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a b s t r a c t

The Dynamic Albedo of Neutrons (DAN) instrument, a neutron scattering instrument currently being

constructed by IKI, is a component of the science payload of the 2009 Mars Science Laboratory (MSL)

mission. Based on simulations using the Monte-Carlo N-Particle Extended (MCNPX) particle physics

code, DAN is able to measure bulk water content and to detect variations in water concentration up to

�50 cm beneath the ground surface, assuming perfect detector performance. Data from DAN, combined

with measurements from other instruments on MSL, allow derivation of profiles of water content to a

depth of �15 cm.

& 2008 Elsevier B.V. All rights reserved.

1. DAN motivation, design, and operation

The g-ray spectrometer, Neutron Detector, and High-Energy
Neutron Detector (HEND) instruments on Mars Odyssey have
produced a global map of the water content of the upper meter of
the martian surface by measuring the energies of g-rays and
neutrons emitted from the surface [1–3]. These particles are
produced by cosmic rays, which excite high-energy neutrons
between the surface and a few meters depth. High-energy
neutrons are scattered and absorbed in soil. Regions of high
hydrogen content moderate neutrons more efficiently producing a
higher fraction of low energy, thermal neutrons than regions of
low hydrogen content. Water and water-bearing minerals are the
only hydrogen-bearing compounds that have been detected on
Mars in significant concentration, so hydrogen abundance is
assumed to be directly proportional to water content.

The HEND neutron map has horizontal resolution �100 km,
and shows very high water contents (up to at least 90% by mass)
in the polar caps and large regions at the equator with water
contents as high as 10% [3]. The polar deposits are near-pure water
ice, while the equatorial deposits are thought to be hydrated
minerals or absorbed water [2].

The vertical profile of water at a given location is controlled by
the proximity of water-rich deposits to the surface, seasonal
adsorption, and any ground-water activity. As an example, the
Spirit rover has seen hydrated sulfate-rich deposits in Gusev

Crater, between 5 and 10 cm from the surface. There have been
several explanations proposed for the deposits, such as past
alteration, ground-water horizons, and aeolian or ejecta deposi-
tion from a sulfate-rich source [4,5]. These three hypotheses
predict different lateral and vertical distributions of near-surface
water.

The cosmic-ray produced neutrons provide little depth resolu-
tion, because there is no way to determine when a given neutron
was produced and the neutrons have a broad distribution of initial
energies. The DAN instrument on the Mars Science Laboratory
(MSL) rover will provide depth resolution by producing neutrons
of known energy at well-defined times, in pulses with durations of
�1ms, using the reaction 3H+2H-4He+n (Fig. 1). The time
distribution of the flux of thermal neutrons will be determined
by the distribution of water in the soil beneath the rover.

To separate the thermal neutrons from higher energy neutrons
(which are not sensitive to the presence of hydrogen), DAN will
use two detectors: one is coated with a 1-mm-thick shield of
cadmium, which blocks thermal neutrons, and one is unshielded.
Each detector consists of a 6-cm-long by 5-cm-wide cylinder filled
with 3He at 10 atm, of which 4 cm of length is monitored for
neutrons. The neutrons are detected by measuring the products of
3He–n reactions using scintillation counters. The difference
between the neutron flux curves recorded by the two detectors
will be the flux curve of the returned thermal neutrons. The
neutron background (from cosmic rays and the rover’s radio-
isotopic thermal generator) is the same for both detectors.

DAN will produce 1ms pulses at up to 10 Hz. Almost all
neutrons produced by the source are absorbed in the soil, escape
into space, or are detected within 10 ms of the pulse. DAN
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therefore will measure background �90% of the time, even when
operating at the maximum possible pulse rate.

To make quantitative statements about the output and
sensitivity of DAN requires an accurate model of the physics of
neutron scattering. Because neutron scattering is heavily depen-
dent on energy, material composition, and geometry, solving the
problem analytically is intractable. A Monte-Carlo simulation is
currently the best analysis technique. We have simulated the
operation of DAN for many different subsurface water distribu-
tions, and will describe the modeling, followed by results and
implications for the MSL mission.

2. Model assumptions

We used the Monte-Carlo N-Particle Extended (MCNPX)
particle physics code from Los Alamos National Laboratory for
our simulations. MCNPX simulates particles moving through a
user-defined geometry of cells of specified composition. All
modeling is done on the atomic scale, with no molecular
information [6,7]. The errors induced by this approximation only
become significant for the lowest energy neutrons (less than
0.01 eV).

