Lorentzian peak fit that was used to calculate m/Δm.  
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