Fig. 2 shows a schematic representation of the DAN geometry.
Consider two-layer models of the water distribution: a half-space
covered with a layer of uniform thickness and composition. This
model has three parameters: the thickness of the upper layer and
the two water concentrations. Assume mean martian composition
for the soil (Table 1), varying only the water content, and uniform
bulk density of 2 g/cm3. There are large variations in soil
composition across Mars, but DAN is insensitive to the concentra-
tion of elements other than hydrogen. A physical equivalent of this
model would be basaltic sand with 30% porosity and some
amount of hydrated material added, similar, for example, to the

hydrated sulfate-cemented basaltic sandstones seen by the
Opportunity rover at Meridiani Planum [9].

The simulations contain only the source and the two detectors
of the DAN instrument. In reality, while the rover is largely
optically thin, it will still absorb a small fraction of incident
neutrons. The radioisotope power supply may be optically thick to
neutrons, and will also serve as a source of background. The other
main source of background, the cosmic ray produced neutrons,
has also not been included. The background count rates in the two
detectors will be quite low (roughly 0.1% the peak count rate
immediately after a pulse), but should be measured at each rover
location. The background rates alone provide information on
water content analogous to the Odyssey instruments, although at
much smaller spatial scales.

Finally, we assume perfect detector efficiency: every neutron
that interacts with a 3He is tallied, and then the tallies from the
two detectors are subtracted and the uncertainty on each tally bin
added in quadrature. All of these assumptions overestimate the
performance of the detector, as shown in Fig. 3. The count rates of
thermal neutrons predicted by Mitrofanov et al. [10] are less than
predicted in our simulations during the main pulse and greater
during background-dominated times. However, the overestima-
tion error during the main pulse corresponds to less than a factor
of two in signal-to-noise and the qualitative conclusions here are
insensitive to this approximation.

To obtain a useful signal-to-noise ratio (4�10), it is necessary
to run at least several tens of pulses for one geometry. For the
majority of the geometries we considered, we simulated 200
pulses (2�109 neutrons), which provide good signal to noise for
all, but very low (o0.1%) water contents. The background count
rate from cosmic ray produced neutrons is �0.002 counts/pulse
[2,3] and the rover’s RTG will introduce a total uncertainty of
o10 neutrons/pulse and no more than �0.1 neutrons/pulse/time
bin, based on its plutonium content [11]. Both are negligible.
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Fig. 1. DAN components and position in MSL rover design, showing pulsed neutron generator (PNG) and detectors (DE). Image courtesy of Maxim Litvak, IKI.
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3. Analyzing neutron flux curves

DAN will record 64 time bins, spaced geometrically from 1ms
to 10 ms after the beginning of the pulse. Each bin will typically
receive several neutrons per pulse and, after several hundred
pulses are accumulated, the neutron flux curve is defined to better
than 10% in each bin.

A model water distribution must be fit to the flux curve to
extract information about the subsurface water content. The most
rigorous approach would be to use the Monte Carlo as the model

and perform a least-squares fitting of the parameters. However,
this is computationally prohibitive. An alternative is to establish a
grid of models and interpolate between them, but this is also
computationally difficult in that a complete grid would contain a
very large number of models. As a first-order method to
determine the limits of inversion, we can fit a relatively simple
analytic function to the flux curves from our simulations and
compare the parameter values from the analytic expression to the
input model parameters.

It would be most informative if such a function were physically
based, i.e. the parameters in the function were readily connected
to the properties of the subsurface. However, there is not an
accurate theoretical representation of neutron thermalization
and detection. We do find empirically a relatively simple func-
tion that fits most of the structure of the simulated flux curves
(Fig. 4)

q ¼ C1te�1:26e�6C0:36
1 jt�C2j

1:2

(1)

q is count rate in counts/time bin/pulse and t in ms.
Eq. (1) is not physically based, although some of its properties

are expected: a proportionality constant (C1, in counts/time bin/
pulse/ms), a factor of t reflecting the increase in bin duration with
time, and a quasi-exponential die-off with some position in time
(C2, in ms). In a more general model, with an additional parameter
defining the width of the peak, the proportionality constant and
the width are strongly covariant, i.e. a wider peak corresponds to
fewer neutrons in each time bin.
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Fig. 2. Schematic of simulation geometry and neutron scattering processes. Note that the cosmic ray and RTG background neutron fluxes have not been included.

Table 1
Dry soil composition

Element Mass fraction

Oxygen 0.4710

Silicon 0.2064

Aluminum 0.1317

Calcium 0.1036

Iron 0.0444

Magnesium 0.0386

Sodium 0.0023

Titanium 0.0019

Mass fractions of mean dry martian soil, computed from values given in Ref. [8]

and used in all simulations. These values are combined with the oxygen and

hydrogen fractions corresponding to a given water content, and scaled to a specific

bulk density (typically 2 g cm�3). We excluded all elements with a mass fraction

less than 0.001. On a local scale, there will be large variations (e.g. Ref. [9]).
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4. Sensitivity limits

Estimated depths and upper and lower layer concentrations,
based on 243 models, are plotted as a function of C1 and C2 in
Fig. 5 (the models’ parameters are listed in Supplementary
Table 1). While large-scale structures in the figure are robust,
the number of simulations limits the accuracy of small structures
shown (e.g. the interpolated vertical banding in the lower layer
concentration panel is an artifact). The large fractional uncertain-
ties illustrate the non-uniqueness of inverting C1 and C2 for the
model parameters. In some regions of parameter space, however,
combinations of depth and/or one of the concentrations are well
constrained, such as along the lower and upper boundaries of C2.

Half-space models—and those with very thin (o�2 cm) or
very thick (4�50 cm) upper layers—fall along a curve that
defines the lower bound of allowed C2. For simulated flux curves
that plot in this area, only one layer has a significant effect on the
thermal neutrons, and its concentration can be measured (Fig. 6).
Any upward change in C2 indicates deviation from a half-space
model: higher C2 denotes a signal arriving at later time, i.e.
neutrons are scattering from a subsurface layer or other structure
at depth.

In Fig. 5, the uncertainty in the upper layer concentration drops
just above the left end of the half-space curve, denoting models
where upper layer is sufficiently thick to mimic a half-space.
Simultaneously, the depth uncertainty remains high. This allows a
definition of the detector’s depth limit to discern variation up to
�20% water by mass of 50 cm, as seen in the figure. Fit parameters
for a 50-cm-thick layer, 70 and 90 cm layers, and a half-space are
indistinguishable in 200 pulse simulations.

Models with high lower layer concentration and low upper
layer concentration define the upper bound of allowed C1–C2.
Here, the concentrations are poorly constrained, particularly of

the lower layer, but depth can be estimated with an accuracy of a
few centimeter. The absolute uncertainty remains roughly the
same, even as the inferred depth increases to �35 cm. Deeper
transitions correspond to both fewer thermal neutrons and later
arrival times. This is readily understandable: because the models
have high contrast in water content, the lower layer produces the
majority of thermal neutrons and greater depth is equivalent to
moving the source of thermal neutrons away from the detector
and placing an attenuator (the dry layer) between them.

In the absence of additional information, a deviation from the
half-space C1–C2 curve does not correspond to a unique two-layer
model. For the high-contrast case, if other MSL instruments
measure the water content of the upper layer to within some
tenths of a percent, DAN can approximately determine the water
content of the lower layer (7 �1%) as well as the depth, as long as
the upper layer is not more than 10-cm-thick (Fig. 7). Thicker
upper layers are optically thick to neutrons and the water content
of the lower layer becomes unconstrained (the model series
plotted in Fig. 7 begin to cross each other). The uniformly high
uncertainty in lower layer concentration in Fig. 5 results from the
superposition of models with low contrast (e.g. a 4% layer above a
5% half-space) and models with high contrast (e.g. a 1% layer
above a 15% half-space).

These limits are a function of the number of pulses used as well
as the non-uniqueness of the flux curves described. DAN is
designed to operate for 10 million pulses [12], so a large number
of pulses can be used at each site. Consider the depth limit of
50 cm discussed previously. In terms of the fit parameters, the
difference between the flux curves of a 1% 70-cm-thick upper
layer and a 1% half-space is �0.2 sigma for 200 pulses. In order to
have meaningful sensitivity to a 70 cm depth transition rather
than 50 cm, the number of pulses would need to be increased to at
least tens of thousands.
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Fig. 3. Comparison between previous tests of DAN (Mitrofanov, Litvak, & Sanin, 2006) and the results reported here. The resolution of the tests has been decimated from the

operating resolution of DAN. As expected from the assumptions of perfect detector efficiency and zero background, these simulations predict more counts than in the IKI

runs during the peak of the neutron flux curve (until �3000 ms), and far fewer after.
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